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Abstract

Methane is oversaturated relative to the atmospheareany rivers, yet its cycling and fate
is poorly understood. While photosynthesis is thenshant source of autotrophic carbon
to rivers, chemosynthesis and particularly methaxiglation could provide alternative
sources of primary production where the riverbedshaded or at depth beneath the
sediment surface. | highlight geographically widesgl methanotrophic carbon fixation
within the gravel riverbeds of over 30 chalk rivensd in 15 of these, the potential for
methane oxidation (methanotrophy) was also compapeghotosynthesis and stable
isotope analyses were used to trace methane iatwitter food web. Detailed concurrent
measurements of photosynthesis and methanotrophynén large chalk river over a
complete annual cycle, showed methanotrophy to dbweato at least 15cm into the
riverbed and to be strongly substrate limited. Heasonal trend in methanotrophic
production reflected that of the riverine methama&aoentrations, and thus, the highest
contribution to autotrophic production was in migvsmer. At the sediment surface,
photosynthesis was limited by light for most of §ear with heavy shading induced by
dense beds of aquatic macrophytes and ripariantatege Across 15 rivers in mid-
summer, methane derived carbon was estimated tdritnbe 18% of production
(methanotrophic plus photosynthetic) in well illurated riverbeds and 51% in the shaded
areas (median values). With warming conditions asgbciated increasing methanogenesis
in fine sediments, methanotrophy is predicted tevent increased methane emissions
from rivers due to the strong kinetic response ethane oxidation. The gross carbon
fixation efficiency of methane oxidation was cablteld as 50% and was conserved across
eight rivers with varying methane oxidation capasit and ambient methane
concentrations. Methanotrophic production is widead, efficient and most important

when ambient methane concentration is high andt ligivailability is low.
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Chapter 1

Chapter 1: Introduction

1.1 Integrating riversinto the global carbon cycle

It is now widely acknowledged that freshwaters gerf an important role in the global carbon
cycle through the mineralisation and storage attrial carbon as well as its transportation to
the ocean (Aufdenkampet al, 2011, Coleet al, 2007, Richeyet al, 2002). It has been
estimated that, globally 2.7 Pg C enters freshwdtem the surrounding catchment each year,
and of that, only a third reaches the ocean andslimalf is lost to the atmosphere (Figure 1.1)

in the form of carbon dioxide or methane (Battral, 2009).

Figure 1.1: Estimates of net carbon fluxes throfrgshwaters in Pg Cyshowing delivery
from the land, evasion to the atmosphere, storageeshwaters and transport to the ocean
(redrawn from Battiret al. (2009)). Inset, top-right, the now redundant vieiwreshwaters as
passive pipelines which transport terrestrial carbm the ocean (redrawn from Cod¢ al.

(2007)).
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The need to quantify carbon gas emissions fronhasers is particularly pressing because of
the role carbon dioxide and methane play in glakaiming, and the difficulties faced in
forming mitigation strategies when we do not propemderstand the natural carbon cycle.
Recent meta-analyses have estimated the freshmatbane and carbon dioxide emissions and
found them to be substantial (2.05 Pg put there is a shortage of data for rivers (Bastv

et al, 2011, Tranviket al, 2009). Although streams and rivers are smalhairtareal extent,
accounting for just 3-5% of total freshwater suefacea, they are hot-spots of biogeochemical
cycling and account for ~17% of outgassing of cartibthe atmosphere (Aufdenkamgieal,
2011). Momentum is now growing with regards to diigimg methane emissions from rivers
(Crawford et al, 2014, Garnieet al, 2013, Sawakuchet al, 2014, Vihermaa & Waldron,
2013) but few have investigated the controls oselfeuxes. It is crucial to study the processes
that govern the magnitude of the methane sourceéssiaks in order to fully understand this
section of the carbon cycle and how it might albeder future climate change scenarios. Here,
| focus on quantifying the main methane sink irers; aerobic methane oxidation. Careful
study of microbial methane oxidation is needed ideo to understand the feedbacks and
linkages with methanogenesis, temperature change pliotosynthetic production which

ultimately dictate the importance of methane aarban source for the benthic food web.

1.2 General overview of work to date

Most rivers are oversaturated in methane and soetremitters of this potent greenhouse gas
(Abril & Borges, 2005, De Angelis & Lilley, 198Devol et al, 1990, Konéet al, 2010,
Rulik et al, 2000, Sanderst al, 2007) but little is known how much is oxidisedfdre it
escapes to the atmosphere. When methane undergwebial oxidation, carbon is fixed into
organic matter which is then available to primaonsumers in much the same way as for
photosynthesis (Jones & Grey, 2011). River watethane measurements were combined

with stable isotope analyses of common invertebcatesumers along with their putative

2
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dietary resources and process measurements toudenttiat methane could be contributing
significant carbon to the benthic food web in alklsiream (Trimmeset al, 2009a, Trimmer
et al, 2010). This finding has the potential to stimelag-evaluation of photosynthesis as the
dominant basal resource in rivers. If methanotroghpund to provide a significant portion of
new carbon to riverbed sediments where photosyistigesalso active, this further broadens the
range of aquatic ecosystem types that should besimgated with regards to the role of

chemosynthetic production.

This thesis aims to expand upon these preliminangiss by answering the following

questions:

Central research question: How do light availapiiind methane concentration affect the

importance of methane-derived carbon to chalk rived webs?

o How widespread is methanotrophic production in khaters and is it a significant
source of carbon relative to the presumed domiphatosynthetic pathway?

o How do ambient methane concentration and water ¢emyre affect the rate of
methane oxidation?

o Does the importance of methanotrophic productiohative to photosynthetic
production change across rivers with different ragth concentrations and between
shaded and unshaded patches of the same river?

o How efficient is microbial methane oxidation atifig carbon?



Direction of flow
L~
OrgC /
o,
deposit /
CH, produced in CH, oxidised to
fine sediment CO, in oxic
patches sediment patches

Figure 1.2: Schematic diagram showing major carboarces and sinks in chalk rivers and (inset)
diagram of potential sites for methane productiod axidation when fine sediment is deposited around
aquatic macrophytes such as tallitriche and Ranunculusstands shown in the photograph of the

River Itchen, Hampshire, U.K.

1.3 Methane as a basal resource

Methane-derived carbon (MDC) can be traced throtighhic levels using stable isotope
analysis due to its distiné*C value which arises from methanogenic archea idigtating
against the heaviet’C isotope during methanogenesis (Whiticar, 1999) #ren further

fractionation (0-16 %o) when it is oxidised by meatb&rophic bacteria (Summores al, 1994).
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Using stable isotope analysis, primary consumex® leeen shown to assimilate MDC in a
wide range of aquatic environments including lakesrine methane seeps and wetlands
(Jones & Grey, 2004, MacAvast al, 2002, van Duinert al, 2013). More detailed studies
have linked greater*C depletion in chironomid larvae with greater methgenic and
methanotrophic potential in the sediments, botthiwiaa single lake (Deines & Grey, 2006)
and between lakes (Ellest al, 2005). Evidence of MDC in riverine food webs e,
perhaps because the methane concentrations inrives, although over saturated relative to
the atmosphere, are much lower than those fousthimding water bodies (nM range in rivers,
UM or mM range in stratifying lakes) and riverbedlisnents are often well oxygenated (Jones
& Mulholland, 1998). A rare example of a riveristudy found MDC in aquatic insects
feeding on detritus in a stream backwater (Koéizal, 2004) but the stagnant conditions mean
this is more comparable to a shallow lake thareae-flowing river channel. More recently, gas
(methane concentration), process and ecologic@l ¢8basal resources and consumers) data
have been linked together to highlight potentiahtabution of MDC to a riverine food web
(Trimmer et al, 2009a, Trimmeeet al, 2010). However, many questions remain unanswered
and this thesis seeks to address some of the biggestions arising from our existing

understanding.

1.4 Methanotrophic bacteria

Methane is oxidised aerobically in the riverbedaygroup of bacteria called methanotrophs
which are obligate methylotrophs, meaning they ase-carbon compounds as their sole
energy source (Hanson & Hanson, 1996). When oxygetsent, sulphate, nitrate or nitrite
can be used as alternative electron acceptors ZBwuin & Schink, 2011, Ettwigt al, 2010)
but the majority of methane oxidation in freshwatés aerobic (Conrad, 2009). There are
thought to be two types of methanotrophic bactand they differ in the specific pathway

through which they assimilate formaldehyde to farracid; type | methanotrophs use the

5
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ribulose monophosphate (RuMP) pathway and typesd tlne serine pathway. Both use the
methane mono-oxygenase enzyme to catalyse thetaxidaf methane to methanol and an

increasing number of studies use the unique gendhfe enzyme to identify the species

present in a given sample (McDonat al, 2008). Strictly speaking, methanotrophs are not
chemosynthetic because they do not assimilate nattoxide, instead they oxidise methane to
methanol and then formaldehyde which is assimilatéal their biomass (Hanson & Hanson,

1996). True chemoautotrophs such as ammonia orobgdrsulphide or iron oxidisers use

carbon dioxide as their sole carbon source buthen absence of broad term for all non-

photosynthetic forms of primary production, chenmibgsis is often used to cover

methanotrophy. Preliminary investigations using thnctional gene for particulate mono-

oxygenase have shown that both types of metharwragre present in chalk streams
(manuscript in prep., Chronopoulou, Shelley andnfiner). They are thought to have different
optimal conditions resulting in the dominance ofectype over the other, but consistent
patterns in mixed communities have not been foltahéon & Hanson, 1996, Hoet al,

2002).

1.5 Theeffect of light availability

Multiple studies have concluded that light affectethanotrophy but there is no solid
consensus as to how; some say it inhibits theictv methanotrophs (Dumestet al, 1999,
Murase & Sugimoto, 2005) and others conclude ithaicreases their activity (King, 1990).
In the surface layers of poorly mixed lakes andemesirs, intense photosynthesis during
daylight hours removes the carbon dioxide from weder and, as a result, the pH rises
(Talling, 1976), and it is this change in pH (>pl.Q) that inhibits methane oxidation. In
shallow rivers, where the riverbed is bathed imtlignethane, and oxygen, and the water
column is well mixed, inhibition through extremeaciges in pH is unlikely. Moreover,

methanotrophic bacteria and photosynthetic orgamisoiexist on the riverbed biofilm and

6
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have been shown to perform their functions simelasly in laboratory incubations with high
light intensities (Trimmeet al, 2010). There could even be a symbiotic relatignbletween
methanotrophy and photosynthesis within the biofilmatrix whereby carbon dioxide,
produced via methanotrophy, feeds directly into pi®toautotrophs as has already been
shown in mosses where active methanotrophs werglfliving within the internal structure of
Sphagnumspp. (Raghoebarsingt al, 2005). | hypothesise that methanotrophy will be
unaffected by riverbed irradiance but its significa as a carbon source will increase with

increased shading because of the relative deciregbmtosynthesis.

Photosynthesis is the dominant form of autotrogiaduction in rivers (Odum, 1956) and as
such, it is an important process to quantify ineortb set methanotrophic production in
context. We use short (<1 hour) light and dark tabwy incubations and quick response
microelectrodes (Unisense) to quantify gross andphetosynthesis and dark respiration in
discrete gravel samples (Figure 1.3). To accurateddel riverbed photosynthetic production
from laboratory measurements it is critical to wstend the interplay between irradiances,
chlorophyll pigments and carbon fixation. For ex#&amn@a photosynthesis-irradiance (PI) curve
is required to adjust laboratory measurements aftqdynthesis to those expected on the
riverbed where irradiances are site-specific (dillal, 1995). Chlorophyll content is widely
accepted as a proxy for photosynthetic biomass {(ldual, 2007) and the efficiency of the
chlorophyll (i.e. units of oxygen produced per urhitorophyll) can be used as an indicator of
carbon quality (Huettel & Rusch, 2000). Howevaer, terms of primary production and
comparison with methanotrophy, net photosynthesistrbe used because this is the measure

of carbon fixation after consideration of that whis instantaneously respired.
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Figure 1.3: Laboratory set-up for measuring phatdsssis in riverbed gravels. Light source
positioned above four incubation chambers with dnctel oxygen logger linked to
microelectrodes (left) and a single incubation chan(right). See chapter 2 for details of the

method and equipment.

1.6 The effect of methane concentration

Where organisms are substrate limited, their méiabate will increase if they are exposed to
increased substrate. The concentration of methasdéé&en shown to correlate positively with
the rate of methane oxidation in lakes (Deisesl, 2007, Ducet al, 2010), soils (Bender &
Conrad, 1992, Bognegt al, 1997) and wetlands (Sundt al, 1995). In such lotic aquatic
environments there is usually a distinct oxyclineeve methane (often produced in anoxic
sediments) meets oxygen (atmospheric equilibratidhe mixed layer or oxic sediment layer)
and this is where the peak in methanotrophic dgtigifound. In rivers with oxic gravel beds,
the sites of methane production are continuallytiski in size and location as a function of

flow which dictates the location of depositionalnes (Cottonet al, 2006, Trimmeret al,
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2009b). Delineating the sites of methane oxidai®requally complex, particularly as we
understand very little about the controls and ddvef methane oxidation in river beds.
Nevertheless, the magnitude and spatial configuradf methane sources and sinks will play

an important role in determining the net effectredfthane cycling in the riverbed.

The seasonal variation in river water methane autnagon (Sanderst al, 2007), if combined
with a kinetic response, as has been observedhir aiguatic systems, will lead to increased
methanotrophic production in the summer, when satests most abundant. Whether, seasonal
or spatial (riverbed heterogeneity results in pagobf methane production) changes in methane
concentration in rivers will lead to changes in Inagiotrophic biomass, i.e. a change in the
density of the community, is unknown. In soil corexreased methanotrophic cell counts
were observed in three month long incubations whesthanotrophs were effectively grown
on elevated methane concentrations (Kightetyal, 1995) which shows methanotrophic
communities can grow in response to changing metlcancentration. Dose-response studies
are much more common, where an immediate increatigeirate of oxidation with increased
substrate is measured, indicating a substratedihpbpulation of methanotrophs (Deutzmann
et al, 2011). As far as we are aware, there are noeguah the response of methane oxidation
in rivers to raised methane concentrations. The fatt methane in estuaries has been
investigated, but the salinity gradient complicaties issue, apparently controlling methane
oxidation rates more strongly than longitudinal rapes in methane concentration (De Angelis
& Scranton, 1993, Zhu, 2010). Whilst others hanakéed for indicators of methane oxidation
in rivers (Buriankovéet al, 2012) there is only one study which has quantiffee process by
directly measuring its rate (Trimmet al, 2010). This thesis documents investigations into
how methane concentration affects the rate of methaxidation over time and space in

riverbed sediments.
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1.7 Chalk streamsasthe study ecosystems
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Figure 1.4 Distribution of chalk a) in Europe (medkas green, Cretaceous sediments (West,
2012)), b) in England (dark grey shows the chalicps and light grey shows where the
chalk is overlain by Quaternary sediments (Brom8eyGale, 1982)), and c) the study sites

covered in this thesis marked on a Google Map imggefurther detailsee chapters 4 and 5.

Chalk streams are iconic ecosystems of intrinslaevéor biodiversity and have conservation
status within the UK Biodiversity Action Plan due their importance as a habitat for
Ranunculusand Callitriche species (JNCC Report, No. 270). Chalk is a softopg®

sedimentary rock, primarily composed of calciumboaate laid down in the Cretaceous

period when shallow seas covered the lowlands ghagestern Europe, which is where most
10
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of the chalk outcrops are found todag€Figure 1.4a). Much of Southern England is underlai
by chalk formations, but impermeable Quaternaryirsedts overlay the chalk along the
Thames basin and eastern coastline (Figure 1.4bdf Ahe chalk stream sites visited for this
thesis are marked on Figure 1.4c and cover alltbet most northern (Lincolnshire and
Norfolk) English counties dominated by chalk gegloghey were chosen because of their
clean gravel beds and the presence of the aquaiticophyteRanunculusand silt-intolerant
cased caddisAgapetus fuscipedboth of which are indicators of good ecological and
hydrological status. Nutrient, pH and gas concéioima are presented in Chapter 4. Many of
the sites were also chosen because they had psévibeen studied and so existing datasets

and access arrangements made them ideal locatiohgther investigation.

In chalk catchments, rainwater percolates through permeable rock, losing particulate
material and gaining carbonate ions as it doeshsfgre re-emerging as springs where the
water table breaches the surface (Berrie, 1992 [Deation of the spring often moves
upstream in winter when rainfall is typically highéhan in summer, hence the term
winterbourne for stretches of the channel whichyaMperience flow in winter. All of the
study sites were in the perennial section of theashs. The dominance of groundwater inputs
into chalk rivers results in annually stable wagnperature, chemistry and discharge relative
to semi-permeable and impermeable catchments asangeflow is minimal (Seaet al,
1999). Aquatic macrophytes are often abundant alkcktreams and in many rivers they fill
much of the channel in the summer months (FiguBg, lconsiderably altering flow and
trapping sediments (Cottagt al, 2006). The ultra-clear water means irradiancesne high
through the water column (Trimmet al, 2010), which facilitates benthic photosynthetic
production on the coarse gravel bed. Chalk rivesb&apport the larval stages of many fly
species some of which are intolerant to the hiilaed toxin loadings found in surface run-off

fed streams. Due to the abundance of prey (Todchntid-Araya, 2009) and the quality of the

11
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substrate for spawning, chalk streams are an irmpbhabitat for many fish species such as
brown trout, Atlantic salmon and brook lamprey @ikt al, 2006). Given these appropriate
conditions for classical photosynthetic productignis therefore particularly surprising that

methane-derived carbon appears to be a signifaarttibutor to a proportion of the secondary

production in this environment.

Figure 1.5: The River Lambourn, Berkshire, U.K. weh&anunculusspp. fill much of the

channel in summer.

The source of the dissolved methane in chalk stsgarnthought to be a combination of over-
saturated groundwater inputs (3-2,600 nmol, CH (median = 58 nmol £) in chalk aquifers,
Darling and Gooddy (2006)) and in-stream methanegis which is much more widespread
in the summer months relative to the winter (Sasdenl, 2007, Trimmeet al, 2009b), both

of which are microbial rather than thermogenic ngia. Chalk streams are likely to have
lower methane concentrations than rivers which auer more permeable geologies because

chalk riverbeds are characterised by their highgeryconcentrations and coarse gravel beds,
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neither of which are optimal for methanogenesis.siM@ported measurements of methane
concentrations in streams and rivers are from lage catchments such as the Amazon (6,400
nmol L (Devol et al, 1988)), the Congo (1,720 nmof [(Salteret al, 2011)) and the Hudson
(200-800 nmol L-1 (De Angelis & Scranton, 1993))exe suspended sediment loads are high
and oxygen is depleted in the sediments. A smait, veell-studied stream in the Czech
Republic illustrates the importance of riverbed stdie type in influencing methane
concentrations; in the upstream sections of theaSfiream where gravels form the riverbed,
oxygen is high (65-90% saturation) and methaneormparable with chalk streams (40-80
nmol L) but when clays and sands predominate the rivenbettiane concentrations exceed
450,000 nmol ! (Buridnkovéet al, 2012). It is therefore reasonable to predict tha range

of methane concentrations found in English chalkkashs is likely to be heavily influenced by
the connectivity with the groundwater and the amaifrfine sediment in the channel which

will determine the extent of in-stream methanogaitvity.

1.8 Experimental approach

In order to fully answer the research questionssmesments of potential rates of methane
oxidation in riverbed sediments are not enouglis likely that potential for methanotrophy
will vary between and within rivers and over tinsedsonally). Once the potential rates have
been established, calculation of the carbon fixatdficiency will be required in order to
convert the measure of methane oxidised into cafilzed. As chalk streams have a hyporheic
zone, methanotrophic production in the sub-surfgcavels needs to be estimated for
calculating the importance of methanotrophic praiduncin a reach scale. Chalk riverbeds have
a seasonally evolving mosaic of anoxic fine sedinatumulations within the wider coarse
gravel beds (Malarét al, 2002) and between these micro-sites the methgstot production

is likely to vary. Temperature dependence is atsarly studied in riverbed carbon cycling and

the few published studies focus solely on resmira(Acunaet al, 2008, Perkingt al, 2012),
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leaving the interaction between temperature andhamet sources and sinks largely unknown.
This information is required to estimate seasoreids in carbon fixation and longer term

trends relating to climate change.

