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Summary

1. With freshwater ecosystems worldwide at significant risk from global change, there
is an urgent need to understand the processes involved and to develop adaptive
responses. Riparian management might offeneans of increasing resilience to
global change in headwaters, but evidence is scarce. This thesis investigates the
potential effects foriparian management on th@sige, processing and downstream
export of resource subsidieslominantly as terrestriéitter i that enter streams from

the riparian zone.

2. In a large scaléeld study over four yearsiatural and experimental/stems were
usedto test the hypothesis that riparian woodlands enhance streasystam
resilienceto climatically mediated changén flow regimesSpecific work included
assessments of benthic organic matter stocks and export in contrasting catchments
(broadleaf woodland, conifer plantations or shgegzed moorland), flow
manipulations in mesocosms, and a lasgale field experiment simulating riparian

broadleaved tree planting.

3. Standing stocks of particulate organic matter (POM) were influenced by flow regime,
and declinedollowing larger and longeflow-events but eventfrequency had no
apparent impactExperimental data showealso that coarse fractions of POM in

transport were significantly elevated in the early stages of simulated floods.

4. Despite flow effects on POM dynamics, streams bordered by broadleaves maintained
consistentlyhigher standing stocks of POM than conifar moorland streams
Broadleaved streamaso transporéd the highest concentrationof carbonin the
form of high-quality FPOM. Leaf litter additions of stream channels did not
reproduce these effects, possibly because the scale was insufficient to eamic r

riparian woodlands.

5. While predicted flow changes undawarmer climate mighaffectthe storage and
flux of organic matterriparian broadleaveare likelyto mitigate these effectsn
stream ecosystemsThis project illustrates the value of blendiogtchmeniscale
studies with field-based mesocosms to understanding complex global change

processes.
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General Introduction

Human activity has profoundly alteregchanges of water, matter, organisms and energy

in freshwater catchments with major consequences for water supply, biodiversity and
environmental qualityMillennium Ecosystem Assessment 2006)imate change and
growing resource needs will increase pressure on freshwater ecosystems in future, but
there is only framentary knowledge of the exact mechanisms through which freshwater
ecosystems respondVeanwhile, these ecosystems a mo n g t he Eart h
biodiversity hotspot$ incur species extinction rates faster than any offgayer and
Dudgeon 2010)

In a unique interface position between land and sea, freshwater ecosystems, and
particularly headstreasnderive a critical part of their energy and matter from the riparian
vegetation(Cummins 1974; Gregorgt al. 1991; Naiman and Décamps 199@yganic
matterentering the freshwater ecosysteneither stored within thetreamsystem as
detritus orstream biotdbiomass or exporte via physical export and respirati(fisher

and Likens 1973)Theseenergy inputstermedd r i p ar i a,playspivotal roleine s 6
regulatingin-stream procegssuch afood web dynamics, secondary production and
range ofecosystem functi@(Poliset al. 1997) which are all key processes that support
major ecosysta services on whicthumansrely, such as clean water or fisheries

(Millennium Ecosystem Assessment 2005)

Envirormental factors such as lande and climate change interagth these transfers
of energyby altering the supply of organic matter, as well as the capatisgream
ecosystemso store and process these matefidtsminoski and Rosemond, 201Rigure

1). In the UK, as in much of Europe,idespread changes in uplandtchmenthave
occurred over the 20Century,largely due to the intensification of meat production and
afforestation with conifer plantatioiiSimmons 2003; Reeet al.2009) To add to these
existing pressuresclimate change in Northern Europe is expected to increase the
intensity, duration and frequency of winter storms, with uplanésdikely to be
particularly hard hit(Birsan et al. 2005; Hannaford and Buys 2012n headwater
streamsthese expectethore frequent floods could potentially altd¥e structure and
functioning of headwater streamsamelyby depleting key basal resourd&ominoski

and Rosemond 2012; Graeaal. 2015) These relationships are likely to be complex,



howeverwith climate interacting with channel structure and the riparian zone, making it

difficult to identify underlyingmechanisms.

Pressures stemming from the needespond to global changes in climate patterns and
growing human population needs are likely to alter riparian subsidiber, but current
understanding othe role of riparian subsidies irugporting freshwater ecosystem
processes is insufficient uide decision making. Riparian vegetation is increasingly
advocated as a management timoprotectwater qualityor regulae water temperature
(Broadmeadow and Nisbet 2004; Abetlal. 2007; Ormerod 2009; Palmet al. 2009
Seavyet al. 2009) but large scale evidence to support riparian management to deliver

these and othexcosystem services is scarce.

&) CLIMATE

storage &
processing

Figure 1. Schematic diagram of the process of energy flow through stream ecosystems, which
could be altered by chaeg in land use and climate. Riparian subsidies provide key inputs of
energy and nutrients to stream ecosystems, and are subsequently stored, processed and exported

downstream



Aims & Hypotheses

The main objectie of this studyis to understandhe impactof land use and climate
change on the fate of riparian subsidies in headwater strékming field-based, large
scale approaches, this study combines natural gradients and experimental me#sbds to

the central hypothesis thaparian woodlands enhancestream ecosystem resilience
More specifically, the following hypotheses are tested:

x  Climate change will reduce benthic organic matter resources in headwater
streams due to increased organic matter export during high flow events
(Chapters 2, 3 and 4)

x  Streamsbordered by riparian broadleaf woodlands support greaterstocks
of organic matter resourcesthan those bordered by conifer plantations or
moorland (Chapters 2, 3 and 5)

The Llyn Brianne Stream Observatory (LBS@yw.llynbriannelter.org offers the ideal

setting to test these largeale ecological question35 years of ecological data on 14
replicated streamwvith a range of land uses and water qualities typical of the UK uplands
provide the correlativpower necessary for large scale analyisisaddition,a set of 12
mesocosm channels alongside these streams provides unique facilities for experiments to

support the correlative observations.


http://www.llynbrianne-lter.org/

CHAPTER 1: Literature review

As a background for the wogkesented in this thesia review is presentdtereof:

(1) litter dynamics in stream#nfput, storage and expprandthe biotic and abiotic
factors that contrdhese dynamics terms of quantity, quality and timingnd

(2) the interactive effects of land use and climate on ldy@amics, and thpossible

implications forenergetic processes in stream ecosystems

1.1 Litter dynamics

1.1.1 Inputs

Allochthonous inputs to streams occur as particulate or dissolved forms of organic matte
Coarse particulate organic matter (CPOM, >1mm) typically includes leaves, twigs,
flowers and wood entering via direct litter fall or latepatthwaysdriven by wind or
surfaceun-off (Cummins 1974)Fine particulate organic matter (FPOM, >0.5pum <1mm)

is mainly generated from the breakdown of larger CPOM by physical anupiaial
processes, though sonaso enters streams from adjacent terrestrial areas through
windblow, surface runoff, bank erosion, groundwater and rainfall through the canopy
(Cummins 1974)FPOM is also generated by flocculation of dissolved organic matter
(DOM), which is generated from groundwater or leach{@ymmins 1974) The
distinction by particle size relates to the types of consumers whode af feeding is
adapted to the different physical states of organic m@gemmins 1974; Cummins and

Klug 1979) CPOM is consumed mainly by a group of invertebrates known as
ishredderds®&POM is consumed HyeedECmbnbect or
1974) The relative abundance of different types of producer and consumer organisms is
therefore expected to change in response to the availability and character of organic

matter inputgVannoteet al. 1980)

Litter inputs play a pivotal role in the structure and function of stream ecosystems because
they influence the quantity, quality and timing of energy and matter supply that support
in-stream secondary production. Leaf litier transported to streams by two major
pat hways: (1) direct depositi gand@®)dateral o v e
movement (61 ater al i nput 6) from the sur

including the composition of riparian vegabn, slope and climaisee below)While it
4



is recognised that wood is also an important component of inputs, the direct contribution
of wood to stream energy budgets is considered minimal because wood is highly resistant
to breakdown(Webster and Benfield 1986However, wood is indirectly inmgrtant
because it creates habitat for aquatic organisms and enhances leaf litter réB#ibton

and Likens 1980; Eggeet al.2012) As such, wood will be considered here mainly in
terms of its structural role in the retention and loeign storage of leaf litter (see

Retention, storage & processing, below).

The production and species composition of riparian vegetation affects the quantity,
quality and timing of leaf litter entering strea(@delho 2001) Variations in the quantity

of litter produce and subsequently entering streams differ between vegetation types;
forested streams tend to provide much larger inputs of litter thafionested streams
(Websteret al. 1990; Benfield 1997)Different riparian species also vary in the quality

of litter they produce, which is generally defined in terms of their palatability and
assimilation by consumers, and therefore their breakdown rates. These characteristics
include the abundance of essentialrient elements (C:N:P), and presence of chemical
inhibitors (Webster and Benfield 1986for example, deciduous species supply more
litter inputs of higher quality than coniferous spedidart et al. 2013) The phenology

of riparian vegetation affects the temporal dynamics of litter inputs. For example,
temperate deciduous trees shed leaves in large pulses during autumn, which can account
for up to 79% of total annual leaf fglAbelho and Graca 1996 onversely, coniferous

or evergreen species will shed leaves throughout thg @eaizalez 2012)

Much of the UK uplands are characterised by open moorlaonsndted by grasses
consisting ofMolinia and Juncusspp.(Simmons 2003)There have been no studies to
date that have quantified the contribution and energetic importance of these types of
allochthonous litter to moorland stregrhewever(Cariss and Dobson 199Wloorland
streams are considered to be more reliant on autochthonous proditiign et al.
2001) with invertebrate assemblages characterised by grazer sfizais®on and Cariss
1999) There is some evidence to suggéstwevey that some grasses may provide an
important food resource for shredders in gpanopy stream@_eberfingeret al.2011)
and can even limit autodminous production where the degrek overhanging is
sufficient (Menninger and Palmer 2007Yherefore, grass litter could provide an
important subsidy to streams at least wheistieam primary productivity is limited

(Hurynet al.2001) though more research is needed.

5



While direct inputs can account for the majority of total ingbtsher and Likens 1973)
lateral inputs (i.e. litter entering the stream from the catchment slopes via gravity, blow
in and water ruroff) can contribute relativig significant amounts, with values reaching

as much as a third of total inpyW&ebsteretal. 1999; Abelho 2001and even exceeding
direct inputs in some caséisochi et al. 2010) The relative proportions of direct and
laterally transported litter ente streams may significantly influence-stream
community dynamics as a consequence of input quality and ti(@lngiminset al.
1989) Laterally transported litter may be qualitatively important to corsarhecause

of its higher nitrogen concentration than that of litter falling directly into the stream
(Benson and Pearson 1998) addition, lateral inputs may provide an important longer
term replenishment of resources that may have been exported or consumed following
autumnwinter pulses and high flow$lartet al.2013; Riedlet al.2013)

The amount and relative contribution of direct and lateral inputsefdigpends on slope,
distance from the shoreline, composition of riparian vegetation, and clihharteet al.
2013) Lateral contributions tend to increase with steeper sl¢Pesdorff and Lang
1981; Rlvaet al. 2007; Leroux and Loreau 2008; Hattal. 2013) but decrease with
increasing distance from the shorelii@&asith and Hosier 1976pther factors such as
the density and compogih of ground vegetation can influence the rate of lateral
movement. For exampl&carsbroolet al.(2001)suggested that ground vegetation such
as tussock grass can act as barriers that reduce lateral inputs dfiéittest al. (2013)
found that slope and the composition of the overstory vegetatiommasimportant in
regulating lateral transport than the density of understory vegethbamgver,with the
effect of slope being more pronounced in deciduous sites than conifer. Laterally
transported litter in surface runoff may only occur in significamiounts during high
storm eventgMaridetet al. 1995)and these effects may increase with cumulative events
(Naiman and Décamps 199Data on how proportions and contributions of direct and

lateral inputs change through time dneweverscarcgbut seeHart et al.2013)

1.1.2 Retention, storage and processing

The retention and subsequent breakdown of litter inputs is an important processrn strea

ecosystems both in terms of energy flow and nutrient cyd¢i@iier and Malmquvist

1998) Benthic storage of organic matter praasd critical energetic and habitat resource

for stream organisms and ultimately drives their produgiidallaceet al. 1997; Wallace

et al. 1999) The processing and conversion of retained litter into finer particles also
6



increases its availability and nutritional properties to different groups of organisms, both
locally and further downstrearfGiller and Malmqvist 1998)The relative amounts,
quality and longterm storage of litter within a channel depend primarily on the retention
capacity and hydrologgf the stream, but also on the characteristics of the litter itself
(Cordovaet al.2008; Hooveet al.2010)

In low-order streams, the abundance of channel obstructions such as boulders and large
wood can provide effective retention structures that enhanceadomgstorage of benthic

litter and shredder biomass. For example, there have bdgplendemonstrations of the
important structural role of wood in retaining litter in such stre@as Speakeret al.