As MDC is a proposed alternative basal resourcealtochthonous or autochthonous
photosynthetic carbon, a thorough understandinghaitosynthetic production in riverbed
sediments is necessary in order to place the irapoet of methanotrophy in context. As with
methanotrophy, photosynthesis is likely to varytigtlg and temporally due to variation in

light (Kirk, 1994) and temperature (Yvon-Durocletral, 2010).

1.9 Structural outline of thethesis

This research is divided into four main sectionglined below:

Chapter 2: Widespread methanotrophic primary production in lowland chalk rivers

This chapter concerns the quantification of sedstardon fixation via methane oxidation and
photosynthesis in the riverbed of the River Lamboand potential methane oxidation data

from a wider survey of 32 rivers. It has been pl®d in Proceedings of the Royal Society: B.

Chapter 3: Temperature dependence of methane cycling in riverbed sediments

By incubating riverbed sediments at multiple terap@res and tracking methane concentration
over time, | calculated the apparent activation rgies for methane production
(methanogenesis) and consumption (methane oxigatiaite riverbed of the River Itchen in
Hampshire. Substrate availability (i.e. methane ceotration) proved to be important in
modulating the temperature dependence of methamatmn. | explored the kinetics of
methane oxidation in two different sediment patghes common across chalk rivers. The

preliminary data for this paper were acquired by wdergraduate project student, Frah
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Abudullahi under my supervision. This chapter islemreview for publication in Freshwater

Biology

Chapter 4: The effect of methane concentration and light availability on the contribution of

methane derived carbon to the food web: A field survey.

In this chapter, a field survey approach was useanswer the central research question in a
real stream setting. That is, how is the contriyutof MDC to the food web affected by
methane concentration and light availability? Hem@aduction processes (i.e. methanotrophy
and photosynthesis) were compared with stable psotsignatures of macroinvertebrates
between adjacent well illuminated, open stretched, darker, heavily shaded reaches of rivers.
This comprehensive and detailed survey covered d&rsr with varying methane
concentrations, one of which was surveyed an anfditisix times over the year to explore the
effect of seasonally changing methane concentra@mal light levels incident on the riverbed.
The fieldwork and some of the stable isotope prap@r work were carried out along with Dr.
Nicola Ings who is employed on a closely relatedRIEgrant. We are currently preparing this

chapter for publication.

Chapter 5. Constant carbon fixation efficiency by methanotrophic communities across eight

rivers

In order to calculate the amount of carbon fixed wmethanotrophy, the carbon fixation
efficiency of the microbial process, i.e. how mulyanic carbon is produced for each unit of
methane oxidised, is needed. | worked on this pt@ng with a Masters by Research student
(Susanna Maanoja), a Post Doctoral Research Assiga. Myrsini Chronopoulou) and my
co-supervisor, Professor Mark Trimmer. | was resgaa for all the experiments to determine
the effectiveness of’CH, as a tracer, the kinetics of methane oxidation tred GCFE of

methane oxidation in the 8 rivers using tH€H,-*tDIC technique. This chapter has been
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submitted as a paper to International Society ofrbbial Ecology and is currently under

review.
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Chapter 2: Widespread methanotrophic primary production in lowland

chalk rivers

This chapter has been published in Proceedings of the Royal Society: B and as such, is
formatted to their requirements. | amthe lead author and Dr. J Grey and Prof. M. Trimmer

wer e the other authors on this manuscript.

2.1 Summary

Methane is oversaturated relative to the atmospheamrgany rivers, yet its cycling and fate is
poorly understood. While photosynthesis is the d@mi source of autotrophic carbon to
rivers, chemosynthesis and particularly methandaiin could provide alternative sources
of primary production where the riverbed is heagihaded or at depth beneath the sediment
surface. Here we highlight geographically widesg@re®ethanotrophic carbon fixation within
the gravel riverbeds of over 30 chalk rivers andlihof these, the potential for methane
oxidation (methanotrophy) was also compared to ggyotthesis. In addition, we performed
detailed concurrent measurements of photosyntlaglsmethanotrophy in one large chalk
river over a complete annual cycle, where we foorethanotrophy to be active to at least
15cm into the riverbed and to be strongly substiatgted. The seasonal trend in
methanotrophic activity reflected that of the rimer methane concentrations, and thus, the
highest rates were measured in mid-summer. At ¢duengent surface, photosynthesis was
limited by light for most of the year with heavyasling induced by dense beds of aquatic
macrophytes. Across fifteen rivers, in late sumnveg, conservatively calculated that net
methanotrophy was equivalent to between 1% and #6%enthic net photosynthetic
production within the gravel riverbed, with a medi@alue of 4%. Hence, riverbed
chemosynthesis, coupled to the oxidation of methamewidespread and significant in

English chalk rivers.

Key words Methane oxidation, carbon, photosynthesis, riveliemosynthesis.
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2.2 Introduction

Inland waters have received relatively little atiem in our attempts to quantify global
carbon cycling, compared to the oceanic and teraéséalms, yet they perform a significant
role in carbon sequestration and mineralisatiorit(Bet al., 2009, Colest al., 2007). Indeed,
although modest in their areal extent, the closmgdmchemical coupling with terrestrial
systems means that globally, more carbon is bunidteshwaters than is sequestered on the
ocean floor (Tranviket al., 2009). However, burial is often short-lived asvige array of
microbial communities metabolise the organic carbod release it back to the atmosphere
either as carbon dioxide or methane (Aufdenkaeip., 2011). Though data for rivers are
comparatively scarce compared to lakes (Bastvideal., 2011), many that have been
surveyed are often oversaturated in methane armbrcatioxide (Prairie, 2013), the partial
pressures of which will be influenced by carbongei@chemistry in both the mainstream,
groundwater and broader catchment (Darling & Ggo@006, Jones & Mulholland, 1998).
Outgassing of these greenhouse carbon gases fmnars rhas been widely researched
(Butman & Raymond, 2011, Millegt al., 2007), but their cycling within rivers and bed

sediments has not received as much attention @@ale 2007).

Traditionally, riverine production is recognised lasing supported by a combination of
allochthonous carbon from the surrounding catchnaeck autochthonous carbon produced
within the river, both ultimately driven by photodiiesis (Odum, 1953). Recent work makes
the case for a third driver of riverine metabolismmereby methanotrophy provides a
significant portion of carbon to invertebrates malk rivers (Trimmeret al., 2009a), as has
been proposed for lakes (Bastvikeiral., 2003, Jones & Grey, 20115uch a phenomenon
may appear counterintuitive fochalk rivers, being well renowned for their high
photosynthetic productivity. Chalk rivers are, heee also oversaturated in methane
(Sanderset al., 2007); the source of methane is thought to beorabmation of local
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methanogenesis in fine sediments (Sandeas, 2007) and upwelling groundwater which is

enriched in methane relative to the atmosphere @pé& Darling, 2005).

Riverbed sediments are known hotspots of biogeoatrycling, having a concentration of
organic matter and microorganisms several ordemnagnitude greater than the overlying
water column (Findlay, 1995). Unsurprisingly thetiverbed epilithic respiration may
contribute significantly to whole stream metaboli@daegeli & Uehlinger, 1997). Although
a small number of studies have measured dissohetldame in riverbed porewaters (Predty
al., 2006, Ruliket al., 2000), fewer have measured the potential for arettoxidation within
the subsurface gravels. Our previous study at tierRLambourn revealed lower
concentrations of methane in the gravel bed poewdtan in the main channel which
suggested that the gravel bed is a sink for met(lBnmmeret al., 2010). Thus, in addition
to altering the carbon gas balance of emissioma figers, methanotrophy could account for
a significant portion of the primary productivitgi chemosynthetic relative to photosynthetic
production. We therefore chose this site to perfarmietailed, seasonal study to assess the
changing significance of methane-derived carbon aagroportion of photosynthetic
production throughout the year. To explore the gaplgic extent of methane-derived carbon
in chalk rivers, we made measurements of methamaten and photosynthetic potential in
the gravel beds of chalk rivers spanning almostethirety of the chalk aquifer in southern

England.
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2.3 Methods

2.3.1 Study sitesand sampling

Thirty-two chalk rivers with permanent flow, submged macrophytes, and clean gravel beds
were selected from across southern England (Figu&). Of these, fifteen were chosen for
more detailed measurements of benthic photosyetla@tl methanotrophic carbon fixation.
An additional site, on the River Lambourn, wasHertselected for a more detailed seasonal
study which consisted of nine sampling trips betw®etober 2010 and September 2011 and
the wider survey was performed in August 2011. Ontne sites for the one-off survey was

also on the River Lambourn and will be referredsd_ambourn (at Westbrook).

Rate of Methane Oxidation (nmof &%)

Figure 2.1: Mean rates of methane oxidation acBassites (x sen=5) with the solid line

showing the annual average rate from the deta#dedanal study in the River Lambourn and
the dashed lines show the maximum and minimum sehsates. Rivers with * are those for
which photosynthetic production was also measurld. map insert details location of these

rivers across the chalk aquifer.
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2.3.2 River water methane

Dissolved methane concentration in the river watas quantified by taking water samples
(n=5) from the middle of the channel at mid-depthngspolytetrafluoroethylene (PTFE)
tubing attached to a 60 mL gas-tight syringe. Taim@e was then immediately discharged
into a gas-tight vial (12 mL Exetainer, Labco) atbwed to overflow (3x) before being
fixed (100 pL ZnCJ 50% wl/v; bactericide) and sealed. A 2 mL headsiacalytical-grade
helium) was introduced using a two-way valve and-tight syringe (Hamliton). After
equilibration, gas samples (100 pL) were withdrdmm the headspace and injected into a
gas chromatograph fitted with a flame-ionising dtie (Agilent Technologies; (Sandess
al., 2007)). Headspace concentrations of methane gacalated from peak areas calibrated
against known standards (Scientific and Technicad&S), and the total amount in the vial
(headspace plus water) and thus, the river watetezdration was calculated using solubility

coefficients (Yamamotet al., 1976).

2.3.3 Sediment sampling

To measure potential for methanotrophy, gravelsifsix discrete locations at each site®)
were gently kicked into a fine mesh net. Any laggenes, detritus and invertebrates were
removed, and the sediment was then stored in plaigtilock bags and placed into a portable
fridge for transport back to the laboratory (<3 Aj.the Lambourn, in order to measure
methanotrophy with depth in the riverbed and thaliguof allochthonous carbon, sediment
cores were taken on each trip using a metal conéerfal dimensions: 18 cm x 5 cm)
manually driven into the riverbed. The sedimentceaas then extruded and sectioned at 3
cm-intervals, the maximum practical spatial redolutdue to some large stones (>2 cm).

Seven replicate cores (resulting in 35 subsectioese taken on all trips except for October
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(n=5) and FebruarynE6). Grain size was determined by sieving the dsachples through

nine sieves (0.1 mm- 5 mm) and weighing the frastio

2.3.4 Measuring rates of methane oxidation and estimating net methanotrophy

In the laboratory, sediment (~1 g) and river w&femL) were transferred into gas-tight vials
(12.5 mL Exetainer, Labco) and sealed. The air sigack was enriched with methane (BOC)
by adding 300 pL of 10,000ppm methane in heliurgive a final concentration of 450 nmol
L in the water (Trimmest al., 2009a, Yamamotet al., 1976). The concentration of
methane in the headspace of each vial was meadyreghs chromatography with flame
ionising detection (GC/FID; Agilent Technologies UKd., South Queensferry, U.K.;
(Sanderset al., 2007)), immediately after spiking and then ev@dy hours for 3-5 days
(Trimmeret al., 2009a). Between measurements the vials were atedlon rollers (Denley,
Spiramix) in a dark and refrigerated room set t€ 4= 1 °C) to mimic average river
temperature. Following the final measurement, tiaEes were dried to a constant weight
and all calculated rates of methanotrophy were absed for dry mass. Control vials were
set up to test for any potential for methane oxictatn the river water which was always

found to be negligible (Trimmaeat al., 2009a).

The potential for methanotrophy was measured ainatant initial methane concentration in
all incubations (across all rivers and throughdwg year at the Lambourn). However, the
seasonal study showed that the ambient methanemwation in the river displayed strong

seasonal variation (Figure 2.2b). To investigagedtfiect of changing methane concentration
on methanotrophy, incubations were set up as destrabove but with varying spikes of

methane to give final concentrations in the waterging from 4-80,000 nmol't We then

used this linear relationship to normalise the mess rates of methane oxidation to the
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ambient methane concentration for each month. Eyrés part of a detailed parallel study
using™*CH, (Trimmeret al., unpublished) the carbon fixation efficiency oétmanotrophy in
these chalk rivers is consistently around 50% (+2%o)for each mole of methane oxidised
50% is fixed as new organic carbon. Accordingly, maltiplied our measured rates of
methane oxidation by 0.5 to derive estimates of methanotrophy to compare with our
estimates of net photosynthetic production (dedabbelow). Although this is a potential
method, performed in the laboratory, the gravetssell irrigated with both methane and
oxygen (Prettyet al., 2006), which was captured in our vials, and tlheng kinetic effect
enabled us to scale the potential activity accglginThe average rate of methanotrophy for
each core (seasonal study, Lambourn) or surfadensatl sample (wider survey) was scaled
over a depth of 15cm and surface area of a squateemNe have previously shown that
methanotrophy in well oxygenated riverbeds is roiught to be light dependanseé
Discussion) unlike stratified water bodies or wetls where light has indirect effects through
changing the position of the oxycline (King, 192®d so hourly rates were multiplied by 24
to scale to daily rates. Diurnal temperature flattans were not included as methane
oxidation is known to have no temperature depersl@nthese concentratiorsed Chapter

3).
2.3.5 Measuring rates of net photosynthesis

To quantify the potential for photosynthesis in seeliments we measured oxygen evolution
over timed light and dark incubations. Approximat80 g of each sediment sample was
placed inside incubation chambers fitted with arestiand a cable gland for holding an
oxygen electrode (OX50, Unisense). The chambense wgebmerged in a temperature
controlled bath (9°C) and the oxygen concentratias logged at 1 minute intervals for 45
minutes in the light (55 pmol quantas® at the surface of the gravel) and then 45 minutes
after the chambers were made dark (for furtherildetee (Trimmeret al., 2010)). Benthic
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photosynthetic carbon fixation was calculated bynig one mole of net oxygen production
to equate to one mole of carbon fixed. The ratessgeare metre were multiplied by the
average daylight length for the month at the ldgtof the study site to give pmol C*d™.

Given that we could isolate net methanotrophy weduset photosynthesis to calculate the
respective contribution from each to net carboatfon in the riverbed as that is what is of

greatest significance in terms of export to higinephic levels.
2.3.6 Modédlling riverbed irradiance and photosynthesis at the River Lambourn

Whilst the laboratory light source remained conistdme light regime at the detailed study
site changed seasonally, so we needed to normaliseneasured rates of photosynthetic
production for in situ irradiance by modelling the riverbed light regimesing a
photosynthesis-irradiance curve and riverbed slgadiata from a previous study (Trimmegr
al., 2010) (see Supplementary Electronic Material).e Thatios between modelled
photosynthesis rates for each shading patch type tbe annual cycle were used to convert
the laboratory data to represent the whole riverbedace-layer instead of just the open
gravels. For the August 2011 survey of 15 rivers,did not produce individual P-I curves
for each site, so the estimates of photosynthesidbased solely on laboratory incubations
and do not include the effect of shading; hencearmeeprobably over-estimating net benthic
photosynthetic production and under-estimating percentage accounted for by net

methanotrophy.

With methanotrophic and photosynthetic carbon fomnow in pmol C rif d*, we divided
the former by the latter and multiplied by 100 teega percentage. When there was no NPP,
l.e. respiration outstripped photosynthesis eventha light, methanotrophic C-fixation
accounted for 100% of the new carbon producedergthvels that would still be available to

higher trophic levels.
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2.3.7 Quantifying the quality of surface and subsurface chlorophyll-a

Although light would not penetrate beneath theapn and so neither would photosynthetic
production, we measured chlorophglland oxygen evolution at depth (>1cm) to provide a
measure of the quality of allochthonous carboniedinto the dark gravel bed. Chlorophyill-
a was extracted three times from the gravels wittm®0of acetone (90% v/v with ultra-high
purity water) over 24 hours in a dark refrigerathbsorbance was measured at 750 nm to
check for clarity, and at 650 nm for chlorophyltiextion (Dalsgaard, 2000). We divided the
gross oxygen production rates by the chlorophydbntent of the gravels to derive biomass
specific photosynthetic production (nmob @g* Chlh™). Here, we used GPP because we
wanted to quantify the overall capacity of the migms associated with chlorophyll to

produce oxygen.
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2.4 Results

2.4.1 Study site characteristics

At the Lambourn, the temperature of the river waaeiged from 6°C in December to 14°C in
June, a much smaller range than that of the aipéeature of -3°C and 28°C, reflecting the
strong influence of groundwater typical for theskalk rivers. The macrophytes,
predominantlyRanunculus spp, and riparian vegetation developed rapidly in Eteng and
shaded much of the riverbed by June (see SupplanyeBtectronic Material Figure S2.1)
before dying back in the autumn as is typical foalk rivers (Flynret al., 2002). There were
no seasonal patterns in nutrient concentrationstlam@veragenE14) ammonia, nitrate and
phosphate concentrations were 2.2 (+ 0.02 s.e.) Lha489 (+ 38 s.e.) pmolt, and 1.2 (+
0.33 s.e.) umol Tt respectively (Environment Agency). Suspended sotiemained low
throughout the annual cycle (Oct 2010 to Sept 2@t Bn average of 6 mg'L(Environment

Agency).

The rivers surveyed in August 2011 covered a watwge of water temperatures (14-20°C),
nitrate (0.2-2 mmol ), ammonium (3-21 pmol 1) and phosphate (0.2-97 pmol*L
concentrations. The DIC (2.7-4.6 mmof)Land pH (7.80-8.75) were high across all sites as
would be expected for chalk rivers due to the diggmn of calcium carbonate as the water

moves through the rock.

2.4.2 Dissolved methane concentr ation and methane oxidation

At all sites, the concentration of dissolved metham the river water was oversaturated
relative to atmospheric equilibration (3.2 nmé! &t 10°C), ranging from 23 nmol*iat the

Misbourne to 150 nmol t at the Piddle. The gravel biofilms oxidised methanall 32 sites
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but the activity varied across rivers, ranging frord7 nmol CH g h* at the Ash, to 0.88
nmol CH, g* h* at the Bulbourne, both in Hertfordshire (Figuré)2The detailed annual
study showed that methane concentration was syr@agisonal in the Lambourn, peaking at
103 nmol L} in late June and falling to 27 nmot'lin December (Figure 2.2b), in agreement
with our previous findings (Trimmest al., 2009a). At the Lambourn, the gravels oxidised
methane throughout the year (Figure 2.2a) but thegss was clearly substrate limited, with
a linear increase in rate of methane oxidation lathin (Figure 2.2c) and well beyond the
riverine concentrations (up to 80 pmol £H™). This linear relationship was used to
normalise the measured rates of methane oxidatiothe Lambourn to the methane
concentrations measurea situ (Figure 2.2d). The rates of methane oxidation ftbeone-
off survey in August 2011 were not normalised farbé&ent methane concentration as the
photosynthesis measurements were not be normatsbeé ambient light regime. Finally, in
the sediment cores from the Lambourn, the rateethame oxidation decreased significantly
with depth into the riverbed (see Supplementarygtidaic Material for Table S2.2) with the

rate tending towards zero at 35 cm beneath thaairf
Rate of methane oxidation = 0.107 — 0.00308(depth) Equation (1)

For our calculations on the wider survey we usexldame approach as at the Lambourn
seasonal site, integrating over the top 15cm of rilierbed, as there are few data on
subsurface methane and oxygen concentrations @n ottalk rivers, or indeed any other river

on different geologies.
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Figure 2.2: a) Filled circles show mean (t1se7) rate of methane oxidation across the year
at the Lambourn under a constant methane concemntrand the open circle is the mean of
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of methane oxidation as a function of methane aotnagon at the start of the incubation. d)
Mean (= sen=7) methane oxidation normalised to changing meth@ncentrations in the

river by using the relationship shown in 2c.
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2.4.3 Photosynthesis

Net benthic photosynthetic production was measuréde surface gravels from all fifteen of
the rivers surveyed in August 2011. Under labosatoonditions, which only simulate
completely unshaded parts of the riverbed, the dsgiproduction was at the Lambourn
(Westbrook) (319 nmol ©g™* h%) and the lowest at the Granta (6 nmeldd h) with the
overall range in photosynthetic potential beinglax@d by chlorophylha i.e. algal biomass.