1984; Dobson and Hildrew 1992; Wallaeeal. 1995; Eggeret al.2012) Current brest
practices reduce inputs of wood to streams and hence their ability to retain litter because
trees are fiked before significant amounts of wood can efBabson and Hildrew 1992;
Wallaceet al. 1995) As a result, shredder biomass has shown to be reduckdse t
streams(Dobson and Hildrew 1992; Eggest al. 2012) Open grassland or moorland
streams Ave a lower storage potential than forested streams because wood is generally
sparse or abserfCariss and Dobson 1997; Hurgt al. 2001) Litter retention also
depends on the characteristics of the litter itself. For example, larger particles are more
easily retained than smaller, more flexible tyfeg.Pretty and Dobson 2004a; Quien

al. 2007) Very few studies have investigated factors affecting the retention of grass litter
(but seeCariss and Dobson 199thoughScarsbrookand Townsend(1994) suggested

that tussock grass litter plays more of a role ibiftng the stream bed as opposed to
providing refuge or food for invertebrates.

Litter retained in streams is gradually broken down into finer particles through a
combination of physical and biological proces§€ammins 1974)The rate at which
different types of litter are broken down largely depends on the interactiomsepethe

intrinsic chemical and physical properties of litter, the organisms involved in its
decomposition, and environmental factors such as temperature, pH, nutrient
concentrations and hydrologyWebster and Benfield 1986)Aquatic microbes,
particularly hyphomycete fungi, play a pivotal rolehe process of litter breakdown and
mediate energy transfer to higher trophic le@sberkropp and Klug 1980Yhese
microbes directly decompose leaf litter by converting it into their own biomass and
relesing FPOM(Suberkropp and Klug 1980) Mi cr obi all activity &

litter, making it more nutritious (lower C:N rati®ubekropp et al 1976) and more

7



palatable and readily assimilated by shreddBenkeet al. 1988) While most of the
energy requirements of shredders come from leaf litter itself, extracellular enzymes from
microbes may retain activity in the animal gut andaste digestio(Benkeet al. 1988)
However, the poor quality of leaf litter means that shredders must process relatively large
quantities to support their growil@Giller and Malmqvist 1998)Hence, the feeding
activity of shredders, together with microbes, can be an important source of FPOM by
increasing the rate of conversion of coarse material into smaller particles that are more

easilyentrained and transported downstrg&uffneyet al. 1990; Cushinggt al. 1993)

The chemical properties of leaf litter influence the rate at which it is broken down. Leaves
with high initial nitrogen and low lignin content, are broken down more rapidly than those
with low nitrogen(Kaushik and Hynes 1971) For exampl e, Asl owo
leaves and conifer needles with high C:N ratios and lignin content have relatively slow
breakdown rates, while Afasto speciés wi:
relatively quickly(Petersen and Cummins 1974; Webster and Benfield 19@@ation

in the elemental composition of riparian organic matter inputs therefore may have
important implications for streanfunctioning. However, other factors influence
breakdown ratedow pH reduces litter processing ratesg. Dangles et al. 2004y
inhibiting microbial conditioningof leatlitter, which reduces food quality and
availability to shredder invertelies (Larrafiagaet al. 2010) Stream hydrology ab
affects breakdown by increasing physical fragmentation and downstream transport
(Dewsonet al.2007; Cordovaet al.2008)

1.1.3 Export

Export of organic materials from upland strearapresents the downstream flux of
energy and matter that supports food webs in larger rjvVarsnoteet al. 1980; Wipfli et

al. 2007) Export also occurs in the form of emerging adult aquatic invertebrates, which
support higher level organisms in adjacent terrestrial ecosyégiakano and Murakami

2001) Particulate organic matter export is determined by the interaction of awsilabil
hydrologic variability, and retention mechanis(hgewboldet al. 2005) Finer particle

are more easily entrained and transported downstream, and are more closely related to
hydrology(Websteret al. 1987; Thomaet al.2001)

On an annual basis, the major fraction of particulate material in transport is FPOM

(Webster and Meyer 199 Mowever, the total amount and composition of exports vary



through time. In forested streams, for example, high availability of material coupled with
higher discharge in autumminter months meanthatthere is a greater total export of
material by comparison with those in summer motiEggertet al. 2012) Exports in
autumnwinter months are dominated by CPOM, whereas in summer, exported material
are comprised more of FPOM after material has been processed and fragmented into
smaller particles by organisnii@/ebsteret al. 1990; D. C. Richardsoet al.2009)

A vast proportion of annual budgets are exported during high discharge (e.g. storm runoff)
eventqGolladayet al. 1987; Wallaceet al.1995; Johnsost al.2006) with some studies
reporting 97% of annual exports occurring during storfNswbold et al. 1997)
However, the amount that is exported dgrstorm events depends on its availability in
the channel and ultimately from terrestrial sour@&'®bsteret al. 1987) For example,
HeartsilkScalleyet al. (2012)found that following a large hurricane, subsequent storms
did not have as large an effect on litter export, implying that resources had become
depletedsee alsdeggertet al, 2012) Timing of high discharge events could therefore

be important in regulating organic matter export from temperate forested streams,
particularly if they coincide with periods of peak litter inp(f#olinero and Pozo 2004;
Sabateet al.2008)

While CPOM typically makes up the majority of litter inputs, it generally represents only
a small fraction (<4%) of total expaftVallaceet al. 1995; Shibatat al. 2001; Johnson

et al.2006; HeartsiHScalleyet al.2012; Eggeret al.2012) with FPOM making up the
largest proportion oéxport from stream@Nebster and Meyer 1997; Colddaudet al.
2008; Eggertet al.2012) These differences have been attributed to the feeding activity
of shredder ingrtebrates, which increase the rate of conversion of coarse benthic material
into smaller particle$Cuffneyet al. 1990; Cushinget al. 1993) Although filter feeder
invertebratescan play an important role in removing FPOM from the water column
(Voshell and Parker 1985jlter feeding activity is unlikely to regulate FPOM exports to
downstream systems to the same extent as streaphadge, depth and POM
concentratiorfMonagharet al.2001)

Riparian land use affects export from streatmy regulating the availability of benthic
material and retention structures such as wood in streams, which increases benthic storage
and reduces export in the lotgym (Websteret al. 1990; Eggeret al.2012) This could
have important implications for productivity both locally and further downstream. For
example Wipfli & Musslewhite (2004)suggested that stream and riparian productivity
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was hgher with increasing alder density resulting in greater total exports of materials
downstream. There are very few reports on export from open moorland streams, but those
reported byCariss & Dobsor(1997)were very low by comparison with wooded sites,
attributed tdow input levels as opposed to low retention. In terms of quadiyng &

Huryn (1997)reported that the quality of exports in grassland streams may be higher due
to higher contrilations of algae relative to terrestrial contributions by comparison with

forested sites.

1.2 Effects of land use and climate

1.2.1 Land use

The UK uplands have a long history of land use change; during thelohadene large
areas of woodland were cleared by humansreate pasturgSimmons 2003; Holeh et

al. 2007) Years of traditional lowntensity agricultural practices va led to the
development of the distinctive open moorland landscapetinagntlydominates the UK
uplandgHoldenet al.2007) Large areas of thgpland landscape are considered to be of
high nature conservatiomalue and are protected under national and/or international
conservation designations (e.g. Sites of Special Scientific Interest (SSSIs), EU Habitats
and Birds DirectivesBurtet al.2002) Changes in the way the UK uplands were managed
overthe 20th century, largely in response to sesonomic drivershoweverhave led

to widespread loss of habitat and degradation of the up(&faiisesYounget al. 2003;
Holden et al. 2007) These landise changes include the intensification of sheep
production and afforestation with coniéeis plantationgSimmons 2003; Reesdt al.
2009)

Agricultural intensificatio in the UK was largely ignited after the Second World War,
when concerns for food security led to the introduction of government subsidies that
encouraged farmers to increase the productivity of the upl@ekdet al. 2009) This
involved liming and fertiliser addition, landanage, ploughing, conversion of native
vegetation to provide improved pasture, and overgratBigimons 2003) Sheep
densities increased by up to 400% in some upland éreddenet al.2007) This led to
the degradation of upland soils in many partshef K due to changes in the chemical
and physical conditions of the sojReedet al.2009) As a result, there has been a general
trend from more productive vegetation with high species diversity to large areas
10



dominated by less diverse and more aggressive species of lower agricultural value such
as Molinia and Nardusspp. (Holden et al. 2007) Today, the reformed EU Common
Agricultural Policy (CAP) decouples payments from production, andsiporese, sheep
stocking numbers are declining rapidly across many parts of the UK ujiReedet al.

2009)

Widespread afforestation of open moorlands with coniferous plantations, mostly
following the Second World Wato reduce reliance on imports, has also changed the
face ofuplands(Simmons 2003; Reedt al. 2009) Coniferous plantations alter the
hydrology, water chemistry and temperature regime of upland str@@mseral et al.

1989; Weatherley and Ormerod 199A8% a result, many upland streams in the UK and
elsewhere have suffered reductions in diversity and produc{®ityerodet al. 1993;
Friberget al. 1997; Friberg 1997)n undisturbed open moorland streams, autochthonous
production provides the primary energetic base for food welosyn et al. 2001)
whereas allochthonous inputs of littare low (Cariss and Dobson 1997However,
conversion to condr plantations reduces light intensity in these streams through heavy,
permanent shading, which limits primary producti@friberg et al. 1997) and
subsequently reduces the number of grazing invertebf@tdsson and Cariss 1999)
Conifer plantations also alter the quality and availability of litter in stre@fosveret

al. 2011) Conifer needles are of poor nutritional quality to stream organféredster

and Benfield 1986)though they may become more palatable to invertebrate consumers
if they are retained on the stream bed for long enough to allow significant microbial
conditioning(Pretty and Dobson 2004jowever, conifer needles are not easily retained
because they are relatively small and inflex{fleetty and Dobson 2004a; Cordataal.

2008) Furthermoe, intensive forestry practices reduce the retentiveness of conifer
streams because trees are harvested before significant amounts of large wood can enter

and provide effective retention structu(@®bson and Cariss 1999)

1.2.2 Climate change

The global hydrological cyclés expected to intensifiypn a warmerclimate (Huntington
2006) resulting in ayreater frequency and magnitude of extreme precipitation events and
overall increases in variabilityBates et al. 2008) While regional effects are still
uncertain, headwaters aghér latitudes and altitudese already showinigends towards
increasing discharge in wintég.g.Birsanet al. 2005; Dixonet al.2006; Hannaford and
Buys 2012)shifts towards earlier spring snowm@brmannet al.2015) and faster rates
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of warming (Hassanet al. 2005) Given the importance of hydrological and thermal
regimes in regulating and energetic processes in streams, etimage changes are
expected tdhave a strong effect ahe structure and functioning of stre ecosystems
through a combination of direct effects on the survival of sensitive species and indirect
effects on basal resources. For example, a +1°C change to some Welsh upland streams
could reduce spring abundances of stream invertebrates by as n21éh@urance and
Ormerod 2007)These changes could reduce the capacity of consumerscesprand

utilise these resources to support their productkniberg et al. 2009; Ferreireet al.

2010) However, understanding climatieiven changes in freshwaters is particularly
complex because ecological processes are affected by local meteorological, hydrological

and nutrient reginge as well as indirect terrestrial impa(Bsll et al.2010)

Warmer temperatures may alter the phenology of terrestrial plants, with predicted earlier
leaf growth in spring(Schwartzet al. 2006) and delayed leaflescission in autumn
(Menzelet al.2006) This would alter the timing of littanputs to streams, which could

in turn reduce the production of organisms whoseHi&ories reflect the temporal
availability of resourcegCummins 1974) Increases in temperatures may stimulate
microbial activity(Barlocheret al. 2008)but inhibit invertebrate feedin@riberget al.