In the Lambourn, gross photosynthesis was measuith@ surface sediments throughout the
year with the highest rates in summer (Figure 2.Bawever, net photosynthesis was only
observed in six out of the nine months (Figure R.BaApril, August and October, demand
for oxygen via respiration outstripped the produttvia photosynthesis under illumination
and so, the biofilm was net heterotrophic. Thed@fve clearly showed that the biofilm was
light saturated at around 100pmol quantasn (Figure 2.3b) which means for considerable
periods of the summer, the open gravels are fudliitlsaturated. The biomass specific
photosynthetic production, i.e. moles of oxygendoiced per unit chlorophyll, remained
constant throughout the annual cycle so we knowptiw@osynthetic kinetics of the biofilm
did not vary significantly with season. The modelleenthic photosynthetic activity showed
two peaks, one in spring and the other in autuniti, atrough in summer when dense stands
of macrophytes heavily shade up to 80% of the lbgdr(see Sup. Figure S2.2); a pattern

which is widespread across the chalk rivers oftsenunt England.
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Figure 2.3: a) Mean (x se&)=7) rates of gross (open circles) and net (fillactles)
photosynthesis in surface gravels. Dashed linecatds the compensation point; b)
Photosynthesis-irradiance curve for the gravelilbotommunity at the River Lambourn
(r’=0.92).

2.4.4 Viable subsurface chlorophyll

Chlorophylla was found at all depths within the Lambourn graubroughout the year but
decreased with depth from 7.4 pg CHisediment at the surface, to 2.8 pg Chisgdiment

in the deepest section of the cores (Table 2.1eMéxposed to light, all subsurface samples
were able to produce oxygen which indicated thesgmee of viable photoautotrophic
organisms at all depths. By normalising the rategmafss photosynthesis (i.e. taking into
account the oxygen consumption via respiration)cbiprophyll content, to give biomass
specific photosynthetic production, we found tHa tjuality of the chlorophyll within the
riverbed remained constant with depth (Table 2I'hjs indicates rapid mixing between the

subsurface pore water and overlying surface waters.
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Table 2.1 Summary of mean grain size, methane tailaand chlorophyll quality in the sub-surfaceeribed of the Lambourn. Here we have
used the biomass specific photosynthetic poteiB&IPP) to indicate the viability and quality of afdphyll delivered to 15 cm into the

riverbed. Note the decay in absolute amount ofroployll but consistency in BSPP with depth anddlght attenuation in methane oxidation
(see Discussion).

Biomass specific

Depth Mean grain Chlorophyll -a Methane oxidation Gross photosynthetic photosynthetic
interval size (mm) (Lg g* sediment) at 450 nM production roduction (nmol @
(cm) H9 9 (nmol CH, g* h') (nmol & g* h') flg'l chi)

0-3 9.7 7.4 0.723 133 22.5

3-6 6.7 5.6 0.72 79 17.7

6-9 5 3.7 0.576 50 19.9

9-12 4.8 3 0.528 37 20.3

12-15 51 2.8 0.507 26 21.5
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245 Benthic primary production: net photosynthetic versus net methanotrophic

carbon fixation

Across the 15 rivers, we estimated that betweena®D960 pmol C id™* was fixed via
methane oxidation in August 2011. As a proportibbenthic NPP in the unshaded gravels,
net methanotrophy accounted for between 1% and d@f6Pet carbon fixation (Figure 2.4).
This is a conservative estimate as we did not tat@ account any shading from aquatic

macrophytes or riparian vegetation.

Over the year in the Lambourn, net methanotrophydcpotentially fix between 50 and 300
umol C m? d* over the top 15 cm of the riverbed in winter anthmer respectively (Figure
2.5a). Once normalised to the ambient methane otrat®n, the rate of methanotrophic
carbon fixation followed the same seasonal pathsrthe dissolved methane concentration in
the river water, with a peak in summer and troughwinter. The NPP also peaked in mid-
summer but with no NPP in April, August and Octoliee relationship with season was
weaker. As a proportion of carbon fixation via NPt methanotrophy fixed between 1%
and 11% when there was NPP and 100% during peabdst heterotrophy (Figure 2.5b).
This is not to say there was no photosynthesisthmre was no net carbon fixation because
of rapid heterotrophic respiration within the biofi When integrated over the top 35 cm of
riverbed (the inferred extent of methane and oxygmmsumption in the riverbed;- here and
see (Prettyet al., 2006)), the contribution increased by 2.3 timed 8o, even when methane
concentration in the water was lowest, and thusharettrophy slowest (February 2011), net
methanotrophy could produce the equivalent of >a@3%enthic NPP. Annually, carbon fixed
via methanotrophy when integrated over the top B50f the riverbed, was equivalent to

11% of benthic NPP.
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2.5 Discussion

Our study has highlighted geographically widespnesthanotrophic carbon fixation within
the riverbeds of over 30 chalk rivers. By measugagoon fixation via photosynthesis, the
well characterised, dominant source of benthic taapbic carbon fixation in rivers at 15 of
these sites, we were able to estimate the conwibwaf methanotrophy to the production of
new biofilm carbon, the grazing community and uitely the entire ecosystem. Although
the input of allochthonous carbon (Thorp & Delor&§02), as with most rivers, is an
important source of energy to the system, herefaus was the production of new carbon.
The decomposition of allochthonous carbon, trap@edund the macrophyte stands
ultimately produces methane (Sanderal., 2007) which is then available to methanotrophic
bacteria as both an energy and carbon source (Hafasbélanson, 1996). In this study, we
have demonstrated that methanotrophy provides reetaon both at the riverbed surface,
where photosynthesis is light-limited, especialysummer due to extensive shading, and
deeper down in the riverbed where it is completidyk. Our results indicate a need to re-
evaluate the long-held view that rivers receiveirthmarbon through just two major
mechanisms: photosynthetic detritus from the cawitm(allochthonous carbon) and
photosynthetic production within the river itsedfu¢ochthonous carbon) (Odum, 1953, Thorp

& Delong, 1994).

While we have shown that the capacity for carb&atfon via methanotrophy in chalk rivers
is widespread, it is strongly methane limited wathinear increase in activity observed well
beyond the measured riverine methane concentratiorsntrast, the P-I curve shows that
photosynthesis in the open gravels is light-satardor much of the year. In short, in the
summer, the photosynthetic organisms cannot exphat higher light intensities but the
methanotrophs appear to thrive on higher methaneertdrations. Photo-inhibition studies on
methanotrophy have often been in bottle incubatfoms stratifying water bodies (Dumestre
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et al.,, 1999, Murase & Sugimoto, 2005) where strong igrad of methane and oxygen
conflate the issue and high pH (caused by, d®moval due to high numbers of
photosynthetic organisms) in illuminated bottlesrgat be ruled out. The riverbed, however,
has well-mixed oxygen and methane-rich water, weeh@eviously measured simultaneous
photosynthesis and methane oxidation in the laborafTrimmeret al., 2010) and in our

production calculations >80% of the length of thedisent core was from the dark
subsurface. Our estimates for photosynthetic prioolucover the fifteen riverbeds may be
overestimates because we did not include the effeshading as we were able to model with

greater detail in the Lambourn.

The strong substrate limitation of methanotrophyiarine methane concentrations implies
that the methanotrophs could continue to mitigae efflux of methane from rivers even
where there are hot-spots of higher methane coratemnts in fine sediment patches (Jones &
Mulholland, 1998, Sandera al., 2007). Positive correlations between ambient areth
concentrations and rates of methanotrophy havebasen shown within (Deines al., 2007)
and among lakes (Duet al., 2010), and in wetland sediments (Surelital., 1995). The
seasonal pattern in dissolved methane measuredageged with our previous observations
for similar chalk rivers in southern England. Altlgh our seasonal study was restricted to
the top 15 cm of the riverbed, data from earliezpmeter work indicated ideal conditions
for methanotrophy (i.e. ample oxygen and metharinel to at least 40 cm into the riverbed
(Pretty et al., 2006) and here, we estimate that methanotroplbgnds to 35cm into the
riverbed (Equation 1) which suggests the data ptedein Figure 2.4 are underestimates of
the potential contribution of methane-derived carlbo the food webs. The extensive river
survey in August covered a greater range of bosisadved methane concentrations and
methane oxidation rates, compared to the seasangerin the Lambourrsde Figure 2.1).

The methane oxidation rates were all measured thighsame starting concentration of
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methane and no normalisation for ambient methaneesdration was carried out on the data,
thus, the variation reflects real differences ipamaty for methane oxidation across the 32

rivers and therefore capacity for methanotrophrbaa fixation.

The subsurface measurements of methanotrophyrareystvidence for new carbon fixation
at depth and support our previous riverbed porawgse data which had suggested a sink for
methane at depth in the gravels (Trimneeral., 2009a). We know, however, the dark,
subsurface gravels have good hydrological conniéctivith the overlying water, as the
viability of the chlorophyll pigments measured apth (Table 2.1) (Huettel & Rusch, 2000)
indicates rapid and continual delivery of fresh folaoitotrophic organisms. The gravel beds
of rivers are known to support a wide array of rfaina and early ontogenetic stages of
macroinvertebrates within the gravel intersticeBod( & Schmid-Araya, 2009) which are
likely to graze on both new carbon, fixed via meittaophy and high quality allochthonous
import from above. Given the findings of our studyd by grazing the biofilm at depth,
those fauna are likely to play an important roledelivering methane-derived carbon to

higher trophic levels.

The seasonal distribution of macrophytes in rivamsl their impact on hydrology, and
nitrogen cycling has been studied extensively @o# al., 2006, Trimmeret al., 2009b)
but, as far as we are aware, this is the firstystudich considers their impact on riverbed
primary productivity through shading. The modellgtbtosynthesis for the whole riverbed
shows two peaks, one in spring and the other ily eatumn (see Sup. Figure S2.2c¢), and is
a temporal pattern previously observed for chalieash secondary production (Wright,
1992). If the overhanging deciduous vegetation werde included in the light model,
thereby further reducing the summer riverbed iaades, the summer trough in
photosynthesis would be even deeper and givencomstant yeild of oxygen per unit
chlorophyll, the mid-summer biofilm could be ledsofosynthetically productive than those
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in mid-winter. In short, throughout the annual eyclboth methane oxidation and

photosynthesis are limited, by methane concentratia light intensity, respectively.

In combining estimates of both net photosynthetid mnethanotrophic production, we placed
our measurements of a relatively poorly undersfgodess in the context of the traditionally
accepted dominant source of autotrophic carbortiiran clearwater rivers. At the surface,
when the riverbed is illuminated, photosynthetioduction completely dominates new
carbon fixation. However, no river on Earth hasulyfilluminated riverbed, irrespective of
hour or season, and thus periods of darkness nausbibsidered. Similarly, in permeable,
well connected and oxygenated riverbeds, one caigmotre the potential contribution of
subsurface carbon fixation, namely, via methandtyppor even other chemosynthetic
metabolism, to the total carbon budget. We havevehibat just by considering the top 15
cm of the riverbed at the Lambourn, methanotropkgsf carbon equivalent to 11 % of that
fixed via benthic NPP in summer and conservatitemeges from our wider survey suggest
elsewhere this rises to at least 46% in Augustl{tgbest methane concentrations are usually
observed in June). When considering periods of heg&lPP, even in the unshaded gravels
we begin to see how important other forms of préidacmay be in these rivers which are

famed for their photosynthetic autochthony.
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2.7 Supplementary Electronic Material

Supplementary M ethods. M odelling photosynthesis acr oss a seasonally shaded
riverbed.

Firstly, we constructed a photosynthesis-irradiacoeve to calculate the point at which
photosynthesis in our samples reached light sabm@&uasch & Sabater, 1995, Jassby &
Platt, 1976). We set up four replicate glass Vi mL) each with ~4 g sediment and filled
with river water. The glass vials were immersea 5 L Perspex temperature controlled bath
(9°C £ 0.5°C) and light sources (high-intensitydsten 400W) were positioned either side of
the tank. Using filters and variation in the disgtarbetween the light sources and the vials we
created eleven different light intensities for eaatubation. The experiment was repeated five
times to give 20 replicates. After each experinmtéet chlorophylla was extracted as above.
Irradiance was scattered against biomass spet¢ibtopynthetic production and the following

relationship was fitted to the data:

P=Rnax [1)/ (Km + [1])

Where P is biomass specific photosynthetic ratg.,x B the maximum biomass specific

photosynthetic rate, | is the light intensity and iK the half saturation constant.

Surface and riverbed irradiance data for the siteluding the effect of shading in three
different vegetation cover patch types was takemfa previous published study (Trimneer
al., 2010). We estimated changing macrophyte cover tive year using studies of six
English chalk streams (Flynet al., 2002, Whartoret al., 2006, Wrightet al., 1982) and
study site observations. By combining the surfaciance data with our modelled riverbed
shading, average weekly riverbed irradiances wstienated. Using the P-I curve, modelled
weekly irradiances for each of the three shadirighpgypes (open gravels, marginal shading

and dense shading) were converted to estimatessiti photosynthesis.
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Supplementary Figures

Supplementary Figure S2.1.:
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Supplementary Figure S2.2: Modelling the seasohahges in shading and photosynthesis
over the River Lambourn bed: a) percentage coveleae macrophyte stands and resulting
seasonal shading patterns across the river bedh)aweekly average photosynthesis across
the whole river bed using the P-I curve and FigbPe2a to account for changing incident

light.
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Supplementary Results

The biomass specific photosynthetic production (BSield of oxygen per unit chlorophyill)
did not vary over the year (see Supplementary Eleit Material Table S2.1) and so one
photosynthesis-irradiance curve could be used taleina@hanging photosynthesis with

changing irradiances for all of the data and tdukform:
P=0.14[l}/ (39+ [I]) Equation (2)

The apparent half-saturation constant was 39 uprhotoms rif s*. In order to estimate
photosynthetic production across the whole riverttbd modelled riverbed irradiances from
Trimmer et al. (Trimmer et al., 2010) were put into the P-l curve generated hergive
predicted rates of photosynthesis throughout thar.y&he area of riverbed under dense
shading varied considerably throughout the yeaedfbnic Supplementary Figure S2.2a). In
July and August, over 70% of the riverbed was unid@se shading with irradiance being only
6% of that in the unshaded parts. The overall medehte of riverbed photosynthesis showed
an increase in early spring but then a summer mimmeflecting the widespread, dense
shading (Supplementary Figure S2.2b). A second pepkotosynthetic productivity occurred
in autumn when the macrophyte coverage declinethacing the concurrent decline in
photosynthesis due to lowering irradiance. The Bivewerall modelled rate of photosynthesis
occurred in winter, despite over 80 % of the rieetlbeing completely unshaded but by then

photosynthesis was light limited.
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Supplementary Table S2.2

Summary of statistical analyses. Bold values atssically significant. All organic carbon analysvas from August 2011 samples.

Independent : Random| Degrees of
Test Variable Dependant Variable offect Freedom F-value| p-value
Linear Regression = Methane Rate of Methanotrophy 10 120.2 <0.001
concentration
ANOVA Month Rate of Methanotrophy (normalised teetine 291 27.6 <0.001
methane concentration)
Linear Regression  Depth Rate of Methanotrophy 298 11.0 0.001
ANOVA Depth Rate of Methanotrophy Month 287 5.7 <0.001
Linear Regression  Depth Organic carbon content 32 20 0.164
Linear Regression '°C of the Rate of Methanotrophy (Aug 2011) 32 5.0 0.033
biofilm
Linear Regression  Depth Chlorophyll-a content 297 88.9 <0.001
ANOVA Month Biomass specific photosynthetic prodantat 51 2.0 0.061
the surface
Linear regression Depth Biomass specific photossticiproduction 297 0.01 0.935
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Chapter 3: Methane oxidation hasthe potential to mitigate any increasein

methane production inrivers

This chapter moves on to focus on the effect of methane concentration and temperature on the
rate of methane oxidation and how this varies between fine sediment and coarse gravels. This
work was all done on the River Itchen which a large, well-studied river with a typical chalk
stream riverbed characterised by clean gravels and patches of fine sediment deposited around
dense macrophyte stands. Thiswork has been submitted for publication in Freshwater
Biology with myself as the first author, a undergraduate project student as the second, and my

two supervisors, Dr. J. Grey and Prof. M. Trimmer as the final two authors.

3.1 Abstract

Many rivers are oversaturated in methane {C&hd carbon dioxide (Cp relative to the
atmosphere but we know little about what contrbks balance between these two important
greenhouse gases and how they might respond toim@rktere, we characterise the potential
response to temperature in the production of &@ CH and the subsequent oxidation of that
CH, i.e. the sink and source components of the ©ttle, in contrasting riverbed sediments;
largely anoxic fine sediments, and oxic, coarsevgm In the fine sediments, anaerobic
production of both Clland CQ increased with temperature, with apparent actowvaginergies
for each being 0.51 eV and 0.24 eV, respectivehe difference between the two resulted in a
4% increase in the ratio of GO, production for a 1°C increase in temperature. k& th
coarse gravels, Cfbxidation showed no response to temperature at ¢haracteristic Cil
concentrations (30-200 nmol GH™), due to strong substrate limitation. In contrasthigher
CH, concentrations, more characteristic of the fidirsent patches (2-4 pmol GH™), CH,

oxidation exhibited an increasingly strong respolestemperature; eventually exceeding that
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for CH,4 production. In the fine sediment, the surface isy@d a Chloxidation capacity over
100 times greater than the gravels and the kinesponse to differing porewater ¢H
concentrations meant Ghivas oxidised some 2000 times faster in the firdgnsent patches
compared to the wider gravel riverbed. The caledlakinetic and temperature responses
showed that with warming, methanogenesis is unjik@loutstrip methanotrophy and the ratio
of CO, to CH, emitted could be conserved. Consequently, anygehanthe ratio of Ckito
CO, emitted is more likely due to a bypassing of metiieophy e.g. through ebullition or
transport via plants, rather than an incapacityhm community of methanotrophs to match

methanogenesis.

Keywords: carbon, methanotrophy, chemosynthesegrirouse gas, methanogenesis, gravel

riverbed.
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3.2 Introduction

Inland waters perform an important role in the globarbon cycle (Battiet al., 2009) but
their small areal extent coupled to a poor undedtey of the magnitude of their carbon
cycling processes has meant they are seldom inéeggnato global carbon models (Cadeal .,
2007). However, freshwaters are often oversaturatesvo of the major greenhouse gases
(GHG), methane (Ch and carbon dioxide (C) and are net emitters to the atmospheric
carbon pool, but there is a paucity of data foersvparticularly for methane (Bastvikenal.,
2011). Traditional global carbon cycling perspeesithat disregard rivers as mere conduits
have now been rejected (Aufdenkamgbal., 2011) and rivers are now recognised as sites of
rapid carbon cycling; whilst some carbon is ultielatexported to the ocean, much is
metabolised within rivers and lost to the atmosph{@attinet al., 2009). Quantifying the rate
of GHG production in rivers, and how this might oga under future climate change
scenarios such as warming and the impact of fim@gsmts mobilised via more frequent
storms or indeed agricultural practice, is of pawant importance if we are to properly

integrate rivers into the global carbon cycle.

Rivers receive much of their carbon from the sumtbng catchment (Cole & Caraco, 2001,
Joneset al., 2001, Thorp & Delong, 2002) and a combinatiorclednges in catchment land
use and climate over the past century have incdethgedelivery of organic carbon to rivers,
in both dissolved and particulate form (Bellastyal., 2005, Walling & Amos, 1999, Worrall

et al., 2004). Indeed, anthropogenic manipulation of fo@ents for urban or agricultural uses
has been shown to have a greater effect on rivemgtabolism than broad regional differences
in catchment biogeography (Berratal., 2010). Conversion from woodland and grassland to
arable farmland, has been linked with increasddtwih in rivers (Wallinget al., 2003) and
this is problematic because fine sediment clogvejraverbeds (colmation) and becomes

trapped around dense stands of macrophytes (Saedre1998). As well as the destructive

55



Chapter 3

biological consequences of habitat alteration sh §pawning and egg survival (Greigal .,
2005, Soulsbyt al., 2001) and macroinvertebrate community structii@lér & Hartman,
2004), the anoxic sediments in some rivers prodgamuch Chland CQ per unit area as peat

bogs and heavily industrialised estuaries (Sangels, 2007, Trimmegt al., 2009b).