2009) resulting in increased microbial rather than invertebrategssing of litter
(Kominoski and Rosemond 2012Meanwhile, changes and increased variability in
precipitation patterns and associated hydrplaguld also alter the availability and
processing of organic matter in streams. Reduced flows in summer could reduce both
physical and biological breakdowigominoski and Rosemond 201ahd promote the
accumulation of benthic littg|Sabateret al. 2008) In contrast, greater frequensiand
magnitude of high flow events in winter could reduce the availability of resources by
accelerating physical breakdown and downstream transport of organic (Hatetsill
Scalleyet al.2012; Eggeret al.2012)

1.3 Knowledge gaps

Overall, the effects obxpected changes idimate and land usendicate a greater
temporal and spatial variability ingrguantity and quality of food resources available to
support the food web productivity in stre@tosysters. Questions remairhoweveras

to what effect these changes will have on the overall functioning and resilience of upland
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streams under changingitkuse and climate: What is the capacity of different consumers

to adapt to shifts in the quantity, quality and timing of resources? How does riparian land
use and management serve to mitigate or exacerbate some of the negative effects of
climate change oanergetic processes in streams? For example, the effects of changes in
hydrological and thermal regimes on stream organisms and processes could be
exacerbated in intensively managed plantation streams, where productivity is already
limited by the low retetion and poor quality of litte(Dobson and G&s 1999) In
contrast, while forested riparian zones may reduce flood peaks to some(8egdsbaw

et al. 2007) the effectof hydrological extremes on energy flows could be mitigated in
mixed broadleaved streams, by increasing the quantity, quality and diversity of litter, and
enhanced retention in the lotgym (Entrekinet al.2009; Eggeret al.2012) Answering

such questions ote effects ofylobal changesn ecosysterstructure and functioning

as well as the likely outcomes of management interventoomnstigate such effectsvill

require an improved understanding of t@ngeghat arelikely to occur at the base of

the food web

Organic matterdynamics havebeen a major focus in freshwater ecology for many
decadeqTank et al. 2010) Yet, recent attempts to model them in relation to future
climate or riparian management scenarios are still limited by gaps in empirical evidence
and procesbased understandig.g.J. S. Richardsoat al. 2009; Acufia and Tockner
2010; Stenrotlet al.2014) Many factors interact to affect the input, storage and transport
of organic matter in stream ecosystems (Sections 1.1 and &.date, nost fieldbased
studies on organic matter dynamics have, however, been limited to short temporal scales
(~1 year, e.gAbelho and Graca 1996; Gonzéalez and Pozo 1996; Cariss and Dobson 1997,
Pozoet al. 1997) or small spatial scales (~ 1 studie<s.g.Molinero and Pozo 2004,
Molla et al. 2006; Wdlace et al. 2015) Long-term, field-based studiesonducted over
larger spatial scalesre therefore needed to allow for stronger inference and inform land
management decisiordanipulativefield experimerd are alsmeededo idenify causal
relationshipsand gain mechanistic understanding of the impacts of land use and climatic
changes on organic matter dynamkesr example,nvestigations on the effects of altered
flow regimes on organic matter dynamaf$en focuson average changde.g.Dewson

et al. 2007) highlighting the need for more studies on the effegtseme hydrological
eventgDunneet al.2004; Ledgeet al.2011; Stewarét al.2013)
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1.4 Conclusiors

Headwater stream ecosystems are closely connected with their surroundings #ghrough
range of processes, making them highly sensitive to changes in catchment land use and
climate. Managing these ecosystamsafeguard the many services they provide is key
While there are growing demands for increased tree cover in upland catchments and in
riparian zones, for example to buffer against thermal and hydrological exfrdraes
potential for such managementantentions to increase stream ecosystem resilience to
future changes by enhancing the availability of basal resources, and ultimately food web
stability and productivityis less well understood Understanding what drives these
processes is therefore cralkcto enable informed management decisions in the face of

global change.
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CHAPTER 2: Interactive effects of riparian land cover and climate

variability on detrital resource availability in headwater streams

2.0Summary

1. Headwater streams axhisproportionately vulnerable to the effects of global
climate and land use change through altered fluxes of water, heat and organic
matter. Changes in stream flow and thermal regimes are already occurring
worldwide, and are likely to alter the availahjlinf important detrital resources,
which could have important consequences for the structure, functioning and
stability of these ecosystems, the effects of which could extend far beyond their
boundaries. The potential for riparian land cover to modifyeffects of climate

change on detrital resources in streams, however, is poorly understood.

2. This study assessed the effects of stream flow and thermal regime on the standing
stocks of two important sources @étritus contrasting in structural complexity
ard lability i coarse and fine benthparticulate organic matter (CPOM and
FPOM, respectively) over four years in streams differing in riparian land cover
types in central Wales, UK. Specifically, this study tested whether variations in
CPOM and FPOM stating stocks were driven by certain aspects of the flow
regime (i.e. magnitude, frequency, timing, duration, variability), and whether
these effects varied among riparian land cover types.

3. The fouryear study period captured significant seasonal and imeahn
variability in stream flow and temperature, including the wettest summer, the
wettest winter, and the warmest autumn in Wales over the last 100 years. Standing
stocks of CPOM and FPOM were linked with certain aspects of the flow regime,
showing signiicant reductions with increased magnitude and duration of high
flow events, with effects on FPOM being more pronounced overall. Despite these
effects, POM availability remained consistently higher in streams with
broadleaved riparian land cover than thadt@ either coniferous or opetanopy

moorland cover.

4. This study indicates that benthic POM, an important basal food resource in
headwater streams, could be sensitive to future intensification of the hydrological

cycle predicted under a warmer climate. Saduent reductions in the abundance
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and heterogeneity of detrital resources could have important indirect ecological
effects, for example by disrupting energy fluxes to higher trophic levels and
reducing ecosystem stabilityRiparian broadleaves, howeveamwuld play an
important role in supporting ecosystem stability by maintaining a greater
abundance of detrital resources than both conifer plantation andcapepy
moorland streams, even if regional rainfall exceeds the upper limits of future

climate progctions.

2.1Introduction

Climate changeoses one of the biggest threats to global biodiversity and ecosystem
functioning(IPCC 2014) A mong t he wofreshdalesareaaguallytiset e ms
most vulnerabléOrmerod 2009)with manyfreshwateorganismseing directlylinked

to thermal and hydrological regimes, maylimited dispersal, and often subjedtto

additional stressorthatexacerbate climatic effec(g/oodwardet al.2010)

Headwater streanecosystemg1%t to 2" order stream} are particularlysensitiveto
climate change due to their highirface to volume ratiand subsequent rapid response
to atmospheric temperature and precipitati@@omi et al. 2002; Caissie 2006)
Headwaters at higher latitudes and altitudes are already shdvénds towards
increasing discharge in wintéBirsan et al. 2005; Dixonet al. 2006; Hanntord and
Marsh 2006; Marsh and Dixon 2013hifts towards earlier spring snowmg@irmann

et al. 2015) and faster rates e¥arming(Hassaret al. 2005) Evidence of concomitant
biological responses in headwaters is also emerfngance and Ormerod 2007)
however the exact causes are rarely identif@ahill et al.2012)and are likely to arise
from a complex set of mechanistst include not only the direct physiological effects
on individual taxabut also indirect effects on organisms, processes and fun{dians
Durance and Ormerod 2010%iven the value of headwater streams as biodiversity
hotspots(Meyer et al. 2007; Finnet al. 2011) their widereaching effectsn terms of
water and organic matter supptyadjacent and downstream ecosystéWgpfli et al.
2007; Battinet al.2008) and t hei r v al UuRerkiasst al®@l@)the i n e |

need taunderstand how they could respond to current and future climate change is acute.

One of the mechanisms by which climate change cafittecosystem functioning in

headwaterss by altering theavailability of basalfood resourcesfor example by
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indirectly alteringthe amount andomposition of food resources that are retained and
subsequently made available for biological upt@Kerdonschot and van den Hoorn
2010; Kominoski and Rosemond 20,1@) bycausing phenological mismatches between
consumers and resourq@urantet al.2007) Like many ecosysten{®oliset al. 1997)
headwaters are fuelled by inputs of resources from outside their boundaries, as well as by
in situpri mary producti on. I n hetiaddw@t ar €, |t
composed of terrestrial detritus, namely leaf litter from riparian vegetationharelis
increafng evidence that its availability coub sensitive telimateinducedchangs in

stream flow and thermakgimes. For examplexpected warmer temperatures could
affect basal resources by altering the seasonality and timing of le@Dtgdutié et al.

2015; Sanper&albetet al. 2016)and accelerating biological processing rd@sacaet

al. 2015) Furthermorea number of studies have shown that leaf litter retention decreases
with increasing discharg&peakeret al. 1984; Websteet al. 1987; Pretty and Dobson
2004a; Koljoneret al.2012) and that the majority acinnual export occumduring storm
eventgWebsteret al. 1987; Johnsomt al.2006; D. C. Richardsoet al.2009; Eggeret

al. 2012) These effects, coupled with expected increases in litter breakdown under
warmer temperature@Gracaet al. 2015) suggestthat theseresources may become
depleted withprojectal intensification of the hydrological cycl@cufia and Tockner

2010; HeartsiHScalleyet al.2012)

Changes in resource availability are likelyhtave important consequences for energy
fluxesin stream ecostemsIin many ecosystems, the abundance, composition and timing
of basal resources are an important driver of food web structure, productivity and
dynamicqPoliset al.1997) In particular, @tritus isconsidered to play amportantrole

in providing a heterogeneous resource and habitat for a diverse set of orgdhismes

et al. 2004) often increasing food chain length and ecosystem stability ersisfence
(Rooneyet al.2006) There is a walth of evidence that demonstrates the importahce
detritusin subsidisingecipient food webi forestecheadwater streangs.g.Fisher and
Likens 1973; Benkeet al. 1984; Wallaceet al. 1999; Wallaceet al. 2015) and
increasingly so impen-canopystreamswhere detrital inputare comparatively loe.g.
Menninger and Palmer 2007; Leberfingénl.2011; Dekaet al.2012) The significane

of detritus in headwaters is even reflected he diversity of traits among aquatic
invertebrate response to théifferent forms and seasonality of detritusth somethat

6shredod | eaf l itter and othercoelthrhect arad |
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the smaller, more labile particles of organic mat@umminset al. 1989) With the aid

of microbes, these organisms play a key role in transferring the energy and nutrients
derivedfrom detritus to higher trophic levels. Changes in the availability of this resource
is thus likely to impact a wide range of organisnysdisrupting fluxes of energy that
extendfar beyond headwater boundari@¥ipfli et al. 2007; Richardsoret al. 2010;
Scharnwebeet al.2014; Jonssoat al.2015)

Predcted land use changes in response to altered climate patterns and growing
populations are likely to interact with climate impacts on basal resources in headwater
streams. Changes in land use are already altering detritus inputs to streams and rivers
worldwide (Kominoski and Rosemond 201Zjowever, dferent types of riparian land
cover (e.g. grassland, deciduous woodland, comifentation} are likely to interact
differently with climate fluctuationgKominoski and Rosemond 201Z5or example,
forested streamare known tduffer streamsagainst thermaBroadmeadovet al.2011;
Garneret al. 2015) and hydrological(Robinsonet al. 1991; Bradshawet al. 2007)
extremesjncreasedetritusretention through the presence of wq@ariss and Dobson
1997; Eggertet al. 2012) and supply greater quantities of detritus to streams by
comparison with openanopy, grasslanstreams(Benfield 1997) The effects of flow

and temperaturean also depend on otherd@rs that vary wh riparian land cover type

such as the type of detrital materjelooveret al. 2010)andthe leaf fall phenology of
riparian vegetatiorelative to theiming of high flows(Abelho and Graca 1996; Molinero

and Pozo 2004)Investigatingthe role of riparian land cover in regulating detritus
availability in streams would improve our understanding not only of the mechanisms that
underpin ecological responses to global climate and land use ¢banbgkso the potential

role of riparian maagement imitigatingthese effectéThomaset al. 2016)

Aims & Hypotheses

This study tested whether riparian land caxarld modify the effects of stream flow and
thermal variability on the availability of benthic particulate organic matter (POM), an
important detrital resource in headwater streams. To this rendthly variations in
benthic standing stocks of coarse aneé particulate organic matter (CPOM and FPOM,
hereafter)were measured over four years four pairs of headwater streamsth
contrasting ripariatand cover types in central Wales, U8pecifically, the following
predictionswveretested:
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(1) CPOM and FPM standing stocks would be reduced with increased magnitude,

duration and frequency of high flows;

(2) the relationship between POM standing stocks and stream flow regime would vary

with particle size (coarse, fine) and among riparian land cover types;

(3) despite the interaction between flow regime and riparian land cover type, CPOM and
FPOM standing stocks would be consistently greater in streams with broadleaved

woodland cover by comparison with streams with conifer and moorland cover

2.2 Methods

2.2.1 Study sies

The study was conducted in eighif & 39 order streamdocatedin the headwaters of
the Afon Tywi, within the Llyn BrianneStream Observatorin central Wales, UK

( 52 A8 06 N; Fydel B16seeDurance& Ormerod (2007) for full site detail3.
Regional climate is maritime and temperatean daily stream temperatures are between
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Figure 2.1. Map showing the locations of the eight streams surveyed as part of this study within
the LIyn Brianne Stream Observatorin central Wales, UKMajor river systems are labelled.

Images adapted froBdwardset al. (1990)andBroadmeadow and Nisb&002)
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0-16eC and annual me a n r @m (WWeatherley andsOrngenmg r o X
1990) The sites were chosen to encompassnatural gradients in land cover that occur
across upland catchments in the UK, and were categorised into four pairs actmrding
riparian land cover (defined here as the dominant vegetation within 10 m of the stream
bank): Boadleaved woodlan@l; site codes dG16anddG29), conifer plantatiorfCo; site
codesd.16andd.29, acidmoorland(AM; site codesiC16anddC49 andcircumneutral
moorland (CM site codesi 66 and d_7§. Although acid and circumneutral moorland
streams were similar in wider catchment land couparian land cover (and therefore
litter input (Isabelle Duranceynpublished datais distinct as a resulbf historical
reductions irlivestockratesat the circumneutral moorland sitgising riseto increased

cover of bracken with occasional mountain ash, willow and hawthakne riparian zones

of these catchmenta\ll study sites were located within 20 km of each other ensuring

that climatic conditions were similar throughout the study.