With such amplified allochthonous inputs the patdrfor rivers to emit C@and CH to the
atmosphere is already high but how these supplenwntarbon will interact with increased
temperatures is largely unknown. Across both téiedsand aquatic environments, respiration
has a stronger temperature response than photesys{fRegaudie-de-Gioux & Duarte, 2012,
Yvon-Durocheret al., 2010a). In terrestrial environments, any poténémperature response
in respiration is ultimately constrained by carliicied by photosynthesis whereas, due to their
allochthonous carbon sources (Cole & Caraco, 20akgs and rivers have the potential to
emit far more carbon as gases compared to thercdnley produce, thus becoming greater net
sources of carbon to the atmosphere with increessederature (Gudast al., 2010, Trimmer

et al.,, 2012). Although less abundant than C@mospheric Cilis an especially potent
GHG, with a warming potential, per mole, some 298 higher over 100-years (Forsteal.,
2007). Moreover, as methanogenesis exhibits aggraemperature response than respiration
(Yvon-Durocheret al., 2010b), moderate warming (approximately 2°C b/ ¢hd of the Z1
Century, (Stocker, 2013)) could result in a gregi@portion of carbon being released from
aquatic systems as GHersus CQ (Yvon-Durocheret al., 2014, Yvon-Durocheget al.,
2010b). Recent carbon gas budgets for lakes amedvass show that the global emissions of
CO, and CH (expressed in C{equivalents) are currently on a par with one asoffiranvik

et al., 2009) and a further small increase in temperatatdd see Cllovertake CQ(Trimmer

et al., 2012). However, microbial CHbxidation provides a sink for GHand could attenuate

some or all of the increase in ¢production due to warming.
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The oxidation of CH has been widely investigated in lakes (e.g. Blasitvet al., 2008,
Deutzmannret al., 2011, Elleret al., 2005) and more recently in rivers (Shelktyal., 2014,
Trimmer et al.,, 2010) and its temperature dependence is ofteressgd under substrate
limitation (Duc et al., 2010, Loftonet al., 2014). A recent meta-analysis of £Emissions
from aquatic ecosystems suggested that methangtispimlikely to interact with temperature
and CH production in natural systems undarsitu concentrations (Yvon-Durochet al.,
2014) and our recently published kinetic responsthé seasonal range of ¢Ebncentrations
in rivers confirms this substrate limitation in geh riverbeds (Shelleyet al., 2014).
Nevertheless, due to the contrasting environmergglirements of ClH oxidation and
methanogenesis, the spatial configuration and nhadmiof CH sources and sinks will
determine the final fate of CHand therefore the overall balance of GHGs emitteth a

river.

At our study site, a lowland river, the main rivedb is a mosaic of coarse gravel bed, with
patches of predominantly anoxic fine sediment #etumulate around dense macrophyte
stands (Figure 3.1, Sand-jensen, 1998) and ther laté known sources of both €ahd CQ
(Jones & Mulholland, 1998, Sandetsal., 2007, Trimmeet al., 2009b). The coarse gravels
also provide a sink for CKloxidising CH dissolved in the river water to GO'rimmeret al.,
2010). Benthic photosynthesis has long been resedras a sink for GOdum, 1956), but
many riverbeds are net heterotrophic, with the reedis acting as a net source of LLO
(Richeyet al., 2002). Here we sought to understand the intersctand feedbacks between
CH; and CQ production, CH oxidation and temperature in a naturally hetereges

riverbed in order to better understand the rolevars in global carbon cycling.

We broke our aims down into three research question
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1. How will CH, and CQ production in riverbed sediments respond to wag®in

2. How will riverbed CH oxidation respond to increased temperature and, CH

concentrations?

3. To what extent will CH oxidation be capable of mitigating any increaseCH,

production in riverbed sediments?
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3.3 Methods

3.3.1 Study site and sample collection
Sediment was collected from the River Itchen atn@ton (51.083530 N, -1.1995214 W) in

November, 2012. Here the river is 10-15 m wide; 05 m deep and there are dense stands of
submerged macrophytes (Figure 3.1), predomindralyunculus, Berula and Callitriche spp.

which trap fine sediment around their rhizomes iarach stems.

We have already established that ;G¥xidation is active throughout the oxic coarsevgla
(Shelley et al., 2014) and that methanogenesis occurs in the arf;me sediment patches
(Sanderst al., 2007) and so we decided to sample the sedimpastyeparately to look at the
cycling of CH, in the riverbed as a whole and how they interath wemperature. As the river
water is well-oxygenated we also looked at the anoxic boundary layer on the surface of the
fine sediment patches where we expected methartrbpcteria to be exploiting the high €H

concentrations (Jones & Mulholland, 1998, Sandeat, 2007, Trimmeet al., 2010).

The coarse gravels were taken from the open gtaal(Figure 3.1), using a kick-net and were
then sieved (resulting in a sample with a grair $ietween 1.4 mm and 2.4 mm) and the fine
sediment was collected from under the macrophyt@sds using truncated syringes (60 mL)
which were pushed into the sediment then sealed beneath with a rubber bung. All sediment

was refrigerated, and returned the laboratory wighhours.
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Figure 3.1: Photograph of the site on the Rivelndh showing the contrasting patches of fine
sediment within the dense macrophyte stands (metlsmurces) and coarse gravel beds
(methane sinks) which are typical for the challeatns of southern England (Cottenal.,
2006, Flynnret al., 2002). Dr. J Grey provided the photograph.

3.3.2 Methane production: temper ature dependence
We measured the rate of ¢End CQ production in anoxic slurries and while some & ©Q
production will be from anaerobic respiration amdnientation, some will be released through
acetoclastic methanogenesis (1:1 4CHD, produced) and this must be considered when
interpreting the temperature response of @@duction in these anoxic sediments. Moreover, a
smaller, yet significant portion of methanogenesisild be hydrogenotrophic whereby £
reduced with Hto produce Chiand HO (Kotsyurbenkeet al., 2004). In the laboratory, the fine

sediment cores were transferred to an anoxic ghmxe(CV204; Belle Technologies, Portesham,
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UK) and then, after careful extrusion to isolate txic surface layer from the rest of the anoxic
core, ~2 g sediment and 2 mL of deoxygenated (Xtutes flushing with oxygen-free nitrogen
(BOCQ)) river water were transferred into 12.5 milstgght vials which were then sealau=82)
with a nitrogen headspace. Within 30 minutes, gaspies (100 pL) were withdrawn from the
headspace and injected into a gas chromatograph @€ with a flame-ionising detector
(Agilent Technologies; for detailsee Sanderset al. (2007)). Headspace concentrations of,CH
and CQ (after catalytic reduction over hot nickel (385°@©)CH,) were calculated from peak
areas calibrated against known standards (Sciemtifd Technical Gases), and the total amount
in the vial (headspace plus water) was calculatadgusolubility coefficients (Weiss, 1974,
Yamamotoet al., 1976). The vials were placed on rollers (Denkggiramix 10) in temperature
controlled rooms set at 3°C, 10°C, 15°C and 22°@ fanther gas measurements were made at
24, 48 and 72 h. After the final measurement, fhéswere opened and the sediments dried to a

constant weight.

3.3.3 Methane oxidation: substrate limitation
To identify the extent of substrate limitation (i@H,; concentration) on the potential for ¢H
oxidation in the gravels, gastight viats=60) were set up with sediment (~2 g) and riverewg
mL) and spiked with pure (100%) GKBOC) to generate concentrations in the water-50300
nmol LY. For the fine sediment, the oxic surface layer Wwamogenised and ~0.5 mL was
transferred into a gastight vial<18) then river water (5mL) was added and the wadse then
spiked generating CHconcentrations between 14 - 21,300 nmdl LThe vials were gently
shaken for 30 seconds and the concentration of iGkhe headspace measured by GC/FID (as
above), and then over time (as above). The viale wecubated on rollers at 10°C to mimic
average river water temperature (Mackey & Berd891) and the change in total €H

(headspace and water phase) was used to caldutataté of Chloxidation.
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3.3.4 Methane oxidation: temperature dependence in coar se gravels

Previous work in aquatic sediments had shown aesspd response to temperature by, CH
oxidation, arguing that this was due to strongt@tmn by CH (Ducet al., 2010). Given that we
typically measure 60 nmol GH. ™ in gravel pore waters (Trimmet al., 2009a), we assumed a
similar suppressed response to temperature. Tothestwe set up a series of temperature
incubations with increasing GHoncentrationr=11). For each concentration, replicate vials
(n=12) with gravel (2 g) and river water (5 mL) weset up and spiked, generating £H
concentrations in the water phase of 30-6250 nnibl IC' and a total of 132 vials. After spiking,
the vials were gently shaken and the headspaceuneeland vials incubated at four different

temperatures as above.

3.3.5 Methane oxidation: temperature dependence in fine sediments
To measure the temperature dependence af@lkdation in the oxic surface layer of the fine
sediments, vials were set up as above (~0.5 mlrsedin=32) but the headspace was only
enriched to one concentration of gHhat found in the immediately underlying anoxiare
water (~2.5 pmol CHL™). The rate of CH oxidation at four different temperatures was

measured as above.

3.3.6 Sediment Organic Carbon Content

To quantify the organic carbon content of the sedinsamples, we performed a persulphate
oxidation reaction to convert all organic carbon(®,. Sediments were freeze dried for 24
hours, weighed (200 mg) into 20 mL crimp-top vigdmatune) and PO, (4 mL of 6% v/v)
added to drive off any carbonate. After 48 houtdapsium orthophosphate (4 mL of 0.15 M)
was added to each vial and the vials capped witll loubber stoppers and aluminium tear-
away seals (Grace Discovery Sciences). The heaglspas then purged with oxygen-free

nitrogen (BOC) to degas any G@om the liquid and then pure oxygen (BOC) (touees
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complete oxidation) and the samples were then Ewed at 120 °C for 3 hours. After
cooling, the CQ@ concentration in the headspace was measured bylGCife organic
carbon content was calculated by using potassiuphtiialate prepared in a series of
concentrations (resulting in total carbon 0-5 mga@)l then treated in the same way as the

samples.

3.3.7 Deriving the apparent Activation Energiesfor the measured processes
The rates of each measured process (e.g. nmgbgitised @ gravel h*) were log transformed
and the incubation temperatures were converteldetéorm 1KT, whereT is absolute temperature
in Kelvin andk is Boltzmann’s Constant (8.62x1®V K™ (T)). The logged rates were then
plotted on an Arrhenius plot againsklLAwhere the negative slope of the linear regreskitn
gives an estimate of the apparent activation enegrgyectron volts (1 eV = 96.49 kJ rifdlfor
each process. We acknowledge that this “appareritealised” activation energy will always be
lower than the theoretical sensitivity of the bieohcal reaction to temperature because of
environmental constraints, such as substrate liimita Here, we are merely using it as an
empirical index of temperature response following similar approach used by Yvon-Durocher

et al. (2010D).
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3.4 Results

3.4.1 Methane production: temper atur e dependence
The rate of anaerobic GHproduction in the fine sediment increased wittmgerature (Figure
3.2a, Table 3.1) from 22 to 80 nmol ¢ig* h' (at 3°C and 22°C, respectively), as did the
production of CQ@ (from 147-261 nmol C®g™* h) but with a lower temperature dependency
than that for CH (Figure 3.2a, Table 3.2). The apparent activatioergies for both CHand CQ
production in the fine sediments were 0.51 eV a2d @V, respectively (Figure 3.2a and Table
3.2). As a result, the ratio of anaerobic f&ED, production increased by 0.04 °C,
approximately doubling over the full range of temgteres investigated (Figure 3.2b).
Acetoclastic methanogenesis is likely to be the idamt pathway for Cklproduction in these
sediments because of the isotopic signature ofCHg produced (~-58%o, unpublished data,
Trimmeret al.) and because they are from freshwaters ratherrttaame (Whiticaret al., 1986).
A conservative estimate that two thirds of gioduction was via this pathway could account for
up to 20 % of the Coand would lower the activation energy for non-naeibgenic CQ

production from 0.24 to 0.19eV.
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Figure 3.2: a) An Arrhenius plot showing the tenspere dependency of methane and
anaerobic C@production. The slope of the regression line gihesactivation energy (eV), b)
The mean ratio of CHto CG, gas production in the anoxic fine sediments wittreasing
temperature (error barsSE).

3.4.2 Kinetics of CH4 oxidation in coar se gravels and fine sediments
In the gravels, we measured a linear increase enirttiial rate of CH oxidation with CH
concentration, from approximately atmospheric éigtion (2 nmol CHL™) up to 10.5 CH
pumol L (Figure 3.3a), suggesting strong substrate lifitaat typical riverine concentrations
(<200 nmol CH L™). We also measured strong substrate limitatiothénfine sediments but
here the capacity for CHoxidation was much greater and the activity becaaterated at
around 10 pmol CHL™ (Figure 3.3a). Ckloxidation in the fine sediments could be explained
by simple Michaelis-Menten kinetics and took therio

Rate of CH oxidation= (58€)/ (3.68 +C)
WhereC is the starting concentration of GlndVpmax equated to 586 nmol GHj* h*, with an

apparenK, equivalent to 3.7 pmol GH.™
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3.4.3 Temperatureresponse of aerobic CH,4 oxidation

1) in the coar se gravels

At 10°C (~ average river temperature) and withy€bincentrations representative of the gravel
bed (30-200 nmol £), CH, oxidation was only 0.1 nmol CHj* h* (SE +0.03) and, there was
no significant effect of temperature on the rateCéf, oxidation in the gravels (Table 3.1 and
Figure 3.3b). Above this concentration, we measuaed increasingly strong effect of
temperature on the rate of oxidation which incrdagem a negligible sensitivity (0.05 eV,
SE+0.031) at 260 nmol CH.™ to 0.6 eV §E +0.09) at 6250 nmol L (Figure 3.3c, Table 3.2).
At the highest concentration measured, the resptinsamperature was even greater than that

for methanogenesis (0.6 eV to 0.51 eV).

i) in the fine sediments

In the surface layer of fine sediments where thewater CH is high (2-4 umol L), the rates
of CH, oxidation were some 1800-3100 times faster thaselor the coarse gravels, ranging
from 172 nmol CH g* h' to 376 nmol CH g* h? (over 3°C to 22°C), with an apparent
activation energy of 0.3 eV (Figure 3.3b and T&h®). Even when the rates of gbixidation
were normalised to the same starting concentratidr0 nmol CH L™, the fine sediments still
oxidised CH 112 times faster than the gravels, indicatingesagr methanotrophic capacity in

the fine sediment than in the gravel.
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Figure 3.3: a) Initial rates of methane
oxidation in the gravels (open circles)
and fine sediments (filled circles) at a
range of initial starting concentrations of
methane. Inset shows Gldoncentrations
lower than 150 nmol Li.e. those typical
of the seasonal range found in many
chalk rivers (Shellewgt al., 2014). Where

c is the starting concentration of gHhe
trend line for the gravels is a'lorder
linear regression, where rate=0.3 + (&).8
and, for the fine sediments a Michaelis-
Menten, where rate=(588ax ¢)/(3.6&m+

c). b)Initial rates of methane oxidation in
the gravels (open circles) and fine
sediments, measured with starting £H
concentrations equivalent to those found
in the pore waters of the two patch types
(120 nmol CH L™ for the gravels and 2.5
umol CH, L™). Rates in the fine sediment
incubations are 1800-3100 times faster
than those in the gravel incubations. c)
Apparent activation energies of GH
oxidation in the gravels between 30-6250
nmol L (open circles) and for the fine
sediments at 2.2 pmol’L(filled circles)
with the range of Ckl concentrations
expected in the gravels and the fine
sediment patches marked with horizontal

grey bars. Error bars + SE.
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3.4.4 Aerobic CO, production and organic carbon content
The fine sediments had a higher organic carbonecorfi8.2 mg C g and rates of aerobic GO
production (495-1278 nmol GQ@* ht at 3 and 22°C, respectively) compared to the coarse
gravels (3.9 mg CHand 28-145 nmol Cy™* h!). Normalising each rate of G@roduction by
the respective organic C content for each sedirtypet showed that the fine sediments produced
more CQ per unit of organic carbon (25-89 nmol £@g C* h'! at 3 and 22°C, respectively)
compared with the gravels (10-33 nmol 08g C* h') indicating a denser population of micro-
organisms in the fine sediments. However, aerobi;, @roduction in the coarse gravels
exhibited a stronger temperature dependence (0/%3han in the fine sediment patches (0.44
eV), both of which are at least twice that for andé& CQ production (Figure 3.4 versus Figure

3.2).
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Figure 3.4: An Arrhenius plot showing the temperatidependency of aerobic @@roduction
in the two different sediment types. Mean valuas emor bars £E. The fine sediment (filled
circles) CQ production is faster but has a weaker respondemmperature than the coarse

gravels.
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Explanatory
variable

Intercept  Slope

(aa) (ba)

Response variable  df F

Temperature (°C) Chproduction 1,29 154.18 0.00 6.08 3.11
CH, oxidation (30-
240nM data pooled)

CH, oxidation (260-
6250nM data pooled)

Temperature (°C) 1,46 0.45 0.50 0.102 0.00188

Temperature (°C) 1,106 35.01 0.00 0.390 0.259

Initial
concentration CH, oxidation (10°C) 1,41 838.9 0.00 0.701 0.00266
(CH,)
Anaerobic CQ
Temperature (°C) production (fine 1,29 22.04 0.00 116 6.64
sediments)
Temperature (°c) A€roPic CQproduction 4 5 4471 g 3.2 6.18
(gravels)
Temperature (°C) A€'oPic CQ production —, 55 441 g9 506 41.4

(fine sediments)

Table 3.1: Response in rate of activity to tempegaor initial concentration of GHThe
dimensions of the slopebf are nmol & h™* °C* except for the relationship between initial

CH, concentration and Cjbxidation where the dimensions are nmol, @ h™.

Apparent

activation
Process energy Standard 2

derived error
between 3°C to

22°C(eV)
Anaerobic CQ production (fine sediment) 0.24 0.04 0.49
Anaerobic CH production (fine sediment) 0.51 0.05 0.79
Aerobic CQ production (fine sediment) 0.44 0.03 0.51
Aerobic CQ production (gravels) 0.59 0.06 0.86
CH, oxidation (gravels <200nmol GHL.™) 0.01* 0.02 0.01
CH, oxidation (gravels 260-6250 nmol GH™) 0.05-0.59
CH, oxidation (fine sediment at 2.5 pmol £HY) 0.30 0.02 0.99

Table 3.2: Apparent activation energies for eaclasueed process (nmof-di* (1/kT)%) and
the standard error and thé of the regression line. * indicates that the slop@s not
significantly different to zero. The full range activation energies for Cfbxidation at the 11

CH, concentrations are shown on Figure 3.3c.
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3.5 Discussion

Here, we have quantified the sources and sinksHof their temperature dependencies, and
the interplay between the three, in contrastingesypf sediments in a large riverbed. .CH
production responds twice as strongly as, @@duction to temperature and although strong
substrate limitation supresses the temperaturendepey of CH oxidation in the gravel
riverbed, in the fine sediment patches, where €bhcentrations are much higher, this is not
the case. There is a marked interaction betweemanetrophy and temperature which is
dependent on substrate, which differs with sedintgpé. While we only calculated these
detailed process measurements in one riverbed,dotcaces and sinks for dissolved Ciivhve
previously been identified in rivers right acrossithern England (Shellest al., 2014) and so

we are confident that this phenomenon is more widetead.