2.2.2 Stream flow and temperature conditions

Stream @scharge(m® s1) was recorded at 1&inute intervals abne of the study sites,

L1, over the duration of the studyetweenNovember 2010 an8eptember 204 (data
supplied by Natural Resource Wales; Station number 060S0589W) and was assumed to
reflect flow conditions for all sites and wider hyerimatic conditions. These
assumptions were supported by (i) lelegm obgrvations of stream flow at several
nearby catchments in mM/ales that show similarities in flow regimes, despite
differences in landcover (Conlan et al. 2007; Marc and Robinson 200and (ii)
comparisons between stream flow measured aridtegional rainfall datéFigures 2.3

and 2.4)

Stream temperature was recorded using Onset Hobo water temperature recorders (Pro v2)

at 15minute ntervals at all the sites, between November 2010 and March 2014.

Recorders were placed in the margins of the streams and encased in drainage bricks to

protect them from direct sunlight while allowing water throughput. Hobo loggers have a

stated accuracy @.2°C, and this was confirmed by testing the loggers®a énd 30°C

before deployment in the field. Since tisisidyis focused on trends and all sites were

highly correlated (all R>98.4% for daily émperature measure®mperature records

from L1 were retaineds representative for all sites. Since stream temperature records

were not available between March to September 2014, stream tempeliatamere

derived from the relationship between daily water temperature at L1 and daily water
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temperatue at the nearby site L2 using the linear relationship derived frornththe
previous year§l.1 Temperature= 0.911( 2 Temperature) 0.90% R? = 98.7%)

2.2.3 Benthic sampling and laboratory methods

Five replicate samples of benthic organic matte] were ctlected using aandomly
positionedHess sampler (area 0.707;rmesh aperture Bum; sampling depth 105

cm) at allsites approximately every8 weeksbetweerNovember 2010 an8eptember

2014 (n=36 sampling occasiondn the first year of the study, isgling was constrained

to one site per riparian land cover type. However, from October 2011 onwards, site
replication was increased to two sites per land cover §amples were preserved-on

site in70% industrial methylated spirfIMS; Fisher Scientific UK) and transported to

the laboratory for processing. All macroinvertebrates were separated from the leaf litter
and preserved in 70S. Leaf litter was thoroughly rinsed under tap water to remove
sediment and separated into fine (>0.5mm <2mm; FPOM)caarse (>2mm; CPOM)

size fractions using graduated sieyEsdeotts Ltd., UK). Both size fractions of leaf

litter wereair-driedat room temperature and weighed to the nearesty0.A%hfree dry

mass (AFDM) of all samples was estimated by combustisghbset 1(=160) of all
samples(n=1250) at 550°C for 5h in a muffle furnace, and applying sipecific
conversion factors to the airied mass. CPOM and FPOM were expressed in g AFDM

m2.

2.2.4 Statisticalanalysis

To determine how different aspects of theain flow and temperature regime affected
POM standing stock@lypothesis 1)linearmixed effects modellingvas usedo test the
individual effect of each of 15 candidate flow variables &nd candidateiemperature
variables (Table2.1) on CPOM and FPOMtanding stocks (while controlling fahe
effect of riparian land cover) using likelihood ratio tests with maximum likelihood
estimation(Zuuret al.2009) All flow variables were derived from ifsin discharge data
recorded at L1, and included ialrles that characterised the gnéude, variability,
frequency andiurationof flows over the 30 days prior to each sampling occasion (after
Clausen and Biggs 20Gihd Olden and Poff 2003Mean discharge for 0, 3, 7 and 14
days prior to each sampling occasiwerealso included to investigate whettike timing

of flow events were important in explaining variations in CPOM and FPOM. The two

temperature variables were derived from partially modelled daily mean, minimum and
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Table 2.1.Summary and definitions of the temperature and flow variables used to characterise

the antecedent conditions for each sampling occasion. Each variable representsidlge 30

antecedent temperature and flow conditions of each sampling occasion (extu@thgMa3d,

Ma7d and M14d, which represent thseampling day, 3 7-, and l4day antecedent flow

conditions of each sampling occasion, respectively). Flow categamigsabbreviationgfter
Clausen and Bigg&000) abbreviations afteblden and Poft2003)

Category Variable (unit) Abbreviation Definition
Average flow Mean discharge MaQ50, Mn0d, Median (Q50)xischarge and
magnitude (m®s?) Ma-3, Ma-7, mean discharge of the/3-/14-
Ma-14, Ma-30  /30-day antecedent flow recor
Magnitude of Low flow MLQ95 Discharge equalled or
low flows discharge (ris?) exceeded in 95% (Q9%5) the
30-day antecederitow record
Magnitude of High flow MnQ5 Discharge equalled or
high flows discharge (fhs?) exceeded in 5% (Q5) of t138-
day antecederitow recad
Intensity of high Mean high peak IxQ5, IhQ10, Mean discharge during high
flows flow (m?s?) IHQ25 flows above an upper thresho
(thresholds = longerm Q5,
Q10, Q25)
Flow variability —Coefficient of MaCV Standard deviation &0-day
variation (%) antecedent flovmean30-day
antecedent flow
Frequency of High flood pulse  FnQ25 Number of occurrences during
high flows count (integer) which the magnitude of flow
remains above an upper
threshold (threshold long-
term Q29
Duration of high High flow DHQ5,D1Q10,  Number of days during which
flows duration (days) DnQ25 the magnitude of flow remains

Average
temperature
magnitude

Temperature
variability

Mean temperature MaT

(eC)

Daily temperature MaATR

amplitud

above an upper threshold
(thresholds = longerm Q5,

Q10, Q25)

Mean stream water temperatL
of the30-day antecedent
temperature record

Mean daily stream water
temperature range of the-30
day antecedent temperature
record
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maximum stream temperature for L1 (see Sed@i@rR), and included the magnitude of
meandaily stream temperature and mean daily stream temperature amplitud® éaiter

et al.2009)over the 30 days prior to each sampling occasion.

To determine how riparian land cover affected POM standing stocks (Hypothesis 2)
whetherthe effects of stream flow and/or temperature on POM standing stocks depended
on riparian land cover (Hypothesis 3), one of each of the candidate flow and temperature
variables that explained the most variation in POM standing stweks selected to
include in a global model, which waseh refined using a backwards selection procedure.
First, the flow and temperature variables were selected based on the initial models (from
Hypothesis 1) that gave the lowest Akaike Information Criterion (AIC). Setlomtbast
parsimonious model (Fixed effects: Riparian land cover type (LC); Temperature (T);
Flow (F); and all tweand threeway interactionsyvas fitted then nomsignificant terms

were sequentially removed following a backwards selection procedure, isglébe
models with the lowest Akaike Information Criterion (AIC) in each case until only

significant terms remaineuur et al. 2009) Each model al so inc
6sampling occasiond as a nest étrcorrelatidno m e f
of repeated samples within sites and within sampling occadiome ynal opt i ma

were thenre-fitted using restricted maximum likelihood (REMLgstimation and
validated by visual inspection of the distribution of the standardesduals versus the
fitted values and versus each explanatory variable, and of the distribution of the random
effects(Zuuret al.2009) Where necessary, response and explanatoigbles were log

or log+1 transformed prior to analysistomogenise variances. Atlixed models were

fitted using the Ime function in thenlme package(Pinheiro et al. 2013) in R (R

Development Core Team. 2016)

2.3 Results

2.3.1 Stream flow andemperature variation

Over the fowyear study period, streadischarge at L1 ranged between 0.001 and 4.080
m® st with an overall median of 0.120°s? (Figure 2.2a), while stream t@perature
ranged between 0 and 18.68C wi t h a 8.3feCGFiguen2.2bp Seasonal
anomalies in stream flogFigure2.3b) andtemperatur¢Figure2.3d) at L1 over the study
period were similar to regional rainfall (Figu2e3a) and air temperaturgFigure 2.3c)
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patternsrespectivelywhichin turn reflected histacal interannual (Figure2.3e, f)and
seasonafFigures2.4a, b variability. Years 1 and 3 were relativatpld anddry, while
Years 2 and 4 were relativalyarm andwet (Figures2.3e, f). The two wet years notably
includedthe warmest autumnygar 2),the wettest summergar 2) and thevettest

winter (Year 4) in Wales in the 1a$00 years (Figure3.4a, ).

(@)
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2011 2012 2013 2014
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Figure 2.2 (a) 15minute water discharge fg') and (b) mean daily stream water temperature

(°C) recorded at study site L1 duritige study period October 2010 to September 2014. Dashed
line and shaded band, respectively, depict the overall mean and range of stream flows under which
organic matter sampling took place. Discharge data provided by Natural Resources Wales (©

Natural Resarces Wales and database right). Temperature data provided by Isabelle Durance.
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Figure 2.3. Climatic anomalies over the period 192014 at the regional (Wales, UK) and local
(study site L1, Llyn Brianne Stream Observatory, WMidles, UK) scale. Figurea-d show
seasonal anomalies in (a) regional rainfall, (b) local stream flow, (c) regional air temperature and
(d) local stream temperature, respectively, during the study period October 2010 to September
2014 (corresponding to the shaded areas in (e)fgn&éasonal anomalies represeiffierences
in average seasonal temperature, rainfall or dischémga 19962010 average Seasonal
average are calculated using data over-an8nth period for Autumn (A; SePct-Nov), Winter
(W; DecJanrFeb, Spring (S Mar-Apr-May) and Summer (SJunJulAug). Figurese-f show
annual (=OctobeBeptember) anomalies in regiong) (ainfall and {) air temperature during
19102014. Blue and red dotted lines denote maximum and minimum values, respectively. Black
dottedline denotes moving average {§€ar). Regional rainfall and air temperature data provided
by © UK Meteorological Office; L1 stream flow data provided by Natural Resources Wales; L1
stream temperatudataprovided by Isabelle Durance.
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2.3.2 Effects of flow and temperature regimen CPOMand FPOM

standing stocks

CPOM dominated the benthic POM pool in siles throughout the study period, with
values ranging between 0.02 and 428.10 g AFDRaverall mean = 15.17 g AFDMm
2) while FPOM ranged between 0.04 and 49.89 g AFDNI(averall mean = 2.85 g
AFDM m™) (Figure 2.5).CPOM standing stocks were moreriable both within and

between sampling occasions by comparison with FPOM (Figure 2.5).

CPOM was significantlynegativelyassociated with a number die candidateflow
variablesmostlythosedescribinghighflows (Table 2.2). Of the candidate flow variables
considered, flow variability best explained variations in CPOM, as indicated by the
steepest regression slope and the greatest reduction in model AIC valuescredlsed

flow variability being signifiantly associated with reductions in CPOBPOMwas also
significantly reduced with increased flow maxima and with increased magnitude and
duration ofhigh flows Variations in CPOMhoweverwere notsignificantlyassociated

with the frequency of high flovevents CPOM was not significantly associated with
magnitude of low or median flow#ow minima, or with mean discharge on the day of
sampling. CPOM was weakly associated with mean dischargéooger (730 day) time

scales but wassignificantly assoated withmean discharge over the 3 days prior to
sampling. CPOM standing stocks were not significantly associated with the magnitude of
mean daily temperatures or mean daily temperature amplitudes. Mean daily temperature
did not significantly reduce motle f i t ( Al C <2) , and was t|!
analyses along with flow variability to test for possible interactions with riparian land

cover.

FPOM was significantly negatively associated with most of the candidate flow variables
that described hig flows, with these effects being more pronounced overall by
comparison with effects on CPOM, as indicated by the steeper regression slopes in all
cases (Table 2.2). While CPOM was more closely associated with flow variability,
variations in FPOM were besiplained by the magnitude of high flowsith greater
magnitudes of high flows being significantly associated with reductions in FPOM
standing stocksSimilar effects were also observed with increased duration of high flows,
flow maxima and with increadamean flows on the day of sampling and at longetq(3
30-day) time scalesFPOM standing stocks were also reduced with increéised
variability and with increased magnitude of low and median flows, though these effects
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Figure 25. Temporal variation of benthic particulate organic mat®§; expressed in grams

ashfreedry mass mi = 1 S.E.)in the eight study siteduring the study periofNovember 2010

to September 20)4Black circles = coarse benthic particulate organic mg@®OM), open

circles = fine benthic particulate organic mati?OM). Site codes and corresponding land cover

types: G1 and G2 =rbadleaved woodland.1 and L2 =conifer plantationC1 and C4 =acid

moorland L6 and L7 =circumneutral moorlandNote diference in axiscale for broadleaf sites.
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wereweak FPOM standing stocks were not significantly associated with the frequency

of high flow events or with flow minima. FPOM standing stocks were not significantly

associated with the magnitude of meanydémperatures or mean daily temperature

amplitudes.

Me an

dai |y

temperature

di

d

and was used in subsequent analyses along with high flow magnitude to test for possible

interactions with riparian land cover.

Table 2.2.Change in AIC values following addition of each candidate flow and temperature

variable to the basic mixed effects model. Variables showing a significant relationship (P<0.05)

with POM standing stocks and resulting in a significant improvementano d e I f-2)t ( &
are highlighted in bold.
Variable CPOM FPOM

Slope| SE |aAIC | L P Slope| SE |aAIC | L P
Ma-0 -0.180.11| -0.3 | 2.35|0.1252| | -0.36|0.14| -45 | 6.51 | 0.0107
Ma-3 -0.25|0.08| -6.0 | 8.02 | 0.0046| | -0.28|0.11| -4.0 | 5.98 | 0.0145
Ma-7 -0.19|0.09| -2.2 | 422 |0.0399| | -0.30|0.11| -45 | 6.55|0.0105
Ma-14 -0.21|0.09| -25 | 449 |0.0341| | -0.34|0.11| -5.8 | 7.82 | 0.0052
Ma-30 -0.26 | 0.13| -2.1 | 4.08 | 0.0434| | -0.47|0.15| -6.7 | 8.70 | 0.0032
MuMAX | -0.25] 0.07| -9.4 | 11.43| 0.0007| | -0.28|0.09| -6.2 | 8.22 | 0.0041
M/ MIN | 0.10 |0.20] 1.0 | 0.96 | 0.3272| | -0.01|0.12| 2.0 | 0.02 | 0.8984
MaQ50 |-0.10/0.14| 15 | 0.53|0.4662| | -0.35|0.17| -2.2 | 4.21 | 0.0402
M Q95 |-0.06(0.15| 1.9 | 0.14|0.7126| | -0.40|0.18| -2.5 | 4.52 | 0.0336
MuQ5 -0.30|0.10| -6.8 | 8.79 | 0.0030| | -0.41|0.12| -8.6 | 10.64| 0.0011
FnQ25 |-0.13(0.12| 0.8 | 1.18|0.2779 | -0.16|0.16| 1.0 | 1.01|0.3145
DnQ25 |-0.16|0.07| -2.7 | 4.66 | 0.0309| | -0.23|0.09| -3.9 | 5.95 | 0.0147
DnhQ10 | -0.20|0.07| -4.6 | 6.60 | 0.0102| | -0.29|0.09| -7.0 | 9.02 | 0.0027
DHQ5 -0.27|0.09| -6.2 | 8.21 | 0.0042| | -0.39|0.11| -9.0 | 11.00| 0.0009
MaCV -0.49|0.13| -10.4 | 12.38| 0.0004| | -0.38| 0.18| -2.0 | 4.03 | 0.0447
TMEAN 0.01 {0.03| 1.9 | 0.11|0.7395 | 0.04 |0.03| 0.5 | 1.52 |0.2173
TRANGE 0.04 |0.14| 19 | 0.07|0.7962| | 0.18 | 0.17| 0.9 | 1.08 | 0.2982
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2.3.3 Effects of ripaian land cover on CPOMand FPOM standing stocks

The model selection procedure showed that variations in CPOM and FPOM standing
stocks were mostly explained bijfferences in ripariatand cover (Figures 2.6a awd
respectivelyand flow regime (Figures 2.6b andrdspectively)BothCPOM and FPOM
starding stockswere consistently greaten broadleaf siteslower in circumneutral

moorland sites, and intermediate in acid moorland and coniferlgsitesncordance with
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Figure 2.6. Estimated slopes and 95% confidemdervalsfor the optimal mixeeffects models

for log-transformed coarse (a, b) and fine (c, d) particulate organic n@@@&®@M and FPOM,
respectivelystanding stock data versus riparian land cover and an explanatory flow variable (CV
= monthly coefficient of variation of stream diggge at study site L1; Q5 = monthly stream
discharge exceeded 5% of the time at study site L1).
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the initial analyses (Table 2.2), CPOM and FPOM standing stocks were significantly
reduced with increased flow variability and high flow magnitude, respegtiViee effect

of flow on CPOM and FPOM did not vary with riparian land cover type (CPOM:
2.59,df = 3,p = 0.46; FPOM.L = 6.73,df = 3, p = 0.08) or temperature (CPOM:=
0.55,df=1,p=0.46; FPOML = 2.73,df = 1,p = 0.10). Temperature had no significant
effect on CPOMI( = 0.30,df = 1,p = 0.58) or FPOMI( = 0.28,df = 1, p = 0.60), and

this relationship did not vary with riparian land cover type (CPQM:7.92,df=3,p=

0.05; FPOML = 0.98,df = 3,p = 0.80)

2.4 Discussion

2.4.1 Summary

Over the fowyear period of this study, stream flow and temperature were highly variable
within and between years, reflecting letggm intra and interannual variability. Both
CPOM and FPOM standing stocks were negatively assdaiate a number of different
aspects of the flow regime, mostly those describing the magnitude and duration of high
flows, whereas the frequency of high flows had no significant effect on either CPOM or
FPOM. FPOM, however, appeared to show stronger adgots with most of the flow
variables considered helog comparison with CPOM. Overall, CPOM was most strongly
correlated with flow variability, whereas FPOM was most strongly correlated with high
flow magnitude, with increases in these variables beisgpciated with significant
reductions in CPOM and FPOM standing stocks, respectively. Neither CPOM nor FPOM
were significantly associated with stream temperature regimes. While the effects of flow
and temperature on CPOM and FPOM were consistent acrogpaaian land cover
types, streams withroadleafriparian land covesupported consistently greater standing

stocks of benthic PONhan those witleithermoorlandor coniferous riparian land cover.

2.4.2 Caveats

Before exploring the potential explanations foe results observed in this study, some
caveats must be considered. The flow variables used to assess relationships with POM
standing stocks were derived from stream discharge data from only one of the study sites,
L1, which was used as a proxy for alksitsince data were unavailable for the remaining
sites. L1landcoveris dominantly composed of conifdis2%)of mixed aged stands and

is the largest of the eight catchments used in this sitfgrences in flow regimamong
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catchments mediated by land cover and catchment aredopadraphy could exist,
however, for example through differences in evapotranspiration and runoff rates. Existing
long-term data from the nearby Plynlimon catchmgi®ebinson and Dupeyrat 2005;

Marc and Robinson 200Tas shown that, while differences may exist in the flow regime
between conifer forest and unforested moorland catchments, these differences are not
consistent through time, and the contrasting effects that forestry practicesingf fel
(increase) and rgrowth (decrease) have on baseflow and peak flow make the overall
effects of forestry on stream flow regimes difficult to predict (butGiesgppell and Tych

2012) Nisbet(2005)suggestd, howevert hat t he current Opatchy
on catchment conifgrlantations means that differences may be minimal. Among wooded
catchments, broadleaved catchments may be less variable than conifer catchments due to
relatively higher evapotrespiration rates in broadleavéRustet al. 2014) This could

partially explain why broadleaf catchments supported greater POM standing stocks than

other land covetypes, howeveit was not possible to test thdgrectly.

2.4.3 Effects of stream flowmndthermal regimes on CPOMNd FPOM

standing stocks

The datapresented in b studyshow that stream dischargeeasuredt the local scale
reflected regional rainfall pattermserthe fouryearstudy periodFigure 2.3. To place

the study in distorical climaic context, the fouyearperiod reflected longerm intra
andinter-annual climatic variability and was characterised by two relatively warm and
wet years, and two relatively cold and dry ye@gure 2.3) Notably, this study also
capturedhewarmest autumn, the wettest summer and the wettest wirttex negionn

the last 100 year@~igure 2.4) Current climate change projections for the UK predict
warmer, wetter winters, along with warmer, drier summ@isirphy et al. 2009)
Specifically in Wales, by the 2080sieanwinter rainfall may change by4% to +17%,
while meansummerrainfall is estimated to change b23% to+14% (Murphy et al.
2009) These projections are likely tanslate into major changessimeantlow regimes,

with increased winter discharges, reduced summer flows,asesein flood frequency
and magnitudeand increases in overall variability (eAynell 2011; Prudhommet al.
2012) During the course of this study; win
casebd proj ect Bpemmompassingsaoange of climatie nditiangas
possibleto as®ss the implicationsof potential future climatic changes for POM

availability in different types of headwater streams.
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Numerous experimental field studies have shown that as stream discharge increases,
POM transport increas€®/ebsteret al. 1987; Thomagt al. 2001)and itsretentionon

the stream bedecreaseg§Speakeret al. 1984; Websteet al. 1987; Pretty and Dobson
2004a; Koljoneret al. 2012)since particles are more likely to be kepsirspensiorat

higher flow rates. The consequences for benthic stocks of POM over lpageual
timescales, howevehaveremaired unclear.For exampleMolla et al. (2006)found a
positive relationship betaen stream discharge and benthic POM standing stocks, likely
because as discharge increasses, es the wetted perimeter and therefdhe
incorporation of leaf litter deposited on the stream banks or riparian zone increases
Meanwhile, some studies haf@ind no strong relationship with stream flow at all (e.qg.
Wanneret al.2002) This study found that both CPOM and FPOM standing stocks were
significantly correlated with certain aspects of the antecederdg@0flow conditions.
Specifically, CPOM and FPOM standing stocks were significantly reduced with
increased magtude and dtation of high flows, with effects on FPOM being more
pronounced by comparison with CPOBtronger effects on FPOM are likely due to
smaller particles being more likely to besiespended and transported downstream than
larger particles with increased flonates(Speakeset d. 1984) Contraryto predictions,
however, neither CPOM nor FPOM were significantly reduced with increased frequency
of high flow events. In addition, increased temperature did not appear to reduce CPOM
or FPOM stocks, as might be expected as a re$uiltcreased breakdown of POM at
warmer temperaturg$sracaet al. 2015)and subsequent increases in FPOM generation
and transport. These results indicate that single, highsityainfall events, as well as
persistent (multday) events, can deplete CPOM and, to an even greater extent, FPOM
standing stocks in headwater streams. Meanwhile, the frequency of events alone does not
appear to explain reductions in CPOM or FPOM stapsdtocks. Furthermore, the effects

of higher flows appear to exceed any effects of temperature on POM dynamics in these
streamgqAcufia and Tockner 2010; Gragnal.2015)

2.4.4 Effects of riparian land cover

The negative relationships that weresetved between high flows and standing stocks of
CPOM and FPOM were consistent across broadleaf, corafedt both acid and
circumneutral moorland streams. This result could be expected for fine particles of OM,
since the physical size and structure of paeticles are more similar across land cover

types and would therefore be expected to have similar suspension/deposition dynamics in
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response to changes in flow conditions. The consistent effects of flow on different types
of CPOM, however, were unexpedtor several reasons. Firstly, the overall quantity of
leaf litter (i.e. CPOM)inputs is often higher in broadleaf streams by comparison with
coniferor grasslanastreamsI§abelle Durancaunpublished dataCampbellet al. 1992,
Delong and Brusven 1994This suggests that more leaf litter would be available to
replenish CPOM stocks following highoflv events in broadleaved streams, and thus the
effects of high flows on CPOMtocks in these streams would be comparably weaker.
Secondly, previous studies have shown that thstream retention of these inputs
depend®nthe structure of the leaf littéiself, with some types of leaf littdseingmore

easily retained on the stream ltbdn othersFor example,drge deciduous leaves are
oftenmore easily retained than smaller, less flexible types such as conifer {Eeetbs

and Dobson 2004a; Quinet al. 2007; Cordovaet al. 2008; Hooveret al. 2010)
Coniferous streams would therefore be expected to show greater reductions in CPOM
standingstocks n response to high flows by comparison with broadleaved streams.
Thirdly, although few studies have investigated the retention of grass litter in non
forested, opeganopy streams, moorland streams would be expected to retain less CPOM
than broadleaved aroniferous streams during increased flows due to the absence of
woody material, which providefficient retentbn structures irstreams (e.gBilby and
Likens 1980; Cariss and Dobson 1997; Molinero and Pozo Zbofdertet al. 2012)
Althoughthe amount ofvood inthe benthic samplew/ere not measuredirectly, field
observations indicated a higher abundasfagoody material stored in the broadleaf sites

by comparison with other land use types. That CPsviding stocks did not show land
coverspecific responses to high flows in this study could therefore have resulted from
the aforementioned differences in flow regimes that may have existed #mediferent

land cover types, the effects of whjd¢towe\er, were overlooked in this study.

Although the results presented hetggest thait regardless of riparian larmbver type

i POM availability in headwater streams are sensitive to increased magnitude and
duration of high flowsthey showed that streamsitv broadleaved riparian land cover
supportectonsistently greater standing stocks of both CPOM and FPOM than conifer and
moorland streams. These differenees consistent with those observed previously (e.qg.
Cariss and Dobson 199ind likely reflect the influerecof different riparian vegetation
types on the overall quantity of leaf litter supplies to theseamglsabelle Durance

unpublished data Broadleaved streams typically receiveager inputs of CPOM in the
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form of leaf litter by comparison with coeif and moorland streanflart et al. 2013
IsabelleDuranceunpublished data Furthermore, the higher abundance of CPOM could
also support a greater abundance of-&aedding detritivoregWallaceet al. 1997)
which in turn generate larger quantities of FPQRithardson 1991; Eggest al.2012)

By contrast, inputs of conifer needledagrasses to these streams are comparably low
(Isabelle Duranceunpublished dafaand, coupled with acidic conditions (at least in the
conifer and acid moorland sidesrelikely broken down into FPOM at lower ratbyg
comparison witheaf litter in broaleavedstreams(Webster and Benfield 19867 his
suggests that riparian land cover plays a significalet in regulating POM availability

in streams despite significant inti@nd interannual climatic variability.