3.5.1 CH4 and CO; production

The difference in the temperature dependenciestafdhd CQ production (Fig. 2a) means
that if emissions were driven by temperature alotie predicted temperature rise of 2°C by
the end of this century (scenarios RCP4.5, 6.0&BdStocker, 2013), could result in an 8%
increase in the proportion of carbon emitted ag @Cather than Cg) from the patches of fine
sediment. Further, the delivery of fine sedimentikely to increase under some climate
change scenarios and ongoing intensification ofcajure (Goudie, 2006, Sandees al.,
2007). Despite this potential for methanogenessapparent activation energy presented here
(0.51 eV) is much lower than those calculatedofitier aquatic sediments: 1.7-2.0 eV in lake
sediments (Loftoret al., 2014); 1.3-2.8 eV in peat slurries (Dunfigltdal., 1993)); 0.85 eV

in freshwater mesocosms (Yvon-Durocleeal., 2010b); and 0.96 eV for a meta-analysis of
127 aquatic field sites (Yvon-Durocheral., 2014). This could be explained by poor substrate

qguality as has previously been demonstrated inandtlsediments (Bergmaat al., 1998,
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Valentineet al., 1994), lakes (Duet al., 2010) and rice paddy soils (Fey & Conrad, 2003)
The more labile DOC is often leached from the dtbhonous sediments into rivers long

before they are deposited on the riverbed (Stastegl., 2012), resulting in increasingly

refractory particulate carbon over time. Furthederce for the relatively poor carbon quality
in the fine sediment can be seen in the aerobig @®@asurements where the apparent
activation energy was higher on the gravels (089 aose to that of general heterotrophic
metabolism 0.65 eV (Yvon-Durochert al., 2010a)) than that in the fine sediment (0.44 eV)

which we already know to be mainly of terrestriagm (Collins & Walling, 2007).

3.5.2 Methane oxidation

The capacity for Clloxidation in gravel riverbeds has only recentlgiloe to be investigated
(Shelleyet al., 2014, Trimmeset al., 2010) and here, we followed the kinetic respansgvo
contrasting sediment types, which differ markedaiyheir porewater ClHconcentrations. Our
calculated Ve for CH, oxidation in the fine sediments (586 nmol £t h') is comparable
with those reported around Gbeeps in Lake Constance (511 nmol,@Hl h*,Deutzmanret

al., 2011) and landfill soils (743 nmol GH* h*, Bogneret al., 1997) and although we did
not find a plateau in the kinetic response in thevels, it was clearly much slower than the
fine sediment (Figure 3.3a), probably due to lodensities of methanotrophic bacteria on the
gravel particles (Deutzmanet al., 2011). Methanotrophs exploit the thin oxic layer
enveloping the anoxic sites of methanogenesis ar@Ha production increases, the increased
substrate will stimulate faster oxidation of £flegonigal & Schlesinger, 2002At 10°C
CH, oxidation (at 2.5 pmol CHL™) was ~8 times faster than GHroduction, illustrating the
capability of the methanotrophic community to cauatt any local increase in GHThe

effect of substrate limitation on the temperatuspahdence of CHoxidation gradually
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weakened as CHtoncentrations rose, eventually, at the top enouofconcentration gradient

(0.58 eV at 6350 nmol CH.™), superseding that calculated for methanogen@$s gV).

Substrate limitation often supresses the temperadapendence of Ghbxidation, as has

previously been documented in lake sediments (&ual., 2010) and hypolimnetic waters
(Lofton et al., 2014) but our experiment at 11 different Lébncentrations (spanning the
ambient range) gives a much more detailed pictdrehe potential interaction between
temperature and substrate availability which, wens, is ultimately governed by sediment
type. At the lowest Clkiconcentrations observed in rivers, typical of olgaavel beds (Jones
& Mulholland, 1998, Trimmeet al., 2009a), methanotrophy does not respond to teryvera

but there is a marked kinetic effected Figure 3.3a) and at only marginally higher

concentrations (where substrate is still limititiggre is a temperature effect too.

These findings counter the recently published staté by Yvon-Durocheet al. (2014) that
methanotrophy does not interact with £production and temperature under the substrate-
limiting conditions encountered in aquatic ecosysteMoreover, in other aquatic ecosystems,
where anoxic, fine sediments constitute a muchdriginoportion of the bed (e.g. lakes and
wetlands), the kinetics of methanotrophy enable ibffset temperature-induced increases in
CH, (Duc et al., 2010, Loftonet al., 2014, Megonigal & Schlesinger, 2002), resultimgno
change in CHCO, emissions with increasing temperature. We progbse surface flux
measurements which show an increase in €@Hissions with warming (Yvon-Durochetral.,
2010b) must be as a result of £ékidation being physically bypassed, either thiroptants
(Chantonet al., 1993, Nouchiet al., 1990, Sanderst al., 2007), which play a globally
important role in the ClHcycle (Carmichaedt al., 2014), or ebullition (Crawforet al., 2014,
Prairie, 2013) rather than the failure of methamahy to oxidise any increase in ¢CHndeed,
the seasonal pattern in river water Jtdncentration often with a peak in summer (Deatol

al., 1990, Konéet al., 2010, Trimmeret al., 2009a) shows that some €t avoiding
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oxidation, and in clear-water rivers, where wat@umn methanotrophy is negligible, once the
CH, is in the main channel water, the oxic gravel badsthe final barrier to CHlegassing to
the atmosphere. Although the rates of oxidatiothengravels are comparatively slow, relative
to the surface fine sediment layer, the large talieeensional volume (to some 35 cm in depth
(Shelleyet al., 2014)) of oxic gravels means they do oxidise lasgantial amount of CHto
CO; (Shelleyet al., 2014), the less potent of the two GHGs and tlheegbrovide an important

role in carbon cycling that has, until recentlygkly been undocumented.

The data presented here are novel as we are shédiconsider the effect of warming on the
individual CH, cycling processes and the feedbacks between thesmbagrate concentrations
vary across a heterogeneous riverbed. We have degratad the potential for GHoxidation

to respond rapidly to increasing gldroduction, mitigating efflux of Clddiffusing through
the anoxic-oxic sediment layer. These data show ithportance of detailed process
measurements in understanding carbon cycling imtagaystems; surface flux measurements
may be useful to track trends in emissions but eenttworough approach is necessary to fully
comprehend the direction and magnitude of the actens in the methane cycle within these

dynamic natural environments.
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Chapter 4: The effect of light availability and methane concentration on the
importance of methane derived carbon in chalk rivers. a spatial and

seasonal survey.

In this chapter, | exploited the natural variation in methane concentrations across English
chalk streams in order to explore its effect on the importance of methane-derived carbon
relative to photosynthetic carbon. To quantify the influence of light availability on the
importance of methane-derived carbon to the food web, adjacent shaded and unshaded
stretches of each river were sampled. The fieldwork and some of the laboratory analyses were
performed in collaboration with Dr. Nicola Ings as part of a wider NERC grant. This chapter

has not yet been submitted for publication.

4.1 Introduction
Methane gas is oversaturated relative to the giheys in many aquatic environments and it

is increasingly apparent that methanotrophy pra/alenechanism for channelling the energy
from this single-carbon compound into aquatic fosgbs (Jones & Grey, 2011).
Methanotrophic bacteria are unique in being ableige methane as their sole carbon and
energy source (Hanson & Hanson, 1996); they ogidiso carbon dioxide and in doing so
fix methane into organic carbon. The fastest rafeserobic methane oxidation occur at the
interface between anoxic sites of methane producitd the oxic layer above, and this has
been widely studied in stratifying lakes (Bastviketnal., 2003), wetlands (Segers, 1998),
marine methane seeps (Saseea., 1998) and soils (Bender & Conrad, 1995). Theree
been relatively few studies on methane oxidationvers but earlier parts of this thesis focus
on the activity of methanotrophs and have foundegjaead capacity for methanotrophic
production in the riverbed gravels of chalk rivers.this chapter we go one step further by
employing stable isotopes to assess the contribwtionethane derived carbon (MDC) to the
food web and investigating whether light availdpiland methane concentration affect the

size of this contribution.
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Using stable isotope analysis, the distinctive eepl5™°C value associated with methane
(Whiticar, 1999), can be used to estimate its doution to the biomass of specific food web
components such as pelagic and benthic inverteb(dtmeset al., 2008, Kankaalat al.,
2006), and fish (McLeod & Wing, 2007, Ravingtal., 2010). Although stable isotope
analysis is widely used to indicate MDC, the mosbust food web studies use it in
conjunction with process measurements or molecatdmiques (Bastvikeet al., 2003, Eller
et al., 2005, van Duinemt al., 2013). The need for supporting evidence is padity acute
when stable isotope data indicate the contribubioMDC to organism biomass may be small
or that the isotopic signal in the methane may b®tparticularly distinct from other basal
resources (e.g. th&3C value of groundwater methane can be >-4(kanget al., 1998))

leading to ambiguity.

Rivers are often over-saturated with methane (J&nheédulholland, 1998, Konét al., 2010,
Shelleyet al., 2014) but to a much lesser extent than still watelies such as wetlands (Van
der Nat & Middelburg, 2000), reservoirs (Absel al., 2005) and lakes (Huttunest al.,
2003). However, there is now evidence that secgnpiaoduction in some rivers is, in part,
fuelled by MDC (Trimmeret al., 2009). Studies indicating high incorporationMDC from
the profundal zones of lakes are perhaps not simgrbecause of high (mM concentrations)
methane concentrations and capacity for methargat@n, and because they are below the
euphotic zone meaning any photosynthetic carbort imeidransported there i.e. there is no
fresh photosynthetic carbon being produceditu. The findings of Trimmeret al. (2009)
showed that MDC may be contributing ~30% of theaaig carbon of the abundant grazing
cased-caddisAgapetus fuscipes in a free-flowing chalk river, where methane caric&tions
are relatively low (30-150 nM) and benthic photdsyatic production is high (Trimmet al.,
2010). Subsequent detailed potential measuremdnphatosynthetic and methanotrophic

primary production at 15 chalk rivers highlightezhsonal and geographical variation in the
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ratio of methanotrophic to photosynthetic produttio riverbed sediments (Chapter 2) but

we have yet to link this with the deplet&dC signature in grazing invertebrates.

The gravel biofilm is a site of both photosynthesicd methanotrophic (chemosynthetic)
primary production (Shellegt al., 2014) and invertebrates grazing unselectivelynupdas as
their sole source of nutrition would typically havery similar or slightly enriched*C
values (~+0.4%o) to the biofilm due to trophic friaciation during metabolism (Post, 2002).
The§*C value of riverbed algal carbon, although venjakde, generally falls with -35%. to -
20%o0 (Finlay, 2001) whereas methanotrophic biont@ssa much more depleted signature of
-50%o or lower (Summong al., 1994, Whiticar, 1999). Therefore, any changehmrelative
proportions of the two autotrophic carbon poolsutigesult in a change in the overatfC

value of the biofilm which will be conserved ap#@sses up a trophic level into the grazers.

If shading decreases benthic photosynthetic pramlucnd methanotrophic production is
unaffected we would expect an increase the relatovdribution of MDC to the food web in
shaded areas relative to open areas of riverbechseégoently, we might expect the
isotopically light methane signature to be morenpimced in organisms feeding in shaded
stretches of a river compared to those feeding el iluminated stretches. Moreover, the
well characterised response of methanotrophs sedamethane concentrations (Bender &
Conrad, 1992, Bognest al., 1997, Dunfieldet al., 1999) means the bulk biofilm carbon
should be moré®*C-depleted in rivers with higher methane conceiainatas has been shown
in chironomids from lake sediments of varying methgenic potentials (Deines & Grey,
2006). We would therefore predict the most deplét€@ signatures to be in invertebrates

feeding in heavily shaded stretches of rivers \wigh methane concentrations.

To quantify the seasonal variation in the imporeanE MDC as a basal resource we sampled

one river seven times over a year. Then, to agbessatural variation between rivers we
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performed a field survey of 15 rivers, encompassitgoad range of methane concentrations.
Within each river, we quantified photosynthetic andthanotrophic production in adjacent
heavily shaded and well illuminated stretches torege the effect of shading on the ratio of
chemosynthetic to photosynthetic basal resourcdslitidnally, we analysed th&C of the
main food web components to test our hypothesisrdigg the changing contribution of
methane derived carbon as a function of shade. Misecto analyse the key basal resources
(leaf litter, the dominant aquatic macrophy®anunculus spp., and the riverbed biofilm) and
the most abundant primary consumers (two specieas#d caddisAgapetus fuscipes and

Slo nigricornis) and freshwater limpet&cylus fluviatilis)).
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4.2 Methods

4.2.1 Study sites

To assess the intra-river effect of seasonal clamgkght and methane concentration on the
importance of MDC as a basal resource, we sampladnthly for one year at Bere Heath
Farm on the Bere stream, in Dorset, from in FelyrtmbDecember 2011€6). To investigate
the inter-river variation, fifteen chalk streamsable 4.1) from across southern England were
visited in August 2011 (5 3d") during maximum riparian shading and the end & th
summer peak in river-water methane (Sheéegl., 2014) both of which were hypothesised
to affect the origin of carbon available to theerifood web. At each site, adjacent shaded
and unshaded stretches of river were sampled andssathe 15 sites, eight had the open
areas upstream of the shaded and sewswversa (Table 4.1). Each stretch was ~30m long
and the two areas were always within 100m of eableroexcept for the Granta were the

shaded area was ~300m upstream of the open arda doeess constraints.

4.2.2 Water CH4, pCO, and XDIC concentration

Dissolved methane and carbon dioxide in the rivatew was quantified by taking water
samples =12 for each river section at mid-depth and midrcied) using
polytetrafluoroethylene (PTFE) tubing attached t®Ga mL gas-tight syringe. Water was
gently discharged into the bottom of a 12 mL gghttvial (Exetainer, Labco) and allowed to
overflow (3 times) before half were fixed (100 pitoe bactericide ZnGI50% w/v in ultra-
pure water) and all were then sealed. The samptgxCiO, analysis could not be fixed as the
bactericide also acidifies the sample but we knlogre is no change WCO, within the first
24 hours if the vial is kept refrigerated. Uporuratto the laboratory, within 3 hours, a 2mL
headspace (analytical grade helium) was introdussdg a two-way valve and a gas-tight
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syringe (Hamilton). After equilibration (30 minujegas samples (100 pL) were withdrawn
from the headspace and injected into a gas chrgregith equipped with a flame ionising
detector and a hot-nickel catalyst to reduce the t0@H, (Agilent Technologies, (Sandess

al., 2007)). The concentration of Gldr CQ in the headspace was calculated from peak areas
calibrated against known standards (Scientific @adhnical Gases) and the amount in the
original river water sample was calculated usintlsity co-efficients (Yamamotcet al.,
1976). To measure total dissolved inorganic cargxinlC), 100 pL of HCI (12.2 M) was
injected through the septa of the fixed samples aftdr equilibration, the concentration of
CO; in the headspace was measured as above agaimdibeaton series (0-10 mM) of
sodium carbonate. Water temperature, pH (Hannaumsnts) and nutrient concentrations

(nitrate, nitrite, ammonia and phosphate) were aleasured at all sites.

4.2.3 Stableisotope analysis of dissolved pCO, and £DIC

The stable isotopic signaturespi@ O, andXDIC in the water samples were measured with an
elemental analyser (Flash EA 1112, Thermo-Finnigeolipled to a continuous flow isotope
ratio mass spectrometer (IRMS; Finnigan MAT Dglta Thermo-Finnigan). Gas samples
from the headspace of either the acidified samioleSDIC (100uL) or the un-fixed samples
for pCO, (500 pL) were injected into to the mass spectromath helium used as a carrier
gas and certified Cfgas, calibrated against a secondary standard q$eic¥12.42%o Vs.

VPDB, ref. 8542), was used as a reference gas.

8'%C values were calculated using the following edqumti

s13¢ = (M— 1) x 1000  Equation 1

Rstandard

whereR is the ratio of the heavy isotope to the lighttag@ and the units are parts per

thousand (%o).
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4.2.4 Potential for methane oxidation

To quantify the potential for methane oxidatiorg\gls from six discrete patches within each
open and shaded area=6x2 for each river), were carefully kicked intonat and then
transferred to zip-lock bags, and kept cold dutnagsfer to the laboratory. Approximately
500 mL of river water was also collected. In thiedieatory, approximately 1 g of gravel was
placed into a gas-tight vial (as above) with 5 nilLriver water (=6 for each river). Once
sealed, the air headspace was enriched with me(8@deuL of 10,000 ppm CHn He) to
give an initial concentration of 450 nmol GH™ in the water. The concentration of methane
in the headspace of each vial was measured imnegdiatter spiking and then at 24 hour
intervals for 4 to 5 days. Between measuremenisples were incubated on rollers (Denley,
Spiramix 10), at 11°C, in the dark to mimic averageerbed temperature and prevent
photosynthesis from removing G@nd raising the pH. The rate of methane oxidatas
calculated from the negative slope of the relatmbetween the number of hours since the
first measurements and the amount of methane dt @#aw point, i.e. the nmol CH
consumed per hour during the linear phase. Afterfitel measurement, gravels were dried
and weighed and rates of methane oxidation wenmaed to dry mass. Control vials were

set up to test for any potential for methane oxaein the river water used in the incubations.

4.2.5 Quantifying riverbed irradiances

Photosynthetically active radiation (PAR; 400 t®fh) was measured (as pmol quanta m
s%) on each visit using a Skye Quantum sensor (Skgguments Limited). Measurements
(n=6-12 depending on channel width) were taken onrilier bed along transverse transects
(n=3) which were spaced by approximately 10 m. Shaaled unshaded sections were

measured within a 10 minute time frame, to minintiseeffect of changing light conditions.
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4.2.6 Photosynthetic production and chlorophyll

To quantify the potential for photosynthetic protloic in the riverbed, gravel samples
(n=6x2 for each river) were collected, as above anghem evolution was measured over
timed periods of light and dark. Approximately 300fjsediment was placed into Perspex
incubation chambers (internal diameter 13 cm) whnehne then fully submerged in a well-
oxygenated, temperature-controlled water bath (46f lriver water, kept at 11°C). The
chamber lids were fitted with a built-in rotatingagnetic flea (200 rpm), driven by an
external magnetic unit (Rank Brothers Ltd.) and able gland for holding an oxygen
electrode. The oxygen concentration was loggedmainiite intervals using four fast-response
calibrated oxygen electrodes (50 um tips fittedhwstainless steel protective guards,
Unisense), connected to in-line amplifiers and w-thannel data-logging meter (Unisense).
A photon flux density of 55 pmol photons“ns® was generated at the gravel surface by
placing a high intensity tungsten light source % above the tank. After 45 minutes of
logging in the light, the water bath was made damk logging continued for a further 45
minutes (Shelleyet al., 2014, Trimmeret al., 2010). The chambers were then opened and
sediment was transferred to 200 mL bottles (Nalgalmg with 20 mL of acetone (90% v/v
with ultrapure water). They were left to extraat 81 hours in a dark refrigerator after which
absorbance was measured at 750 nm to check fatycland 650 nm for chlorophyll
extinction (Dalsgaard, 2000). Finally, the gravaingles were dried to a constant weight and

both the rates of photosynthesis and chlorophyiteat were normalised to dry mass.

4.2.7 Estimating carbon fixation

Daily methanotrophic production was estimated usigfollowing equation:

Methanotrophic production = (R’C”") X Camp XV X CFE X d X h  Equation 2

i
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Whereby,R, is the rate of methane oxidatidd, is the initial methane concentratid@yy, IS

the ambient methane concentration at the %itis, the volume in cubic centimetres taken up
by one gram of gravel (0.95GFE is the carbon fixation efficiency (0.5¢e Chapter 5)d is

the depth over which we have integrated the metloaiagation (15 cm is the conservative
estimate of riverbed depth over which methaxidation occurs at a similar rate to that at the

surface (Shellewgt al., 2014)) and is the number of hours in one day (24).