1.4.1 Conclusions

Headwater streamare vulnerable to a range ehvironmentalpressures, including
climate changethrough changes in temperature gmdcipitation pattern@Birsanet al.

2005; Orret al.2008; Hannaford and Buys 2012; Hannaford 2@t&) land usand land
coverchange(Reedet al. 2009) This study indicates that benthic POM, an important
basal food resource in headwater streams, could be setsiticeeases in the magnitude
and duration of high flow events predicted under future climate change. Climdatzed
reductions in the abundance and heterogeneity (via greater reductions in FPOM relative
to CPOM) of benthic POM could have important indirecological effects, for example

by disrupting energy fluxes to higher trophic levels and reducing ecosystem stability
(Moore et al. 2004; Rooneyet al. 2006) This study showed, however, tha@parian
broadleaves could play an important role in mtiigg these effects by maintaining a

greater abundance of detrital resources than both conifer plantation ardaopgry

moorl and streams, evencawheh pradjndctlilo resx.c

35



CHAPTER 3: Tracing the effects of riparian land cover and climate on

the quantity, quality and origin of suspended particulate organic matter

in headwater streams

3.0Summary

1.

Headwater streams are arguably the most intimately connected with the landscape,
and, as such,lay a particularly important role in the processing and transport of
organic matter within river systenfsorecasted increases in high and/or low flows in
Northwest Europgas wetter winters and drier summers are predicted to become more
common, have thegtential to alter the amount, composition and timinguspended

organic mattefsestonjn streams.

. This study aims to determine how riparian land cover and hgldratic variability

could alter the amount, quality and origin of stream sestdmeadwater streams.
Specifically, it tests whether i) concentrations and composition of seston differ among
riparian land cover types, and ii) during higher flows, seston concentrations increase
to reflect higher terrestrial inputs from the wetted perimeter

To this end, monthly variations in fine and coarse fractions of suspended particulate
organic matter (POM) were measured and isotopically analysed over four years in
four headwater streams that differed in riparian land cover type (broadleaf woodland,
conifer forest, acid moorland, circumneutral moorland) in Wales, UK.

This study showed that, contrary to expectations, concentrations of CPOM and FPOM
in streams were remarkably similar across the different riparian land cover types, with
only the coarse &ctions of POM concentrations being marginally higher in the
broadleaf site. It also revealed that increased discharge was linked to a decrease in
FPOM, and to a lesser degree CP@bhsistent with an increased total exp@rhile
isotopic analyses weradonclusive, the element@larbon:Nitrogen €:N) ratio of

FPOM suggested a proportionately greater export of C from broadleaf catchments by
comparison with those draining conifer or moorland

This work suggests that higher sampling frequencies over lamggoral and spatial
scales are needed for stronger inference of the effects of riparian land cover and

stream discharge on POM concentrations

36



3.1Introduction

Freshwater ecosystems are highly connected with their surroundings through exchanges
of energy andnatter. Annuallyfreshwaters are estimated to receive 2.9 Pg of organic
carbon from the terrestrial environment, of whidd0% isbiologically processed and
transformed into Cg) ~20% is buried in sediments and ~30% is transported to the sea
(Tranvik et al.2009) Indeed, inputs of organic matter originating from terrestrial primary
production can greatly exceed those that are produced within freshwaerselves
(Fisher and Likens 1973Consequently, by storing, transformjrand transporting vast
quantities of terrestrialbgerived organic matter, freshwaters are often considengdyo

vital roles, not only as important linkages between land and sea, but also as major
contributors to the global carbon cy¢{@oleet al.2007; Battinet al.2008; Tranviket al.

2009)

Within freshwater systems, headwater streams are arguablymdst intimately
connected with the landscape, forming dense networks and often making up the majority
of total river length(Leopold et al. 1964) As such, headwatemplay a particularly
important role in the processing and transport of organic matter within river systems.
While some of this organic matter is produced within the stream itsel&pigtic plants,
algae microbes)the majority is geerally considered to be of terrestrial origifannote

et al. 1980) primarily through inputs olfeaf litter from riparian vegetatignas well as
other forms such as woody debris, saild dissolved organic carb@@ummins 1974)
These sources of organicatter provide the energetic basis of stream food webs, and,
when transported downstream, provide an important subsidy for food webs in lower
reaches of the river netwo(iéomiet al.2002; Wipfli et al.2007)

Many studies have demonstrated thersg influence that variations in the quantity and
quality of terrestrial organic matter inputen have on the structure, function and
productivity of stream communitie@Polis et al. 1997; Richardsoret al. 2010) For
example, reduced inputs of leaf litter can lead to reductions in aquatic invertebrate
production(Wallaceet al. 1997; Wallaceet al. 1999; England and Rosemond 2Q04)
whilst a change in composition can alter the quality of leaf litter entering st{emmgt

al. 2013) and subsequently the rate at which these resources are broken down and
assimilated into animal bioma@Hladyz et al. 2009; Cothraret al. 2014) Theseeffects

occur not only locallyithin streams, but caalso propagatdownstreanvia the export

of organic materialwhich subsidisefood webs in larger river@Vipfli et al.2007) and
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into the terrestrial environment in the form of emerging adult aquatic insects
(Scharnwebeet al. 2014; Stenrotlet al. 2015) Changes in the supply ¢érrestrial
organic matter to headwater streams could thereforefhaveaching consequences by
altering fluxes of energy and matter from the organismal level through to the landscape
level (Gomiet al.2002; Richardsoet al.2010; Marcarellet al.2011)

Inputs of terrestrial organic matter to streams vary according to catchment vegetation
cover and through time. For example, the extent and species composition of terrestrial
vegetation cover directly influences the amount, quality and phenology of leahliites i

to streamgAbelho 2001) Simultaneously, terrestrial vegetation alters the availability of
light and nutrients to streams, with consequences for aquatic primary prodtiticet

al. 1995; Sweenewt al. 2004; Menninger and Palmer 200Mereby enhancing the
potential effects of land use on stream communitiesgland and Rosemond 2004;
Kiffney et al. 2004) Increasingly, human modifications to the landscémough land
management practices such as plantation forestry and agricultural food production are
changing the vegetative cover of catchments worldw{iglennium Ecosystem
Assessment 2005Among many other stressors linked with land use change, these
changes are having marked effects on the amount and composition of organic matter
resources that headwaters igeeand expor{e.g.Lu et al. 2014; Valielaet al. 2014;
Imbergeret al.2014)

Temporal variations in terrestrial organic matter inputs to streams include seasonal
variations in leaf litter inputs (e.g. autumnal leaf fall) and the influence of climatic
variation over different timescaleSor example rainfall events increase lateral transport

of terrestrial organic matter to streams via surface runoff and through the incorporation
of bankside material as stream flow and wetted perinmetezasegMaridetet al. 1995;
Naiman and Décamps 1997; Hatt al. 2013) Climate predictions suggest that high
and/or low flows may become more frequent in Northvig@sbpe as wetter winters and
drier summers are predicted to become more common, particularly in upland regions
(Dixon et al. 2006; Hannaford and Marsh 2008; Biggs and Atkinson 2011; Hannaford
and Buys 2012)with corresponding implications for organic matter dynamics in
headwater streamélank et al. 2010; Kominoski and Rosemond 201Z}limatic
variations, whether natural or anthropogenic, therefore have the potential to alter the

amount, composition artdming of organic matter in streams.
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Over recent decades, stable isotopes and elemental stoichiometry have been increasingly
used in freshwater ecological studies as tools to trace energetic linkages across terrestrial
aquatic boundaries, and the facttnat could modify thenfFinlay 2001 Grey 2006;
Laymanet al.2012) These include the effects of catchment land use modificgiums

et al.1999; Valielaet al.2014; Imbergeet al.2014)and hydrologyAtkinsonet al.2009;

Frostet al.2009; Hlagz et al.2012) The stable carbon isotoetiC) signature of bulk

organic matter in streams, which is often a mixture of amorphnaierial, can give an
indication of the relative importance of terrestrial and aquatic sources of organic carbon
contributing to streamsyhere source signatures are isotopically distiPcucettet al.

1996; Finlay and Kendall 200ata for stale nitrogen isotopesit°™N) of organic matter
resources, on the other hand, are lackiPgpochet al.2012) but may provide a useful
baseline for understanding t hleNsignataoresafbi | i
consumers, therebyipr ovi ng t he PNdyramigstoedetermine @mergyo f
pathwaysin food web studieg(Papoch et al. 2012) Meanwhile, theelemental
composition (e.g. ratios of essential elements such as C:N) of resources, in addition to
providing information on the nutritional quality of resources for consugstesner and

Elser 2002; Crosst al. 2005) canalso provide a useful indicator of their origsince
terrestrial sources generally have higher C:N ratiosivel#o aquatic sourcgfRostadet

al. 1997; Kendalkt al.2001; Crost al.2005)

Investigating the factors that influence the quantity, quality and dynamics of key basal
resources could help improve understandinthefenergetic processes that underpin the
responses oindividual organisms, food webs and whole ecosystems to changes in
catchment land use and climafRichardsonet al. 2010; Marcarelliet al. 2011,
Kominoski and Rosemond 201Furthermore, such investigations could also increase
understanding of the role that riparian restoration could play in supporting stream
communities and functions, for example through efforts to enhance the availability and
diversity of basal resources available to support stream commu(iiitieshaset al.2016
Chapter % Few studies, however, havextended over timeates sufficient to
characterise temporal variationgheorigin, quality and fate of organic matter in streams
across a range of land cover types. Such studies have the poteatialmamot only
stronger inference of the effects of riparian land cover on organic matter resources in

streams, but could alsgllow an assessment of the potential impacts of hgtinoatic
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change and associated shifts in flow regimes on the fate of orgatiar in streams (see
Frostet al.2009; Atkinsoret al.2009; Hladyzet al.2012.

Aims & Hypotheses

This study aims to determine how riparian land cover and kgldratic variability could

alter the amount, quality and origin of stream seston in headwater stridamihly
variations in fine and coarse fractions of suspendecpkate organic mattes(ispended
FPOM and CPOM, respectively) were measured over four years in four headwater
streams that differed in riparian land cover type (broadleaf woodland, conifer forest, acid
moorland,and circumneutral moorland) in central WaJeUK. These land cover types
were chosen to represent the broad contrasts in riparian characteristics that dominate
many headwater streams in the UK uplafidis National Ecosystem Assessment 2011)
Stable C and N isotopic signatures and elemental composition of the seston were
measured and an attempt made to identify the origin (terrestrial or aquatitlldweng
predictions were tested:

(1) Concentrations asuspende€POM and FPOM differ among riparian land cover
types, being greatest in broadleaf streams by comparison with conifer and

moorland streams.

(2) The isotopic and elemental compositionsoe$pende€POM and FPOM differ
between riparian land cover types, reflecting differences in the composition and

dominance of different sources of organic matter.

(3) During higher flowssuspende@€POM and FPOM concentrations will increase,
and isotopic and elemental cpositions will more closely resemble terrestrial

sources of organic matter.

3.2Methods

3.2.1 Study sites

The study was conducted fiour 2" to 39 order streamsselected from a wider pool of

eight streams surveyed in another study (Chaptelo@tedwithin the Llyn Brianne

experimental catchments in central Wales, UKg(re 2.). Each of the four sites
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representea distinct riparian land cover type (defined here as the dominant vegetation
within 10 m of the stream bankgpical of the UK uplandsBroadleaed woodlandBr;

site codedz19, conifer plantatior(Co; site codeél 19, acid moorland(AM; site code
@49 and circumneutral moorlan€i; site coded.69. All four streams were within ~

10 km of each other ensuring that climatic conditions were sithitaughout the study.
3.2.2 Stream flow and temperatumeasurements

Mean dailystreamdischargeand temperaturealues were calculated for each sampling
date using 1®ninute dataderived fromone of the study sitessife code L1;details
provided in Chapter 2and were useith subsequent data analysesepresent flovand
temperatureconditions (Sections 3.2.5 and 3.2.6, belowhe stream flow and
temperature data derived from L1 wassumed to refletioth local andegionalclimatic
conditions based omnearby long-term observations and comparisons with regional

rainfall and temperature data (ChafgFigure2.3).