For photosynthetic production, the measured ratesebphotosynthesis were scaled using a
photosynthesis-irradiance curve constructed witavgis from the River Lambourn. The
scaling was dependant on the riverbed irradiancasored at our visit relative to that in the
laboratory incubation chambers (55 pmol photori$ sn). After adjustment for riverbed

irradiance, the rates were calculated using a areijuation:
Photosynthetic production = Ryp XV X CFE X f X h Equation 3

Whereby net photosynthesiB\¢) was multiplied by 0.95\), 1 (CFE), 1 (depth) and 13 (the

number of hours of sunlight during August at 51.5°N

4.2.8 Stableisotope analysis of organisms

We collected three basal resources and three congme@ing invertebrates to meas@réC
and assess changes in the importance of MDC. Pdauutdeaf litter were collected by hand
and stored in plastic zip-lock bags. Biofilm sanspigere collected by scrubbing cobbles
(>4cm length) with a toothbrush, dislodging thefino into a tray filled with river water (<50
mL) which was then decanted into a plastic 50 mhtrieige tube (Falcon). A standard kick-
net sample was used to collect gravetq per area, 10 per river) that was tipped intodray
with river water and individual invertebrates wenanually picked out using forceps. They

were stored in centrifuge tubes along with rivertawa for return to the laboratory in a
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portable refrigerator, left for 24 h to clear thguts (Feuchtmayr & Grey, 2003) before being
frozen. Following defrosting, caddis-fly larvae atidhpets were extracted from their
cases/shells and then all of the samples were ed\&r5 mL) with hydrochloric acid (0.5 M)
to remove inorganic carbon. After acidification 4B or until effervescence stopped even
with additional acid) samples were rinsed with desed water, dried to a constant weight (at
60 °C) and then homogenised with an agate pestleranrtar. Samples were weighed (~0.5
mg for invertebrates, ~0.8 mg for biofilm and pEnhto ultra-clean tin capsules (Elemental
Microanalysis, U.K.) and run through an elementablgser (Flash EA 1112, Thermo-
Finnigan), coupled to a continuous flow isotopeaorahass spectrometer (IRMS; Finnigan

MAT Deltapis Thermo-Finnigan)s*>C values were calculated as in section 4.2.3.
4.2.9 Statistical analyses

To determine the significance of differences betwihe shaded and open areas of the rivers,
paired t-tests (two tailed) were performed andpghelues are reported. The stable isotope
value for the organisms were not available for g\w#te and so two sample (unpaired) t-tests
were used instead. To test for a significant cati@h between two continuous variables, we
used linear regression analysis. For the seastndy,sdate was fitted as a random effect
when a mixed effects model to determine whether ¢hanging capacity for methane

oxidation with changing methane concentration, different in the shaded and open areas.
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4.3 Reaults

4.3.1 Seasonal survey

At the Bere Stream, the concentration of methanthénriver water (Figure 4.1a) and the
capacity for methane oxidation varied seasonalthkat a maximum in late summer and
were at their minimum in winter. The increase intlma@otrophic capacity, that is, the rate of
methane oxidation at a constant initial concerdratof methane, was correlated with an
increase in the ambient methane concentratp®®.002). The riverbed gravels from the
shaded area had a greater capacity to oxidise metbempared to the open area in the
summer (Figure 4.1b) but over the whole year, thgacity was not significantly different
between the two areas. Moreover, there was noreifée in the response of methanotrophic
capacity to ambient methane concentration betwieersttaded and open areps(.05). The
carbon fixed via methanotrophy displayed a simimasonal pattern to the methane
concentration (Figure 4.1c), not surprising as dakulation is driven by the strong kinetic
response of methane oxidation to changing substcatecentration. Over the vyear,
methanotrophic production was not different in $haded and open are@s(.195) but if we
exclude the winter times points, when methane aunatons were low and shading was
minimal, then the methanotrophic production wastgein the shaded area than in the open

area p=0.043, Table 4.1 Figure 4.1c).
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Dependant Independent variable  Test n p-value

variable

MO capacity Methane concentration ANOVA linear 14 0.002
regression

MO capacity Open/Shade T-test (paired) 14 0.195

MO capacity (date Methane concentratio Mixed effect 58 >0.05

asrandom effect) and open/shade Model

MOP Open/Shade T-test (paired) 14 0.195

MOP (excl. Feb Open/Shade T-test (paired) 10 0.043

and March)

GPP Open/Shade T-test (paired) 12 0.017

Chrolophyll Open/Shade T-test (paired) 12 0.458

NPP Open/Shade T-test (paired) 12 0.082

MOP as % of Open/Shade (exc T-test (paired) 8 0.046

(MOP+NPP) August where no NPP)

6'°C biofilm Open/Shade T-test (paired) 14 0.044

6°C Ranunculus  Open/Shade T-test (paired) 12 0.004

6'°C Agapetus Open/Shade T-test (paired) 14 0.766

6*3Cc silo Open/Shade T-test (paired) 13 0.153

6'°C limpets Open/Shade T-test (unpaired) 11 0.03

Table 4.1: Key statistical results and test det@mifsthe seasonal study at the Bere Stream.
MO=methane oxidation, MOP= methanotrophic produstio?NPP= net photosynthetic
production. All t-tests were paired except for witatta was missing for one area as was the

case for limpets where none were founded in lateguat and September.
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Figure 4.1: a) The dissolved concentration of matha the river water in the shaded (filled cir¢laad open (open circles) stretches of the Bere
Stream. Mean values£6) +SE. b) The rate of methane oxidation when incubatesd @nstant initial methane concentration (100 InGidy L

Y i.e. the capacity for methane oxidation in thenmer (May, August and September) and winter (DeeemBebruary and March). Median
(solid line), mean (dashed line) and 25% and 75u@tdes (box ends) are shown. ¢) Carbon fixedwe&hane oxidation in the shaded and open

stretches of the Bere Stream.
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Riverbed irradiance remained low throughout theryieathe shaded area (Figure 4.2a)
because the increased shading in the summer caatgdrthe seasonal increase in sunlight
intensity. In contrast, in the open area, we meabkver 20 times more light reaching the
riverbed in August than in early February (Figur2ad. Gross photosynthesis was higher in
the open gravels than in those from the shad®.017) but there was no difference in the
chlorophyll content =0.176) which averaged 3.2 pg' glry sediment (Table 4.1). Net
photosynthetic production (NPP) did not follow acgith seasonal pattern because there was
no net photosynthesis in either area in August,imahe shaded area in March, August and
December. In all but one month (August), there wase NPP in the open area than the
shaded area but over the whole year, statistithlye was no difference in NPp=0.082).
The light intensity reaching the gravels in theoigory incubations (55 umol photon’ s

') was more intense than that measured at the gderbfive out of the six visits in the open
area and always more intense than riverbed irradmnn the shaded area. Also, the
laboratory light was below saturation and therefar¢ghe light limiting part of the Pl curve
(see Chapter 2), the normalisation for ambient light v@adown-scaling for most data points
and the adjustment was greater for the shaded gaeeeels (~23 times) than the open are
gravels (~7 times). The highest estimate of phatthstic production was 432 nmol C ¢érd

in the open area in late May, when, at the same,tbnly 30 nmol C cid* was fixed in

the shaded stretch (Figure 4.2b).
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Figure 4.2: a) Riverbed irradiances at the Beregdtrmeasured within 5 cm of the gravels at
noon (£ 1 h) along three transects in the shaded €illed circles) and open area (open
circles). Mean valuesSE, n=6-18. b) Net photosynthetic production in the slibadled open
stretches (filled and open circles, respectivefythe Bere Stream, modelled using laboratory
oxygen evolution measurements, a photosynthesidimnce curve, thaen situ light
measurements and day length. The horizontal lideeates the compensation point, below
which respiration outstrips photosynthesis anchsosurface gravel layer is heterotrophic and

there is no autochthonos carbon fixed that is tlemilable to the food web.

Methanotrophic carbon fixation was calculated agpescentage of that fixed via both
photosynthesis and methanotrophy. At the Berea8irén the months when there was NPP,
methanotrophic carbon fixation accounted for theivaent of 5-13 % of production in the
open area (Figure 4.3) and 30-64 % in the shadeal \ehere riverbed light was less intense
which limited photosynthesis. When there was no NR&thanotrophy contributed 100% of

the fixed C.
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Figure 4.3: Methanotrophic carbon fixation over amual cycle at the Bere Stream as a
percentage of the sum of photosynthetic and methguidc production. Where there was no
net photosynthetic production, methanotrophy cbotas 100% of the ratio. Gaps represent

periods not sampled.

The stable isotope analysis data did not show #@mng seasonal trends but there were
differences between the organisms from the openshadied stretches (Figure 4.4). The
biofilm (p=0.044) andRanunculus spp. (p=0.004) were moré&®C-depleted in the shaded area
than the open area (Table 4.1) and the biofilm mase depleted (in the shade) in summer
when shading and methane concentration were gtg&igsire 4.4). However, there was no
difference in the3'*C of the caddisAgapetus (p=0.766) norSilo (p=0.153) between the

shaded and open areas. Limpgts0(03) were more depleted in the open area thahdn
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shade (Table 4.1) but they were not sampled inAatgust or September because they were

too small and difficult to find.
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Figure 4.4: Results of the stable isotope anafgsithree basal resources and three of the
most abundant grazing invertebrates in the Bema8trthroughout 2011. Mean valued+

(n=1-3). Mean values for the annual dataset are pred®n the right of the graph.
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4.3.2 Geographical Survey of 15rivers

The rivers sampled covered much of the geograplextnt of chalk in southern England,
stretching from the Frome in west Dorset, to thar® in Cambridgeshire and down to the
Darenth in Kent (Figure 4.5). All 15 rivers werargded within 15 days in August 2011 yet
still displayed a wide range of methane concemmati ranging from 35 nmol L at the

Misbourne in Buckinghamshire to 218 nmat &t the Piddle in Dorset (Figure 4.5). As with
the seasonal study at the Bere Stream, the mettaeentration was higher in the shaded
area than in the open area (average of 90% highe¢ha shade) (Figure 4.5, Table 2,

p=0.025).

The reduction in riverbed irradiances in the shadeehs relative to the open areas was
quantified as a percentage reduction in riverbeatiance and the mean average reduction
was 89% (Table 4.2). The nutrient concentration®sac the survey sites covered a wide
range, particularly with regards to nitrate (fro86%o 1716 pmol t at the Darenth and Stort,
respectively) and phosphate (from 0.2 to 82.6 pbibht the Allen and Stort, respectively)
which is driven by proximity sewage treatment plantiets and the prevailing land use in the
catchment=DIC (2.5-4.6 mmol [}), pCO, (83-512 umol [}, 5-43 times air equilibration)

and pH (7.8-8.8) were high across all sites asommon in chalk rivers (Table 4.2).
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Figure 4.5: a) Annotated map showing the geographiistribution of the study sites on 15 chalk rézeb) The concentration of methane in

both the shaded (filled circles) and open (opecies) stretches of river at the study sites in A1@011. Mean valuesSE, n=6.
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River Date Upstream Water pH Irradiance(% >DIC pCO, CH, NO; NO, NH,4 PO,
sampled section temperature difference)
°C) (mmol LY (umol LY  (nmol LY  (umol LY  (umol LY  (umol LY (umol LY
Itchen 15/08/2011 Open 14.5 7.84 92 4.1 274 49 688 2.3 6.5 0.5
Test 15/08/2011  Open 15.3 7.99 92 3.9 83 71 774 1.2 6.1 0.4
Bourne 16/08/2011 Open 16.3 8.14 88 3.7 131 111 880 1.3 55 1.3
Lambourn 16/08/2011 Open 14.5 8.30 91 4.2 120 71 923 1.4 3.5 1.0
Darenth 20/08/2011 Shade 17.8 8.10 74 2.5 346 94 6 19 0.7 4.0 0.5
Cray 20/08/2011  Shade 20.0 8.15 98 3.8 512 51 245 2.2 7.1 0.6
Stort 23/08/2011 Open 15.6 7.80 90 3.1 286 90 1716 1.9 10.3 824
Granta  23/08/2011 Shade 17.5 8.11 96 3.8 150 66 1221 2.4 15.6 36.4
Chess 24/08/2011 Shade 16.5 8.19 80 4.2 148 42 785 4.1 13.1 54
Misbourne 24/08/2011  Shade 18.5 8.26 68 4.2 117 38 866 1.7 10.1 4.2
Meon 29/08/2011 Shade 14.0 8.75 91 3.7 102 74 732 9 0 4.4 04
Allen 29/08/2011  Open 16.3 8.21 89 3.7 117 63 994 0.8 3.5 0.2
Bere 29/08/2011 Open 16.2 8.11 95 4.2 202 192 946 8 1 5.5 0.5
Piddle 30/08/2011  Open 14.3 8.12 97 4.6 219 224 835 1.1 8.5 0.3
Frome 30/08/2011 Shade 14.4 8.27 93 4.1 151 147 407 0.7 4.3 14

Table 4.2: Site sampling details. Water temperagimck pH were measured at mid-channel and mid-dapdhaverage concentrations for water
gases and chemistry are reported. Surface irragaaie reported as the percent reduction in thgéest@mpared to the open stretches at each
river and are averages of at least 20 measuremiduatisent concentrations are an average of thrpkcetde water samples which were filtered
and frozen on site and measured on a Skalar Sant+entinagous flow analyser in the laboratory.
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The capacity for methane oxidation was significamtigher in the shaded areas than in the
open areas (Figure 4.6a, Table 4$€30.027). The shaded area of the Piddle had, bytHar,
highest capacity for methane oxidation and was #scsite with the highest concentration of
dissolved methane. Using a gross carbon fixatidicieficy of 50 % (Chapter 5) and
conservatively integrating over the top 15 cm o€ thverbed (Shelleyet al., 2014)
methanotrophic production in August 2011 accouritedetween 18 nmol C cfhd’ (open
area of the Cray) and 794 nmol C €mi* (shaded area of the Piddle) and over the annual

cycle this ranged from 5-80 nmol C €rd™ in the Bere Stream.
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Figure 4.6: a) The capacity for methane oxidatiorthie riverbed gravels from 15 different
chalk rivers. Means values<6 +SE) for the shaded (filled circles) and open (opecles)
for each river. All rates were calculated fromamstant (100 nmol £) initial concentration
of methane in order to eliminate the kinetic effetsubstrate availability and determine any
true differences in methanotrophic capacity. b)eRaif methane oxidation in the riverbed
gravels at the methane concentration at each spewiér in August 2011. The data are

ordered in ascending methane concentration order left to right.
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Test variable

Open  Shaded

Statistical test p-value n

average average
.Rlver.bed 243 35 T test (paired) 0.000 30
irradiance
Chiorophyll 6.1 6.0 T test (paired) ~ 0.958 30
content
GPP 349 426 T test (paired) 0.133 30
BSPP 64 100 T test (paired)  0.005 30
NPP 200 116 T test (paired) 0.054 30
Methane : 89 96 T test (paired) 0.025 30
concentration
MO capacity 0.4 0.6 T test (paired) 0.027 30
MO rate 0.3 0.7 T test (paired) 0.096 30
MOP as % of .
(MOP+NPP) 48 83 T test (paired) 0.025 30
6'*C biofilm -32.4 -33.0 Ttest(2sample) 0.542 29
6'3C Ranunculus -29.9  -332 Ttest(2sample) 0.066 19
6'°C Agapetus -37.1 -38.9  Ttest(2sample) 0.065 22
63Cc silo -37.0 -33.0 Ttest(2sample) 0.101 17
6'°C limpets -37.6 -34.3  Ttest(2sample) 0.125 8 Table

4.3: Statistical results for the comparison of plghthetic and methanotrophic production

parameters and stable isotope analyses of organSRR= gross photosynthetic production,

BSPP= biomass specific photosynthetic productiomit§u of & produced per unit

chlorophyll), NPP= net photosynthetic productionO¥ methane oxidation, and MOP=

methanotrophic production.Significant p-valuessirewn in bold.

Given the short period over which the sampling tptdce and the small range of latitudes

covered, the average riverbed irradiances in tle® @peas should be very similar. Therefore,
it makes sense that the lower values displayedguar€ 4.8a are those that were obtained at
dusk (Test and Stort) or on overcast days (Fromnees Bnd Piddle) which was unavoidable on
our schedule. Nonetheless, the riverbed in the eshagleas consistently received less light
than the riverbed in the open areas (Figure 4.@h)eT3, p=0.000) and at 13 out of the 15
sites, photosynthesis was light limited at the twheampling in the shaded areas and in all of

the open areas it was light saturated (estimatea four single P-I curve with a,Kof 38
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pmol photons M sY). There was no difference in the chlorophyll contef the gravels in the

shaded and open aregsQ0.958) but photosynthesis was more efficient i shaded areas

(p=0.005), averaging 100 nmol,xg Chl K" and only 64 nmol @ug Chl i in the open

areas under laboratory light conditions (Table 4.BPP was measured in all of the gravels

from the open areas and in 12 of the 15 from tlaelstt areas (no NPP in the Cray, Bere and

Frome) (Figure 4.7b). In most rivers, NPP was highahe open area relative to the shaded

area with the only anomaly being the River Chessre/NPP was almost twice as high in the

shaded area (Figure 4.7b). Overall, NPP was natfgigntly different between the two areas

(p=0.054).
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As with the seasonal study, we have expressed matlophic carbon fixation as a
percentage of the sum of that fixed via methandiyognd photosynthesis. Where there was
NPP, MDC was least important in the Lambourn (opexa, 3.7%) and most important in the
Piddle (shaded area, 97.8%) with a median valu8d% in the open areas and 51.3% in the
shaded areas and when there was no NPP (net oxyyesumption in light incubations),
methanotrophy accounted for 100% of production. ré@hg&as a significant positive
correlation between the importance of MDC as a lbeesoource and the ambient methane

concentration in both the open

5 120 (p=0.004) and shaded areas
[&]
> _ .
8 1004 . . . o (p=0.043, Figure 4.8).
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ANOVA of linear regression returned significant ghves for both open (0.004) and shaded

(0.043) datasets.

In the wider survey (August 2011), all of the gnagzinvertebrates sampled wet&C-
depleted relative to the putative photosynthetiatqophic and allochthonous) basal

resources (Figure 4.9) but there was no differém¢ee5*°C of the resources or invertebrates
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between the shaded and open areas (Table 4.3)5*fGeof the biofilm was negatively
correlated with ambient methane concentratjgr0(006) with the most depleted biofilms at
the sites with the highest methane concentratidniiaue was no correlation with capacity for

methane oxidation.

Open . Shade
-25 -

L B B |
i é%@

35 d\\«\ PO

pF

3"%C vs. Vienna Pee Dee Belemite (%0 )
[ ]

S \«\ \0 é\‘?"
eé\ o« 65‘\\{\ & @Q"“ N

Organisms
Figure 4.9: Thes*®C of the major photosynthetic basal resources aading invertebrates
from 15 rivers. The median line crosses the boméat of the 28 and 75" percentiles. The

whiskers show the f0and 9 percentiles. Two-tailed, t-tests found no differerbetween

the open and shaded samples (Table 4.2).
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4.4 Discussion

Here, we have quantified the contribution of phgtketic and methanotrophic carbon
fixation to autotrophic production in 15 major dhaivers across southern England. As
hypothesised, we measured more methanotrophic gtiodun the shaded areas than in the
open areas and the difference between the two reasegt in summer when the difference in
riverbed irradiances was at its maximum. At alesjtthe grazing invertebrates were-
depleted relative to the biofilm, leaf litter anthts which is generally regarded by stable
isotope ecologists to indicate significant conttibn of methane derived carbon to their diet
(Jones & Grey, 2011). However, the quantified digance of methanotrophy to autotrophic
production in the riverbeds (as calculated fromphmess data) did not correlate with any of

the carbon stable isotope data.

The seasonal pattern in dissolved methane contientia the river water at the Bere Stream
was very similar to those previously publisheddtrer groundwater fed streams (Sandgrs
al., 2007, Shellewt al., 2014) with a five-fold increase in summer relatio winter, but the
range of methane concentrations across the 15sriverAugust 2011 was even greater,
displaying more than a six-fold increase (35-22%h®H, L ™). The strong kinetic response
of methanotrophs at riverine methane concentrati@sspreviously been described (Shelley
et al., 2014), but we have also shown a changing capémitynethanotrophy in response to
methane concentration which, to our knowledge, raspreviously been seen in riverbed
sediments. This relationship did not hold true ssre 15 rivers which suggests the inter-site
variation in other variables swamped the effecudistrate availability on the development of

the methanotrophic community.