3.2.3 Seston sample collection and processing

Three replicate samples of suspended particulate mattes collectedrom each site
every 48 weeks betweenNovember 2010 andseptember 201 (n=36 sampling
occasions Fine and coarse suspended particulate matere sampled by filtering
known volumes (range=3800 L, mean=142.6 L) of stream water through a stacked pair
of 10um (fine) and 1mm (coarse)ash filters. Care was taken not testespend benthic
particles during sample collection. All samples wstered at ~4°C upon collection,
returned to the laboratory, and frozen withint24f collection to minimise changes in
composition due to microbialctivity (Wallaceet al.2006) Ashfree drymass (AFDM)

of all suspendedrPOM sampleswas estimated by combustingsabset (=92 of all
samples(n=417) at 550°C for 5h in a muffle furnace, and applying -specific
conversionfactors to the freezdried massAFDM of suspended CPOM samples was
estimated using conversion factors deriveohf combusted benthic CPOM samples
(Chapter 2).SuspendefPOM and CPOM concentrations (mg)lwere then calculated

by dividing the estimated total AFDM of each sample by the numbléred of stream
water filtered. There was negligible variation betwehe three replicates at each time
point, and so they were pooled, allowing simpler models to be fitted during the data

analysis $ection3.2.5, below).
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3.2.4 Stable isotope and elemental analysisse$ton and potential sources

Stableisotopeand elementanalysis ofC and Nof suspende@OMandpotential sources

was used tassess whether tioer i g i n¥Q uashNsigiatiires) and quality (using

C:N ratios)of suspended POMaried between different land cover types amwugh

time. Suspended POMampes were freezdried at-20 °C for 4872 h and weighed to

the nearest 0.0001g on an analytical balance, before being ground, homogenised and sub
sampled (3ng +0.3mg) for analysis of elemental (C,B)nd st ab IR, PNjiot opi
composition on a masspectrometer Yniversity of California Davis Stable Isotope
Facility). To allow the origin of seston to be determined, stable isotopic data of potential
sources of organic matter collected from each of the sites duringZ2dd/were used(

= 8 samplingoccasionsjsabelle Duranceynpublished data The sampling occasions
spanned different seasons and years in order to encompass possible temporal isotopic
variation inherent within source@inlay and Kendall 2007)The potential sources
included leaf litter, epilithn and bryophytes. Leaf litter included pooled samples of
abscised leaves from visually abundant riparian vegetation (inclbdicig(Betulg, oak
(Quercu$, bracken(Pteridium), conifer (Sitkg, and moor grass Nlolinia)), and was
collected by hand from éhriparian zone (within 1éh of the stream bank) of each site.
Epilithon and bryophytes eve sampled by scraping them from rocks within the stream
reach. Upon collection, samples were returned to the laboratory, frozen, then processed
and analysed for eleantal and isotopic composition as for seston samglesion3.2.3,

above).

3.2.5 Data analysis

To assessvhether the isotopic and elemental composition of organic matter sources were
di stinct, %4, Niend €N catos beiween drganic matterrseswere
testedusing ageneral lineamodel(GLM), with source (bryophyte, epilithoterrestrial

leaf litter) and site as the main effect@/here significant effects were detected,

di fferences among factor | e v @os$tlsoc paimvisee a s s

comparisons.

A generalized leastquare (GLS) modelvas usedo testthe effects of site, stream
temperaturgas a proxy for seasoahd stream flow, and all and 3way interactions on
suspendedrPOM and CPOM concentrations, isotopigrsitures and C:N ratios. GLS
combinesthe simple interpretationf a conventional linear modelith the ability to
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handle norrindependence in the data through the use of correlation models for the
residuals making it ideally suited to time series d@Rinheiro and Bates 20Q0)Vith

only four streams, the data set was-spbmal for mixed effects mode(§elman and

Hill 2007). The optimal residual correlation structuee each response variableas
found byfitting the globalmodel(i.e. contaning site, temperaturgflow, and all twe and
threeway interactions with different auteregressive moving average (ARMA)
correlation structuresand selecting the one that minimiséee Akaike Information
Criterion (AIC) and did not have significant ridsial autocorrelatiofPinheiroand Bates
2000) The significance of the main effeatgere then assesséallowing a backwards
selection procedure (s&euret al.(2009)for full details) starting withthe global model,
nonsignificant termswere removedsequentially using likelihood ratio tests with
maximum likelihood estimation, selecting the models withloeestAIC in each case
until only significant terms remainedhe final optimal models weréhenrefitted using
restricted maximum likelihood (REMLgstimation and weresalidaed by visual
inspection of theesidualgZuuret al.2009) Where necessary, response and explanatory
variables were logransformed prior to analysis to homogenisgiancesGLS models
were fitted using thgls function in thenimepackaggPinheiroet al.2016) in R.

3.2.6 MixSIAR mixing models

A Bayesian mixing modetlas used testimate the proportional contributiontbé three
potential organic matter sous#® stream sestomnd whether these contributions varied

with stream discharge (Hypothesis B)6 MixSIARpackaggStock and Semmens 2013)

was used becausealiows fort he anal ysi s of expl anatory
and ithisibstaice(Semmengt al.2009) which can include a continuous variable
(Franciset al. 2011), whilst accounting foruncertainty in source isotope signatures,
uncertainty in discrimination factors, and concentration depend8tmek and Semmens

2013) To account for N isotopic enrichment caused by microbial consumers associated
with FPOM(Finlay and Kendall2007) a di scr i mi nat is®8DwWaact or
e st i ma t™ Hasefl onrthe liaw data by calculating the mean difference between
FPOM values and organic matter sourées CPOM, a discrimination factore® . 4 2 a
+1.97 SDwasimilarlyc al cul at ed. Mo r e°Npmichmentssociaged t i ma
with the presence of microbes was not possible ke to thelack of published
estimatesDi r e c t measures of miPNcandonticrobidl bidmasa ¢ t i
associated with seston wemsdso beyond the scope of this studyThere is litte
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fracti o/h@éxpeotad batween drganic matter sources and mic(blodar et

al. 1996) therefore therewasnosdc r i mi nat i on YCaauesor appl i e

Preliminary checks of the data prior to model fitting showed tieatdotopic signatures

of someCPOMsampleg21 out of 353) fell outside the mixing polygons of organic matter
sources, even after correcting for fractionatdiects Appendix A Figure A.). CPOM

was therefore not analysed further since the data violated one of the major assumptions
of the mixing model(Stock and Semmens 201Fewer FPOMvalues fell outside the
mixing polygons (12 out of 391) following fractionatioarrection Appendix A Figure
A2),andt o a | esser ext®hta Ak PixSHAR @nixifigonodeld o t h
were subsequently fitted to the FPOM data using a Markoin@Ghante Carlo (MCMC)
procedureo simulate plausible values of the contribution of each sourceetBRIOM
mixture based on a Dirichlet prior distributidn.order to testvhether the contributions

of different sources to FPOM varied wilream dischary the mixing model was fitted

with variables for discharge and site as a random effect, along wethdual error term

to account for generic, normally distributed variability in FPOM isotope signatures
beyond that explained by the mixing mo¢learnellet al.2010) The MCMC procedure
wasthenrun at incremental chain lengths (up t®d0,000 iterations), rums (up to
100,000 of the first iterations discarded) and thins (up to 250 cyoldsjermine whether
mixing modelshad successfully convergddee Stock and Semmen@013) for full

detailg. Since model diagnostics indicated that mixing moddid not successfully
converge, it was nphowever,possible to utilise and interpret the model estimates of
source contributions to FPOM with confider(&ock and Semmens 2013)

3.3Results

3.3.1 Stream flow and temperature conditiodaring the study period

Over the fouryear study period, streadischarge at L1 ranged between 0.001 and 4.080
m® st with an overall median of 0.120°%s* (Figure 2.29, while stream t@perature
ranged between 0 and 188 wi t h &.31en @rhureR2b). dhke first andhird

year of the studyere relativelycold and dry, whilé¥ears 2and 4 were relativelwarm
andwet (Figure2.3). The two wet years notably included the warmest autifear),

the wettest summeY€ar2) and the wettest winteY éar4) in Wales in the last 100 years

(Figure 2.4)
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3.3.2 Riparian land cover effects on seston concentration

Overall, CPOM concentrations were similar to those of FPOM (Figdjewgith CPOM
values ranging between 0.00008 and 10.79 mg AFDMdverall mean = 0B+ 0.07
mg AFDM L), while FPOM ranged between 0.00074 and 17.18 mg AFDbierall
mean = 0.46 + 0.07 mg AFDMY). Although CPOM concentrations appeared greater in
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the broadleaf site by comparisaith all other sites (Figure 3)1the overall site effect

was weak (Table 3.1) and only approached significance between the broadleaf and
circumneutr al moor |l and site (Tukeyods HSD
showed a similar pattern (Figure 3,though there was no significant difference in FPOM

concentrations among sites (Table 3.1).

Table 3.1.Summaries of the best models for each response, showing change in AIC values and
P-values following removal ofterms from the model using likelihoadtio tests. Where
interactions were found to be significant, associated main effects were retained in the model but

were not assessed for signiycance and are no

Response Parameters in final model | aAIC df | P-value
Concentration Discharge x Temperature -3.1 3 0.023
Site -2.2 3 0.043
C:N ratio Temperature x Site -5.1 3 0.011

CPOM
V@ Site -18.0 3 | <0.001
UN Site -110.1| 3 | <0.001
Concentration Discharge -6.2 1 0.004
Temperature -5.6 1 0.006
) . Temperature -20.5 1 <0.001
CNratio g 131 | 3 | <0.001

FPOM
V@ Site -4.0 3 0.018
SN Temperature -2.4 1 0.035
Site -21.3 3 | <0.001
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3.3.3 Riparian land cover effects on seston composition

C:N ratios of CPOM were highénan those of FPOM (Figures 3.1 and)3with CPOM

C:N ranging between 7.6 and 63.6 (overall mean = 29.3 + 0.52), while FPOM C:N ranged
between 8.7 and 21.6 (overall mean = 15.1 + 0.13). CPOM also showed greater temporal
variability in C:N values by @mparison with FPOM (Figures 3.1 and B.and while

CPOM C:N ratios were lower on average in the circumneutral site, the site effect appeared
to vary depending on temperature (Table 3.1; see Section 3.3.4, below). FPOM C:N ratios
varied $gnificantly betweensites (Table 3.1), being higher in the broadleaf site by
comparison with all other sites (Tukeyos
the acid moorland and conifer site (Tukey
circumneutral site thammte coni fer site (Tukeyds HSD, r

than the acid moorl and site (Tukeyds HSI

CPOM was generally less enriched witg than FPOM (Figures B.32 and3.3), with

CPOM values ranging betweeB2.7 and2 5. 33 diméaow-29a3 N 0.05
while FPOM ranged betwee@i9.7and25. 2 a (overall mé%&8n = .
values showed little withksite variation, but showed some betwesée variation, for

both CPOM and FPOM (%€ abHe eacid3modriad. siteGMAOM U
significantly higher than the broadleaf, conifer and circumneutral moorland sites
(Tukeyds HSD, p<0.01 in al/l cases), whic
(Tukeyds HSD, p>0. 05C vialues cid not stowa the sajgite F P O|
differences as CPOM, with values being higher in the conifer site than the circumneutral
moorl and site (Tukeyods HSD, p=0.022), wh
(Tukeyds HSD, p>0.05 in all cases).

C P O M°NW¥alues ranged betweeh7ad 7. 3 & ( over3alNl Omd®n &3
FPOMranged betweed . 6 and 6.8 a (overall mean =
and FPOM did not differ overall in terms6N enrichment, CPOM was consistently less
enriched with'®>N than FPOM within each sit(Figures 3 & 3.3) . C PN Maluéis

varied significantly among sites (Table 3.1), being highest in the acid moorland site
(Tukeyds HSD, p<0.001 in all cases), | owe
in all cases), and intermediate in theié@amand circumneutral moorland sites (conifer vs.
moorl and; Tukeyos FSalues werdsigdif@ahtly loweF iR DM U
broadleaf site by comparison with all/l ot

which did not differ significantlyf om each ot her (Tukeyds HSL
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3.3.4 Effects of stream discharge and temperature on seston concentration

CPOM concentrations decreased with increasing stream discharge across all sites,
however this relationship was weaker during warmeiods by comparison with colder
periods (Table 3.1). FPOM concentrations also decreased with increasing stream
discharge in all sites (Figure 3} The slope coefficient ofthe relationship between
dischargeplotted againstoncentratiorgraph (0.24) is @nsistent withan increased total

export (increased concentration more than compensating for increased discharge), rather
than a simplalilution effect (i.e. same total export of PONMhis relationship did not

vary with temperature (Table 3.1). FPQigncentrations were significantly lower during
warmer periods across all sites (Table 3.1; Figuib)3.