Photosynthetic production was calculated from NiREhér than GPP as explained in Chapter
2) because it is the true equivalent of methandiproduction as both quantify the carbon

fixed into biomass and therefore available to hrginephic levels. The use of a single P-I
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curve for both sections of all fifteen rivers wast ideal but was the only practical solution
within the time frame. Stream biofilm communities ot respond to changing irradiances in
the same way as phytoplankton do, and chloroployitent is thought to be a better indicator
of biomass specific photosynthetic production (BEE#an ambient light intensity when
comparing sediments from different rivers of vagyiight regimes (Boston & Hill, 1991).
Given this finding, as the chlorophyll content veagial in the shaded and unshaded areas, the
use of a single PI curve to normalise the laboyaphrotosynthesis measurements, should not
cause significant skew to the data. Indeed, therloed irradiances were so much lower in the
shaded stretches than in the open stretches (>30&6)eaving NPP unadjusted for ambient

light would have led to a massive overestimate BPNh the shade.

The importance of MDC relative to NPP was correlatéth ambient methane concentration.
Indeed, both seasonally and geographically, changimethane concentrations drove
variations in methanotrophic production and thenges in NPP (driven by riverbed

irradiances) were of secondary importance. Withiess the differing contributions of MDC

to the basal resource pool was driven by concumeshiced NPP and increased capacity for
methane oxidation in the shade relative to the opka reduction in NPP can be explained by
the light limitation of photosynthesis but the ieased capacity for methane oxidation
requires more thought. It could be a responsedctgher concentrations of methane in the
shade relative to the open (Table 4.3) and the emprential increased methanotrophic
biomass in the shade, as was measured across dkensein the Bere Stream. But the
difference in methanotrophic capacity (45% lowerojpen) is much greater than that in
methane concentration (7%) and so it is does nitt éxplain the differences measured.

Competition for space on the gravel particles ia ¢ipen is likely to be greater than in the

shade because NPP is greater. There is also sadene® that methanotrophs are inhibited
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under high irradiances (Murase & Sugimoto, 2006) this has never been shown in

sediments.

The significance of MDC in the open areas was afnailar magnitude to that previously
calculated at another site on the River Lambouradjan= 18%, 11% at the Lambousee
Chapter 2). However, in the shaded areas, thauwelabntribution of MDC rose substantially

(58.4%) which highlights the value of adding thisra layer of complexity to the survey.

The data presented here suggest that methanotsdfwd be much more important in the
shaded areas, relative to the open areas, anayarly in summer, but our stable isotope
data for invertebrates does not offer these hypetheny support. The biofilm was more
depleted in*C in the shade than the open, in line with the girnimportance of MDC and
therefore predicted relative size of the methampttio biomass relative to the photosynthetic
biomass. However, this was not a pattern consesesuss sites, or at least not strong enough
to be significant at the 0.05 level of confiden®ée know that grazing caddis larvae and
limpets feed directly upon sediment biofilms (Alear& Pardo, 2005, Becker, 2005, Hunter,
1953) and that they are capable of assimilatindir@atly, via biolfilm) methane in laboratory
incubations (unpublished data), yet we do not sgechange in th6>C of theAgapetus with
increasing importance of MDC in the biofiim. One p&nation may be that the
methanotrophic biomass is not sufficiently isotaflic distinct from the rest of the biofilm to
be traced into invertebrate biomass. This is ptesilhen the pool of methane is relatively
small (as it is in riverbed gravels, compared wathatifying water bodies) because as the
lighter isotope is preferentially assimilated, teenaining methane pool becomes isotopically
enriched (Fry, 2006) and so methanotrophs fixing thethane would also be less depleted
relative to those in high methane environmentsgBmc methane in rivers is typically ~-

60%o but when a high proportion of the substratexbausted, thé**C of the remaining
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methane will approach that of the original orgamiatter (Whiticar, 1999), which in rivers, is
almost always photosynthetic (typically -25 to -3D%urthermore, methane that has spent
many years undergoing oxidation in fully closedtegss such as groundwater aquifers, could
be more enriched (-20%o0 in Dorset groundwater, Trenet al. manuscript in prep.) than
photosynthetic carbon which is particularly impaottdo note as our study systems are

groundwater fed rivers.

In short, there are large obstacles with usinglstsotope analyses to infer carbon sources to
primary consumers in rivers; first, we cannot iselthe end members in order to quantify
their 5*°C value because they are present in a mixed contynbioifilm, secondly, it is likely
that the two resources are not isotopically distewad finally, the grazing community are
unselective in their feeding behaviour. It may lhat the isotopic signal is only strong enough
to be traced up a trophic level when methanotraoinstitute a much higher percentage of the
organic carbon within the biofilm community. Bessdehotoautotrophs, there are many other
non-methanotrophic members of the mixed communihjch will further dilute any
isotopically light carbon signal, provided by theetimnotrophs, in the bulk biofilm.
Nonetheless, we have presented evidence of theriampe of MDC in rivers as a basal
resource even in the presence of NPP and we hayetie untangle the drivers of variation

in its relative importance across sites and seasons
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Chapter 5: Sustained carbon fixation efficiency of riverbed methanotrophy

This work was done in collaboration with Susannaaki@a (MRes student), Dr. Myrsini
Chronopoulou (Post Doc.) and Prof. Mark Trimmer dras been submitted to ISME Journal
for publication. SM performed the initial step cdding the®CH, into both the organic and
inorganic C fractions with laboratory and field qugrt from me. | have marked the sections
carried out by SM with a * but have left them im éompleteness of the scientific story. The
molecular analyses performed by MC have been rethasel had no part in them nor are

they integral to my part of the project.

5.1 Introduction
It is now well established that the majority of hnte produceah situ under anoxia in aquatic
ecosystems does not escape to the atmosphered)ngeéo 91% (wetland sediments), 97%
(ombrotrophic peats), and ~50% to 100% (lake wetdwmns) of that methane is aerobically
oxidised to CQ (Bastvikenet al, 2002, Kinget al, 1990, Nedwell & Watson, 1995) by
methanotrophic bacteria at the oxycline (gteal, 2012). Rivers are commonly oversaturated
with methane with respect to the atmosphere arttdarast few years we have furthered our
understanding of how this carbon can be harnesemligh riverbed methanotrophy to
supplement photosynthetic primary production (Syedt al, 2014, Trimmeret al, 2010).
However, we are still unsure about the amount dharee that is oxidised en route through the
broader landscape, which is thought to be condutigrand the overall proportion transformed
within a river itself, before the remainder outgase the atmosphere (Coét al, 2007, De
Angelis & Scranton, 1993, Melak al, 2004).

Clearly methane oxidation will alter the balancecafbon gases (GG CH,) released
from any aquatic ecosystem to the atmosphere buddition, the methanotrophic bacteria

responsible produce chemosynthetic carbon (Hansadafason, 1996). Such chemosynthetic
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production is now known to be significant in mamkds (Jones & Grey, 2011) across the
globe and recently we highlighted its widespreateptial throughout the chalk rivers of
southern England (Shellest al, 2014, Trimmeret al, 2009a, Trimmetret al, 2010). The
groundwater percolating through the chalk that dwatas the flow in these productive rivers is
oversaturated with methane (Darling & Gooddy, 2086d the riverbed community of
methanotrophs acts as a sink for some of that methBo date, most freshwater ecologists
would argue that riverine food webs and productiombased firmly on allochthonous detrital
resources and authochthonous photosynthetic prioduastith only the balance between the
two contentious. Hence, our previous finding thdte thighly abundant grazing
macroinvertebratesAQapetus fuscipeand Silo nigricornis) in these chalk rivers appeared to
derive up to 30% of their carbon from metaboliseetirane was surprising (Trimmet al,
2009a, Trimmeet al, 2010).

Now, in order to more fully assess the significantenethanotrophy as a source of
primary production in rivers, we need to betterrgifg its carbon fixation efficiency; i.e. how
much carbon is fixed per mole of methane oxidise@®hanotrophs derive both their carbon
for assimilation and energy from the oxidation adthane and the fraction assimilateyl¢an

be represented as (Urmaeathal, 2009):

CH; + (2%)0, — (1-X)CO, + XCH0 + (2X)H0 Q)

While it is comparatively easy to measure an arhofimethane oxidised by a sample
of water or substratum (sands, muds, gravels)allgtconverting this to an amount of carbon
assimilated or fixedx(in equation 1) has proved to be a non-trivial téB&stvikenet al,
2003, Kinget al, 1990, Maxfieldet al, 2012). The recent development of a stable isotope

switching technique {CH4*?CH,), in combination with sophisticated multi-compound
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specific mass spectrometry, has begun to probertiee dynamics of carbon assimilation,
turnover and decay in soils, but it cannot giveeaugne measure of the efficiency of organic
carbon production via methanotrophy (Maxfiedtl al, 2012). Here we propose a simple
alternative approach: first we used mass balanca series of repeat batch incubations of
riverbed gravel and water to quantify the partitgnof **C-CH, during methanotrophy into
either organic or inorganic carboRIC: CO, HCO5, CO); then we show that the same
estimate of carbon fixation efficiency can be dedivmore simply by just quantifying the
fraction **C-CH, recovered as®C-DIC. We have already characterised a gradienthen
potential for methanotrophy across thirty-two challers in southern England (Shelleyal,
2014); we now examine the efficiency of carbon tima by methanotrophy across that

gradient.
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5.2 Materialsand Methods

5.2.1 Study site and sediment collection

To trace’*C-CH, into **C-organic and™C-inorganic carbon, we collected gravels from the
River Mimram (51.80524N — 0.151212W, Hertfordshii@) the repeat batch incubations and
then, due to site access restrictions, for thefolip set ofC-DIC yield experiments, we
used gravels from the River Lambourn (51.438585N384889W, Berkshire), a chalk stream
of similar size and water chemistry. Both are tgpichalk rivers with coarse gravel beds and
dense growths of macrophytes (predominaRyunculuspp.) (Prettyet al, 2006). Surface
layer gravels if=6) were sampled using a kick-net and stored iroaple refrigerator for

return to the laboratory where they were pooleceahi and sieved (1.4 mfix < 5.66 mm).

5.2.2 Tracing **C-CH, into **C-organic and **C-inor ganic carbons*

Sub-samples (8 x 8 g) of gravel were weighed imiurs bottles (20 mL) along with river
water (10 mL) and then sealed (butyl and tear-hnffnenium seals), leaving an air headspace.
The vials were enriched witHC-CH, (99 atom%) to give 613 nM (+ 50 nNBE, 8) in the
water phase and additional control vials were setitlp just river water before all of the vials
were incubated on a tipper in the dark & §to mimic average river water temperature). The
headspace was then measured repeatedly (~ evdi3tgHer methane by GC/FID (Sandeits
al., 2007) and in order to calculate the rate of methaxidation, the change in methane over
the first two or three time points was divided bg number of hours, and then normalised to
the dry mass of gravel in each vial. Once > 90%hef methane had been oxidised in each
batch, the headspace was analysed¥+CO, (pCOy) by continuous flow isotope ratio mass

spectrometry (CF/IRMS), and then the water was k&tpacidified (5Qul HCI 12.2M), and
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measured fof*C as DIC £ CO,, HCO; and CQ?) by CF/IRMS (Miyajimaet al, 1995,
Trimmeret al, 2009a). Summation qf**CO, plus**C-DIC equalled the total amount b%C-
CH, metabolised to inorganic carbon. Following the eh@ach incubation, gravel (2 g) was
harvested, freeze-dried and stored at -18°C fotysisaof *°C in either the lipid or bulk
organic carbon (TOC) fraction (see below). New watas added and the vials were enriched
again with CH and the process was repeated seven more timesttthée effect of repeat
incubations and track isotopic labelling of thefibm over time. Thus, the labelling of TOC
was a cumulative measure and BIC was discrete for each incubation (as both the

headspace and the water were replaced).

5.2.3 Quantifying the yield of bulk **C-organic carbon by wet oxidation to CO.*

An adaptation of a standard wet-oxidation methoal &05C; (APHA, 1995)) was used to
recover and quantify the yield of buffC-organic carbon from the harvested gravels. A
subsample (~300 mg) of freeze-dried gravels wassteared into a serum bottle (20 mL),
which was then acidified to remove carbonates (4HgRO, 6% Vv/v), before the addition of 5
mL of 0.15 M potassium persulfate. After sealingpthe vials were autoclaved (121, 3 h)
and the headspace subsequently analysed for @& by GC/FID (as above but after
catalytic reduction to ClHover hot nickel) to quantify the TOC and then by/IBRMS for

abundance 0ffC-CO, to quantify the labelled fraction.

5.2.4 Quantifying the carbon fixation efficiency (CFE) by theyield of **C-DIC.

After establishing that we could recover 100% ef'tlc-CH, as eithef*C-DIC or**C-organic
carbon, we could use tH&C-DIC fraction to more simply quantify the efficieyn of organic
carbon production, without the need to quantitdyiextract and purify the organic fractions.

If the production of-*C-DIC is linear over time, with an origin througkra, then all of that
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13C-DIC must be due solely to methanotrophic metaboland not reworking of tHéC-CO;
within the biofilm. Consequently, the proportion 'BE-CH, recovered as’C-DIC yields a
direct measure of the CFE e.g. 1A-{C-DIC/A'*C-CH,) = x. Here, we take the total amount
of *C-CH, oxidised to represent gross methanotrophy, while measure of CFE is
equivalent to net methanotrophy i.e. the amountix@d carbon that would potentially be
available to higher trophic levels and which, ashsus synonymous with net photosynthetic
production (Shellegt al, 2014).

Accordingly, we followed the oxidation dfC-CH, and parallel evolution dfC-DIC
during short (60 h) incubations. Independent aligb5 to give 5 replicates at 11 time points)
of prepared gravels were enriched with 99 atoh@CH, to give 1900 ppm in the headspace
and 2400 nM in the watdr 28 SE, =55), incubated as above and then sacrificed (5 via
~every 5 h) for quantification of CHand**C-DIC (as above). Next, we tested the effect of
methane concentration on the oxidation kinetics &rdtion efficiency at 37 different
concentrations (~10 nM to 7000 nM ghh the water), spanning the seasonal range in the
river water and gravel porewater (~30 nM-150 nMyl dar beyond (Shellegt al, 2014,
Trimmer et al, 2009a). The headspace was sampled repeatedlytiower(as above) and
analysed for Ciland™*C-DIC to calculate the CFE (as above).

Finally, although the use of 99 atom$e-CH, assures detectable labelling of products
during short incubations (<5h), fractionation caccuwr during methanotrophy (Whiticar,
1999). So to test for any effect of fractionatioregared gravels were incubated under 11
different mixtures of-*CH4/*?CH,: from natural abundance (here simplgH,) to 99 atom%
3CH,in 10% increments, and at a final concentratiothenwater phase of 635 nM (+ 32nM

SE n=11).
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5.2.4 Carbon fixation efficiency across multiplerivers

Having established a simple routine assay for ediilg the CFE of methanotrophy, we now
wanted to estimate that efficiency using a largengle of rivers and examine whether that
efficiency was consistent across a natural geogeaplgradient of riverbed sediments. We
previously characterised a gradient in the potefdramethanotrophy across 32 chalk rivers in
southern England (Shellet al, 2014) and here, we selected eight of those ris@vering the
range of oxidation potentials (Figure 5.1). The G&nethane oxidation for each gravel bed

was quantified as above (traciti¢-CH, into *C-DIC).

5.2.5 Potential interference from copper in the methane oxidation experiments

Given the potential sensitivity of methane monogetyase to copper (Leak and Dalton,
1986a), we set-up replicate € 10) incubations of gravel plus river water (&sae), gravel
plus UHP water, river water only and UHP only, ialthe acid-washed (0.1M HCI) gas-tight
vials which we use routinely for this type of ination and let them incubate at 8°C, as above,
for 4 days. After, each vial was opened, the waltese filtered (pre-rinsed 0.2um Mini-Sart)
and analysed for copper by furnace atomic absorpsipectrometry (Varian GTA 110 &

220FS, Victoria, Australia) calibrated between @ at pg Cu L.

117



Chapter 5

1.0

|

0.6 1

ﬂii@
02/ .,.IE%EEEHI%IEQII@i{@

Rate of Methane Oxidation (nmdfgfl)

L3
0.0 T T T T T+ T+ T T T T T+ T T T+ T 11— T& 1T 1T T T T T T T T T TT
Z322Q424£ 0B 2YQRQ2CQRZ2ZAQATRTQZFZLRARDE G Z 4
5338955055008 R555%5%5eR%%%Y
== 2 B % 2 e 233 ® 3> 22%
PNORN % A % 951\ QL [} %
3% 2 % 3% 3 ¢
$3 % 2 3 A !
o & % = &
> (e
é 2 %
% z

Figure 5.1: Distribution of the 32 (open and closed circleSplR rivers in southern England that
have all proved positive for methane oxidatiseg(Shelleyet al, 2014) for full details). Closed
circles indicate the location of the eight rivesed in this study, where the total distance west to
east was approximately 110 km. 1. Lambourn 2. Misbe, 3. Chess, 4. Ver, 5. Gade, 6. Mimram,
7. Cray, 8. Darenth. The graph shows the changiathame oxidation rate (meansSE, =6)
across 32 rivers with those revisited for this gtwircled. All started at a constant methane
concentration and so variation in rate represewtsaaging capacity for methane oxidation across

the sites.
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5.3 Results
5.3.1 Recovery of **C-CH, in **C-organic and **C-inorganic carbon fractions*

Methane was oxidised rapidly over the first 20 ® [ours in each of the eight batch
incubations (Figure 5.2) and, although there wasesweariation in the rates of oxidation, there
was no significant change over the entire 17 ddyisaubation, with an average rate of 1.8
nmol CH, g* h* (+ 0.2, SE,n=8). We subdivided th&C assimilated into a crude lipid extract
and bulk organic carbon fraction. Our crude lipidract approached an isotopic steady-state
(i.e., an approximately constat’C) after approximately 9 days, while the bulk origan
carbon fraction took a little longer. Importantlyr four approach we were able to recover all of
the *C-CH, introduced to the vials (105% +$E, =8; one-sample t-test,= 0.83,P > 0.05)

as either*C-DIC (ECO,+HCO;+CO5%) or as total'*C-organic carbon (bulk plus lipid
fractions), with the proportion being evenly sglitc0% each) between the two (Table 1).
Finally, the percentage ¢fC-CH;, recovered a$°C-organic carbon did not vary significantly
between the repeat batch incubations (ANOVA; #1.49,P > 0.05) and was 52% (+ SE,

n=8) on average (Table 5.1).
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Figure5.2: Oxidation and incorporation 6fC-CH, during repeat batch incubations with
small amounts of riverbed gravel. Rapid initiabsabf methane oxidation following each
enrichment of the headspace with LHhe sequential enrichment approach was to check

whether the labelling (and therefore the assinafatf MDC) was linear over time.
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Table5.1: Summary budget for the recovery of oxidi$&aH, as either dissolved inorganic carbdiD{**C= CQ, HCOs; and CQ?) or total
organic carbon in the first eight repeat batch lnations. Note, there was no significant differebetveen the recovery in either fraction and
both were indistinguishable from 50% and, oveth#, total recovery ofCH, was ~ 100%. Methane oxidised was calculated fiora series

gas chromatography measurements. DIC was calculaied3 mL sub-samples of the water after eachtblagd finished and TOC from the wet
oxidation assay performed on a subsample of theefedter each batch incubation.

Batch 1 2 3 4 5 6 7 8
Time (hours) 51 90 119 166 212 289 344 414
¥*CH, oxidised (nmol &) 25 31 20 47 53 127 88 87
Cumulative**CH, oxidised (nmol §) 25 56 75 122 176 302 390 AT77
TO™C (nmol g% 15 34 49 62 86 57 274 183
Y'DI*C (nmol g% 12 13 9 33 32 63 49 49
mean
Recovered as TOC (%) 61 61 65 51 49 19 70 38 52+6
Recovered as DIC (%) 46 42 46 69 60 49 56 57 53+3
Total (%) 107 103 111 120 109 68 126 95 105+6
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5.3.2 Quantifying the carbon fixation efficiency by theyield of **C-DIC.

In our follow-up short (<60 h) incubation the eviddm of **C-DIC was linear over the first 28
hours, after which the small remaining pool#-CH, limited the rate of production dfC-
DIC (Figure 5.3a). We then used the ratid-DIC produced pel’C-CH, oxidised (0.48 +
0.02SE, +30; Figure 5.3b) during the first 25 hours (wheeéarity was greatest) to estimate
carbon fixation efficiency through methanotrophy e 0.52 (i.e., 1-0.48 x 100 = 52%
efficient + 2%). Note that this estimate of 52% wadistinguishable from that measured
directly as fixed*C-organic carbon over the previous 17 days of épeat batch incubations

(52 + 6SE n=8, as above).
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Figure 5.3. The production of’C-DIC over time used as a measure of carbon firatio
efficiency by riverbed gravel methanotrophs dushgrt-term incubationsa) Production of
3C-DIC from the oxidation of*C-CH;, over ~ 60 hour to the point of G#imitation. Mean +
SE n=5 (b) the'*C-DIC as a function of the amount8€-CH, oxidised during the first 15h,
when the linearity of DIC production was strong@$t0.93,P<0.001) and each datum is the
result of a single incubation. The slope (0.48qdsivalent to the ratio of DIC to Grnd 1 —

0.48 is a measure of carbon fixation efficieney, 0.52 x 100 = 52% fixed.
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5.3.3 The effect of methane concentration on the oxidation kinetics and fixation efficiency
We measured a clear kinetic effect of methane curagon, with the rate of oxidation
increasing some 10 fold over the local seasongeamriver-water methane concentration
(e.g. ~ 20 nM to 150 nM, inset Figure 5.4) and elveyond towards a potential plateau at
approximately 7000 nM CHFigure 5.4), indicating a high capacity for meteaxidation in
these riverbed gravels. In contrast to the markeetic effect, there was no significant
relationship between the fraction'3€-CH, recovered as DIC and the initial concentration of
methane (Figure 5.4b) and over this range, theageecarbon fixation efficiency was 53% (+
0.01SE n = 40) and in good agreement with the previousstidnich both yielded 52%.
There was no effect on the rate of methane oxidat#oa function of the proportion 6

atom % within the Cllwith gravels exposed to the eleven different ngxiatios (Figure 5.5,

p=0.185).
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Figure5.4. Kinetic effects of methane on its rate of oxidatéord the efficiency of carbon
fixation. (@) Rate of methane oxidation as a function of meghr@mncentration from below,
within and far beyond ambient river concentrati@insert, £ order linear regressiai=0.90

within chalk river annual methane concentratio(is) Carbon fixation efficiency exhibiting
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no relationship with methane concentration fron0-n CH, to 9000 nM CH. The mean
value estimated for efficiency of 53% (£ 1) wasigtithguishable to those determined either in
the repeat batch incubations (52%, + 6) or thanfltDIC over 15h (52%, + XeeFigure

5.3). Each datum point is the result of a singtaibation.
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Figure 5.5. Methane oxidation rate at eleven défiéiatom percent mixing ratios. There was

no effect of using®C-CH, as a tracer on the rate of methane oxidation.
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5.3.4 Carbon fixation efficiency across multiple rivers and potential interference from
copper

The gravels collected from the eight rivers in bupader survey all oxidised methane with
varying degrees of activity (Figure 5.6a) with #lewest rate measured in the Ver gravels
(1.6 nmol CH g* h%) and the fastest were those from the River Gaf& @mol CH g* h'%).
Using the ratio of*C-CH, oxidised to™C-DIC produced (as described above), we calculated
the CFE for each river and they ranged from 0.414(5E) at the River Chess to 0.60 (£0.13,
SB at the River Ver. There was no relationship betwéhe capacity for methane oxidation
and the efficiency of the procesB=0.105) The difference between samples was not very
strong (ANCOVA for rate x riveP=0.015) and so to account for this moderate ‘rsféect’

we treated ‘river’ as a random effect in a mixefbefs model and used that to derive an
overall population estimate of the ratio '3€-DIC produced pet®C-CH, oxidised (R 0.55,
+0.055, SE d.f. 83). Accordingly, the model estimated thebeoar fixation efficiency via

methanotrophy across all eight rivers to be 456 (1L-0.55) x 100) (Figure 5.6Db).

The highest concentrations of copper were measardte gravel plus UHP incubations (7.5
ng Cu LY, probably as a consequence of the dissolutiochafk in the mildly acidic UHP
(~pH5.5). Gravels plus river water yielded a ficahcentration of 5.1 pg Cu’*Lwhich was
greater than that for river water only (4.0 pg CY knd the UHP (2.3 pgl). Hence, we

would conclude that the gravels are a natural goafcopper to their associated biofilms.
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Figure 5.6: Carbon fixation efficiency of methane oxidatiortle riverbed gravels from eight
chalk rivers. 4) Rate of methane oxidation as measured it¥8eCH;, incubations used to
calculate the CFE. Mean value§E:-n=10. @) Pooled data for thEC-CH, time series

incubations for all eight rivers.
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5.4 Discussion

Recently we demonstrated that chemosynthetic ptmiucoupled to the oxidation of
methane is widespread throughout then®for chalk rivers of southern England (Sheléty
al., 2014) and here we have clearly shown that tretifna of carbon fixed via that widespread
methanotrophyis indeed high. In addition, the efficiency with i the riverbed
methanotrophs fix carbon is independent of the arethconcentration. The concentration of
methane in the rivers studied here varies withsttgson, as indeed it does for many others,
reflecting both greater production within the riveard its wider catchment, plus changes in
lateral import and oxidation in the river itselfd@llon et al, 2012, De Angelis & Lilley,
1987, De Angelis & Scranton, 1993, Koekeal, 2010, Sanderst al, 2007, Trimmeret al,
2009a). Such efficiency, coupled to the methandisbpigh dynamic range for methane, will
enable this chemosynthetic production to track shasonal range of methane in the river
water but also to exploit the much higher conceiutna found in the depositional sediments;
both in the channel margins and trapped beneathuxiogiant growths oRanunculuspp. and
Berulaspp. (Sanderst al, 2007, Trimmeset al, 2009b).

Here we have used the fraction '8€ recovered a$*C-DIC to more simply and directly
guantify the efficiency of methanotrophic produationithout the need to quantitatively
extract and purify the organic fractions (Maxfiedtlal, 2012). We know that there was no
significant loss of°*C-methanol (or other intermediate metabolitepugh cell leakage or lysis
during our initial phase of°*C-DIC production (that was then incorporated by -non
methanotrophs) because the production was linehwant through zero. Eventually, some of
the°C assimilated by the methanotrophs will be reworded shared amongst other members
of the gravel community, otherwise it would be of greater ecological significance, but this

process has been shown to de detectable onlysaitee 2 to 3 weeks in soils (Maxfiedd al,
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2012). During this latter phase théC-DIC respired would no longer represent pure
methanotrophy. However, we are confident that sucheffect was negligible in our, much
shorter incubations, for the following reasons.

First, the'*C-DIC produced in our experiments was stronglytdiuby the**C-DIC produced
by total community respiration, only making-up sofnh8% of the total DIC pool*{C+<C-
DIC). The chances, therefore, B€-DIC being fixed by any non-methanotrophic metml
would have been negligible. Second, there was oease in the rate of methane oxidation
over the 17 days of repeat batch incubations, wimdltated no net growth in the population
of methanotrophs during this time. If this steathteswas due to any growth being balanced
by cell death, then those cells undergoing lysisild@nly have played a minor role in the
metabolism and potential loss of afyC-methane, especially during the shdi€-DIC
experiments. If, however, there was only significa@ath, with no cell renewal, then not only
would the rates of methanotrophy have systemafiaiclined with time, but an isotopic
steady-state would not have been reached duringibiat batch incubations.

It has been known for a long time now that the cefficy of carbon fixation via
methanotrophy is heavily NAD(P)H dependent and thistdependency can be modulated by
the form of nitrogen being assimilated for growAnthony, 1978, Leak & Dalton, 1986b).
For example, growth on nitrate would further exheé limitation by NAD(P)H because
some of the NAD(P)H generated by the oxidation Bf @ould need to be expended reducing
NOs to NH, during assimilation, whereas this metabolic costi be less for growth on
NH,". The availability of copper also affects the aéficy of carbon fixation by regulating the
synthesis of pMMO, which, compared to the solulenf (SMMO), has a lower overall
demand for NAD(P)H (Leak & Dalton, 1986a). Accargly, with suffient copper enabling
synthesis of pMMO, the thoretical carbon fixatidficgencies for growth are: 45% to 47% on

NO; and higher at 59% to 62% on WHLeak & Dalton, 1986a).
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Original work with **C-CH, in high-methane, land-fill cover soils, reportduhtt 69% of
methane oxidised was recovered from soils in th& brganic carbon fraction, or a lesser
fraction of 31% to 43%, in low-methane, forest sgRoslewet al, 1997, Whaleret al, 1990).
Here we directly determined the carbon fixationcefhcy to be 45% on average (Cl 36% to
54%), for a sample of eight chalk rivers in southEngland. Having shown that the riverbed
is a natural source of copper, we assumed thateapyession of SMMO would have been
neglible and that any methane oxidation would eedrby pMMO. In addition, the presence
of SMMO appears rare, with it being absent fromvhst majority of methanotrophs in pure
culture (Chen and Murrell 2010). Note though, tthegse isolates fall into the group of low
affinity methanotrophs (>40ppm~1.8umol £H"), whereas there are no pure cultures of the
high affinity methanotrophs which these river-typesuld belong to (down to 0.02 pmol ¢H
Lh.

With the good agreement between our carbon fixaéfiitiency of 45% and the original
theorectical predictions for growth on NOwe would infer that the riverbed methanotroph
community is largely dependent on pl@r its N requirements. Nitrate is abundant (80Qojlt

L™ on average) in chalk rivers, both in the overlyimater and at depth in the riverbed (Pretty
et al, 2006, Sanderst al, 2007). The upper limit of our efficiency estimg&1%) implies
that some of the methanotroph communties maybendating NH," or, alternatively, that
they are supplementing their growth by the co-mataim of methanol (Chen and Murrell
2010). While we have no data for methanol, we dovkithat these riverbed sediments are
areas of intense mineralisation and fUHs freely available in the porewater, albeit at
concentrations orders of magnitude below thoseNiOg (Pretty et al, 2006, Triskaet al,
1994). In turn, the lower end of our estimate neflect patchiness in the availabilty of copper
or other restraints on growth (Leak and Dalton, 6198 Overall, our findings suggest that

chalk riverbeds provide a favourable habitat fothmaotrophs.

129



Chapter 5

The role of inland freshwaters in the global methaycle is attracting renewed interest
(Bastvikenet al, 2011) but whereas the potential for methane dxdas both high and well

characterised in wetlands and lakes (Ketal, 1990, Tranviket al, 2009), data from rivers

have been lacking. Here we have demonstrated thatbed methanotrophs have a high
capacity to oxidise methane as well as fix carbery \efficiently. Not only does the riverbed
attenuate some of the potential efflux of methaeéore it outgases from the river but
methanotrophy provides an alternative chemosyrtisetirce of energy, in parallel to the well

documented route of photosynthesis.
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Chapter 6: Conclusion and suggestions for futurework
6.1 Overview

The data presented in the preceding chapters gighiidespread, efficient and ecologically
important methanotrophic production in rivers. Tdwivity of methanotrophs was driven by
changes in the ambient methane concentration qulstrate availability) which displayed
seasonal and inter- and intra-river variation. Baghthesis was also active on the surface
layer of the riverbed, but there was not alwagsphotosynthetic production (NPP). In the
subsurface hyporheic gravels, where it is darkhar@trophy continues to fix new carbon and
allochthonous ingress of fresh chlorophyll from tkerface provides a supplement to
autotrophic carbon. The natural (and in some caséisropogenic e.g. influence of sewage
treatment plants) variation in field sites addemsgth to my findings because it means the
general patterns found in the research have peslail spite of broad changes in catchment
land-use, nutrient loadings and discharges. As,stiehresults presented here can be used,
with confidence, when up-scaled to apply to grouaigw fed rivers worldwide. Moreover,
many of the conclusions are independent of thergieater influence and, particularly those
from chapter 3, can be applied to patches of orawel riverbeds and/or anoxic fine sediment

patches of riverbed irrespective of the wider himgywal patterns.
6.2 The effect of methane concentration on the importance of MDC as a basal resource

Perhaps the clearest outcome from this body of wsrkthe substrate limitation of
methanotrophy at riverine methane concentratiortsis Torms an integral part of the
calculations and conclusions in all four data chegptin chapter two | characterised the dose
response of methanotrophy and used the linearioedtip to normalise measurements of
methanotrophic capacity to monthly riverbed methaphic production. | used the same
principals to model the data from our laboratoryasweements in chapter four. Interestingly, |

found variation in the methanotrophic capacity asr5 rivers, between the shaded and open
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stretches of those rivers and over time in the satretch at the Bere Stream. The ambient
methane concentration did not fully explain thenghag capacity, which suggested that other

factors influence the size of the methanotrophimmwnity.

Substrate availability played an integral partha@ng chapter three as the extent of substrate
limitation determined the temperature dependenceeathane oxidation. Moreover, the kinetic
response to substrate was much stronger thanghense to temperature. Methanogenesis has
a strong temperature dependency but the high dgpfi methane oxidation in the fine
sediments, where methane is produced, combinedtiétkinetic response of methanotrophy,
meant that methanotrophs will be capable of oxiwdisall of the methane produced in
riverbeds even with a warming climate. However,rewath this ability to oxidise methane
over four orders of magnitude (2 nM — 20 uM), phgsibypassing of the methanotrophs in
the oxic sediment layer (either through ebullitmmvia plant stems) resulted in some of the
gas escaping to the main channel water and thématély, to the atmosphere. The
relationship between microbial methane productiamd aconsumption with increasing
temperature is such that the ratio of i CG, emitted would remain constant. Thus, any
change in the ratio of carbon gas emissions fronatg systems as a function of temperature
is likely due to the bypassing of methanotrophyeatthan its inability to deal with rising

methane concentrations.

Finally, converting rates of methane oxidation &iirrates of methanotrophic production
would not have been possible without knowing thebaa fixation efficiency (CFE) of the
riverbed methanotrophs (chapter five). Given tlspoase to raised methane concentrations, it
was important to test whether the CFE was affebtedhitial methane concentration, and it
was not. CFE was not significantly related to meé&éaoncentration and remained constant
from 10 nM - 10 pM at 53% (x1). Further, the CFEswanstant across different rivers

spanning a range of methane concentrations (22 fIMp and capacities for methane
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oxidation (0.30-1.05 nmol CHy* h") which was crucial for validating the rest of therk in
this thesis. Without a constant CFE, calculationnadthanotrophic production would have
been extremely imprecise as the previously repdCtels from the literature ranged from 6-

80% (Bastvikeret al, 2003, King, 1992).
6.3 The effect of light availability on theimportance of MDC as a basal resource

Light availability can affect the importance of MO riverine food webs in two ways: first,
the direct effect of light on the activity of meti@rophic bacteria, and second, the effect on
photosynthetic production which ultimately reduagsincreases the relative importance of
MDC as it is the competing basal resource withia gravels. With regards to the first
approach, there are no solid conclusions to be mifeam this thesis. Preliminary attempts to
incubate small volumes of riverbed sediments (<5wgh methane under varying light
intensities suffered from typical batch incubatiproblems. The mixed biofilm contains
photosynthetic organisms as well as methanotropits @ whole host of other micro-
organisms. Even under low intensity lighting, plsytthesis drew the carbon dioxide
concentration down to zero which pushed the pHoupOt which inhibited methane oxidation.
This is also likely to be the explanation for tHem-inhibition of methane oxidation observed
in mixed cultures from a reservoir (Dumestteal, 1999). The use of pH buffers could allow
these laboratory incubations to progress but fieddsurements using the benthic chamber and

conservative tracer method would perhaps offerti@ibsolution.

Chapters two and four address the question of giw affects the contribution of MDC by
carefully modelling photosynthetic production. Thaudy sites are famed for their high
photosynthetic production but the dense standsamfrophytes, which can completely fill the
channel in summer, heavily shade the riverbed ahithit benthic NPP as a consequence. The

detailed modelling presented in chapter two usddighed irradiance decay coefficients (from
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surface to riverbed as a function of macrophyteecqatch type) and long term light data
(Trimmer et al, 2010), combined with a newly constructed phottfsgsis-irradiance curve,
chlorophyll content and oxygen evolution measuresé¢for GPP and NP) to model whole
riverbed photosynthesis for each month. The stsmagonal trend in macrophyte cover had a
larger impact on benthic NPP than the seasonatl treisunlight intensity, resulting in dip in
NPP in mid-summer. This chapter did not considghér level, riparian shading, which can
also drastically reduce riverbed irradiances in mm@m limiting NPP and giving
methanotrophic production a proportional increasemportance but this was addressed in

chapter four.

An unexpected finding in chapter four was the digantly greater capacity for methane
oxidation in the shaded stretches of stream raatovthe more open areas. The NPP was
reduced in the shaded areas, but chlorophyll comt@s unchanged. No single explanation
for the increased MDC in the shade was found bw tharginally higher methane
concentrations here are likely to play a part, preference for low light conditions and the
photo-inhibition argument (Murase & Sugimoto, 2P@annot be ruled out. Irrespective of
the precise explanation for this pattern, methapdtic production is higher in shaded areas
and NPP is lower resulting in very high (median3%4) contribution of MDC to primary
production in the shade. As with the changing metheoncentration, the riparian (mainly
deciduous trees) and in-stream shading peak insomaimer creating optimum conditions for
methanotrophic production and poor conditions f&R\ results in MDC always being most

significant in the summer.
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6.4 Wider ramifications and upscaling of findings

This body of work has shown that all riverbed segtits have the potential to oxidise methane
even when the ambient methane concentrations dyenmarginally oversaturated relative to
the atmosphere. Indeed, this in not unexpectedher® tis a plethora of research from soil
scientists who have measured oxidation of atmospheethane in surface soils (Kireg al,
1989, Smithet al, 2000). Moreover, the riverbed methanotrophs meeetheir rate of
oxidation linearly, in response to raised methaoecentrations over at least four orders of
magnitude (2-20,000 nmol™) which is a larger range than has been reportedvédlands,
soils and lakes. These two characteristics leadone@nclude that this is a very plastic group
of bacteria, but also crucially, they allow the cgidéhg of the results presented in the

preceding four chapters to most freshwater systems.

The techniques applied to calculate the methangatinn rates, capacities and carbon fixation
efficiencies can be applied to any type of aquatidiment as long as the ambient methane
concentration, oxygen saturation and temperatwé&m@own. The magnitude (i.e. the slope) of
the linear kinetic response of methanotrophs (asvehin chapters 2, 3 and 5) will vary
depending on the density of the methanotrophic fatiom in a given sediment sample, but
once this is calculated, using a dose-responseriexgi®, the rates can be used to estimate
seasonal and spatial patterns in methanotrophigupgtmn within that environment. As such,
the next logical step would be to continue to btiild library of methane oxidation potentials
across rivers, broadening out to other geologiessaream orders to build a global model for
riverbed methane cycling. Further, the resultshis thesis show methanotrophy can oxidise
all of the methane produced under anoxic conditar yet rivers are net sources of methane
to the atmosphere indicating that some is escajnagsediment. Therefore, further work is
needed to quantify the alternative pathways of ar@thransport e.g. ebullition and plant stem

transport, so that methane cycling in rivers caadmirately modelled.
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6.5 Parallel research projects

Aside from the research presented within this #idshave been involved with a number of
other experiments, the most prominent of which r@sntn a suite of artificial channels and a
larger NERC grant. Over two years myself and a -pgostoral researcher have used
experimental channels to expose gravels and invaties to a range of methane and light
treatments in order to disentangle the driversouf $:°C values in grazing caddis fly larvae
(as published in Trimmest al. (2009)). Ambient methane concentration consisyetititated
methanotrophic capacity and shading reduced chigtbjput no discernable effect on the
§'3C values of the grazers was observed. This resésumhgoing and | hope it will result in

publication in the near future.

Further afield, | spent six weeks on the RSS JaBwmsk looking at carbon cycling in the
North-Eastern Tropical Pacific oxygen minimum zguost off the Guatemalan coastline. |
used isotope labelling techniques to measure azeotdl anaerobic methane oxidation and my
water column profiling work indicated pelagic andnthic sources of methane. Sediment
slurries showed high potential for methanogenesisnio potential for methane oxidation. |

hope to combine my data with molecular results@uigish the findings very soon.
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