3.3.5 Effects of stream discharge and temperature on seston composition

There was no significant eff %€t oWfaluest r ear
of CPOM or FPOM (Table 3.1). C:N ratios of FPOM were significantly lower during
warmer periods across all sites (Table 3.1; Figusb)3but for CPOM this effect was

only apparent in the circumneutral moorland site (Table 3.1; Figbag. 2lthough
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Figure 34. Estimated slopes and 95% confidence bands from the generalised least squares (GLS)
models for logiransformedine suspendegbarticulate organic matteoncentration at the four

study sites within Llyn Brianneersug(a) stream dicharge (Q) and (b) temperature data.
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FPOM appeared to become more enriched Wig and**N during warmer periods

(Figures %a and b,

values of CPOM did not vary with temperature (T&hib).

respectively),
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Figure 35. Estimated slopes and 95% confidence bands from the generalised least squares (GLS)
models forC:N ratios of (afoarse an¢b) fine suspendegarticulate organic matter versstseam

temperature data.
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Figure 3.6. Estimated slopes and 95% confidence bands from the generalised least squares (GLS)

models fori*C ( a )

versusstream temperature.
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3.3.6 Isotopic and elemental composition of organic mateurces

Organic matter sources were signifli%cant!l
Foo=223. 34, p<O0PNORESS.96 p<d.00Nsignatiiresas well as their
elemental composition (C:N ratioz §=223.34, p<0.001)Hgures X ard 3.3). Pairwise
comparisons showed, however, that not all sources were compositionally distinct and that
these differences were not always reflected by the origin (i.e. terrestrial or aquatic) of the
organic matter sources. Epilitherasmore enriched wit *C than both bryophytes and
terrestrial l eaf | itter (Tukeybds HSD; pc<|
l'itter did not differ significantly from
less enriched witf°N by comparison withdbt h br yophytes and epi l
p<0.001 in both cad¥%es)gnahuckshaddu&kemdhbkal
ratios were highest in leaf litter, lowest in epilithon and intermediate in bryophytes

(Tukeyds HSD; p<0.001 in all cases).

3.3.7 Proportional contributions of organic matter sources to FPOM

Model diagnostics indicated th#te mixing modelfor FPOM did not successfully
converge. Therefore, the model estimates of the proportional contributions of each source

to FPOM were considered ulieble and, as such, are not presented.

3.4Discussion

3.4.1 Summary

This study showed that, contrary to expectations, concentrations of CPOM and FPOM in
streams were remarkably similar across the different riparian land cover types, with only
the coarse fractions of POM concentrations being marginally higher in the lafositde
Meanwhile, there were clear differences in the isotopic and elemental compositions of
CPOM and FPOM among different riparian land cover types. Discharge had a negative
relationship with CPOM and FPOM concentrations, with the strength of thi®nslaip

being seasonally dependent for CPOM. In particular, the decre@BOM concentration

with increased discharge was consistent with an increased total &modompositions

of CPOM and FPOM varied seasonally, but did not with dischardglee dsence of clear

isotopic distinction between potential sources of organic matter, however, it was not
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possible to ascertain with confidence what factors were driving the patterns observed in

seston composition.

3.4.2 Riparian land cover effects on the amountGROM and FPOM

The similarities in POM concentrations among contrasting riparian land cover types
observed in this study were unexpected: while other studies have reported markedly
higher amounts of POM in broadleaf streams (Bigcolo and Wipfli 2002)this study

found CPOM to be only marginally higher, while FPOM concentrations were similar
across all riparian land cover types. Highetention of organic matter in broadleaf
streams, for example due to the presence of woody d@ghaisss and Dobson 1997;
Eggertet al.2012) could explain why the amount of POM in transport was similar to the
conifer and moorland streapdespite much greater inpufislart et al. 2013 Isabelle
Duranceunpublished datfeand kerthic availability of POM (Chapter 2) in these streams.

It remains possible, however, that the expected differences among riparian land cover
types may have not been detectable within the range of flow conditions sampled (Figure
2.1), since the majority dPOM transport occurs during storm eve(@olladayet al.

1987; Wallacest al.1995; Johnsoat al.2006) and sample collection was not practicable
under such conditiondeanwhle, under norstorm flow conditions, the feeding activity

of benthic invertebrates may have played an important role in regulating the amount of
POM in transpor{D. C. Richardsoret al. 2009) Indeed, others have demonstrated the
influence thainvertebrate filter feeding can have on FPOM concentrations by removing
large portions of suspended particles from the water col(Muoshell and Parker 1985;
Monagharet al. 2001) Further work involving a budget approach to link POjparts

with direct measures of inputs, retention and breakdown of organic matter among
different riparian land cover types could help elucidate the mechanisms underlying the

observed similarities in POM concentrations observed here.

3.4.3 Riparian land cover e#cts on the quality of CPOM and FPOM

C:N ratios provide meaningful measures of the potential nutritional value (i.e. quality) of
different food sources for consumégterrer and Elser 2002; Mooset al.2004) In this
study, there were clear differences in C:N ratios among the coarse and fine fractions of
POM, with FPOM C:N ratiogeingconsistentijower than CPOM C:N, irrespective of
riparian land cover typeln addition, riparian land cover and seasonal variations in
temperature appeared to affect the two size fractions differdntlgombination, the
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patterns observed among riparian land cover types and, more generally, among size

fractions of POM, have important dagical implications.

Lower C:N ratios in smaller particles of POMve frequently been observed elsewhere
(e.g.Kruscheet al. 2002; Atkinsonet al. 2009; Akamatstet al. 2011), and areoften
attributed tathe relatively higher surface to volume ratio of smaller particles that allows
greater microbial colonisation, which actively incorporate N from the water column
(Findlayet al.2002; Cros®t al.2005) Though direct measurement of microbial biomass
was beyond the scope of this study, the considtBhenrichment of FPOM relative to
CPOM could provide some indirect evidence for greater microbial influence associated
with FPOMpatrticles(see &ction 3.4.6, below). In combination, Hegesultssuggest that
fine particles of organic matter provide a telaly high quality, nutrientich resource

for consumers such as filtégeding invertebrates in headwater stredivallace and
Merritt 1980)

CPOM quality was highly variable through time and showed no clear differences among
riparian land cover es. Only during warmer periods did CPOM C:N ratios in
circumneutral moorland streams become significantly lower than the other riparian land
cover typesBy contrast, FPOM quality showed consistent patterns in space and time,
with C:N ratios being highen the broadleaf stream by comparison with the conifer and
moorland streams, and showing general trends towards lower C:N ratios during warmer
periods across all riparian land cover typ@szen the uncertainties with respect to the
likely origins of POM n this study (see Section 3.4.6, below), explaining the causal
mechanisms for spatiahd temporal variations in the C:N ratios of P@i challenging.
Neverthegss, given that FPOM exhibitddgher C:N ratiosn broadleaf streams than in
streams drainingonifer or moorland catchments, and that FPOM often represents the
majority of the downstream flux of organic mat{§vebster and Meyer 1997; Coldn
Gaudet al.2008; Eggeret al.2012) these results indicate that broadleaf streams deliver
proportionately larger quantities of orgafido downstream reaches than do conifer or
moorland streams. Meanwhile, ttedluctiongn the C:N ratios oFPOM during warmer
periods sugests that FPOM may become increasingly important in supporting stream
food web productivityluring warmer periods of the annual cycle, by providing a nutrient
rich resource when organisms are most metabolically a&Meoly et al.2001; Sterner

and Elser 2002)
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3.4.4 Hydro-climatic effects on the amount of CPOM and FPOM

Many studies have investigated the relationship between stream discharge and suspended
POM concentrations under both natural and experimental conditions, showing that
numerous factors can influence the strength and direction of this relationship. These
factars include the availability of POM on the stream bed, POM particle size, channel
retentiveness, and the timing of sampling with respect to the hydrograph, season or
antecedent flow conditions (e.(/Vallaceet al. 1982; Websteet al. 1987; Golladayet

al. 1987; Thomast al.2001; Pretty and Dobson 2004a; Matzal.2006; Cordovaet al.

2008; D. C. Richardsoet al.2009) In particular, the timing of sampling with respect to

the stream hydrograph can have a strong influence on POM concentrations, since POM
concentrations generally show a hysteretic relationship with stream discharge during
storms (i.e. being higdr on the rising limb than on the falling limi¥ebsteret al. 1987)

In this study, the sampling regan meant that stormflow conditions were
underrepresented, since sampling was often conducted at or near baseflow, or after peak
flows had subsidegFigure2.1). Therefore, the higher flow rates encountered in this study
mostly reflected the falling limb othe hydrograph. As such, the lower FPOM
concentrations observed at higher flow rates in this study could reflect a reduction in the
amount of organic matter available for transport on the stream bed following high flow
events (Chapter 2), since fine dejp@®f organic matter particles would be rapidly re
suspended and transported downstream on the rising\Websteret al. 1987) On this

basis, tle lower CPOM concentrations observed at high flows during cold, winter periods
could also suggest a depletion of benthic CPOM following high flow events. Meanwhile,
in warmer, summer periods, the effect of discharge on CPOM concentrations appeared to
be waker, suggesting that benthic CPOM was not depleted to the same extent following
high flow events during these periods. It is possible that the high flows encountered during
summer were less intense than those during winter, and did not exceed the dhreshol

needed to rsuspend large particles of CP(QBIpeakeet al. 1984)

3.4.5 Hydro-climatic effects on the composition of CPOM and FPOM

In this study, stream flow did not appear to explain any variation in the isotopic or
elemental compositions of CPOM or FPOM. This contrasts ether studies conducted

in larger rivers(Kruscheet al. 2002; Atkinsonet al. 2009; Frostet al. 2009) which
suggested thaturing high flows,t h e C: N F@df PQlsincraased begause the
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hydrological connectivity betwen rivers and their floodplains was strengthened,
resulting in increasethcorporationof C-rich particles from terrestrial sourceso the
suspended organic matter pool. It is possible treatbrementioned inability to sample
POM during storm flow conditions meant that any isotopic shifts that may have occurred
during such events (i.e. resulting from increased incorporation of terrestrial organic
matter in storm runoff) were not detectedrtRarmore, detecting any shifts in POM
compositions in relation to stream discharge may have been limited by the large temporal
variability observed in the isotopic and elemental composition of organic matter sources

potentially contributing to POM (see @&®n 3.4.6, below).

3.4.6 Tracingorigins of CPOM and FPOMus i n'gC , &°Niand C:Nratios

Although the amount of CPOM and FPOM was similar among riparian land cover types,
there were clear differences in their isotopic and elemental composition. A robust
assessment of whether these differences were driven by the effects of riparian land cover
on the origin of CPOMand FPOM was limited, however, due to (i) the large variability

i nBCu a A°M sighatures observed within and between individual sources of organic
matter, (ii) the indications that additional, unmeasured sources were contributiirey to
seston mixtures, and (iii) the subsequent inability to reliably estimate the relative
contributions of the different sources to CPOM and FPOM using Bayesian mixing models
(Section3.2.5). These uncertainties also rendered difficulties in assessitigewtand to

what extent, the contributions of different sources to CPOM and FPOM vary through
time. These challenges are discussed in the following text, and, with the limitations borne
in mind, some ecologically significant conclusions as to the orgic®®OM and FPOM

are then drawn based on a qualitative assessment of some of the observed patterns in the

data.
3.4.6.1 Challenges in using stable C and N isotopes

In this study, he isotopic signatures of individusburces varied considerably over the
threeyearperiodwithin which they were samplgéigures 3.2 and 3)3In particular the

Ut3C signatures chquaticsources showed high variability relative to terrestrial sources
andalthoughe pi | i t hon was consi $3thanbtheysourcethee enr
wi de r &@sighatuges ol bryophytes and their subsequent overlap with leaf litter
signatures preventeain overall separation betweéerrestriab and caquati® sources

Similar patterns in aquatic sourcleave leen observed elsewhefféinlay and Kendall
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2007; Peipoclet al.2012; Imbergeet al.2014) ard can be driven biemporalariability

in stream water DIC signatures and £G®ailability (Finlay and Kendall 2007; Ishikawa
et al. 2012) Given the large variability in isotopic signatures within individual sources,
it is difficult to determine what mechasms might have underpinned the observed

differences in the isotopic signatures of CPOM and FPOM among riparian land cover

types.

An additional complicating factor is the possibility that other, unmeasured sources may
have contributed to the CPOM and FP@hiktures inunknown, varying proportions
(Peipochet al.2012) While the dual isotope plo{Figure 33) suggest that a reasonable
proportion of the data could be explained by a mixture ofthhee measured sources
(bryophytese pi | i t hon and | eaf [N values deviatingtfrone | ar
sourcesignatures suggest the likelihood that additional sources were contributing to the
POM mi x PNuvalees of both size fractions of POM were highly variable and often
enriched relative to s dNewiemsent opROM has ul a
frequertly been attributed to the influence of microbial colonisers, for example due to
their active incorporation of dissolved inorganic nitrogen (DIN) from stream water, which
tends t o h'%\vsgnatare than that efrterrastrial sour@escko and Estep

1984; Caracet al. 1998; Finlay and Kendall 2007; Peiposthal.2012) There appear to
sm3ciated with POM

in aquatic systemeeported in the literature, ranging from ~1% to >60% (&gssner

1997; Schumanet al. 2001; Findlayet al. 2002; Hamiltonet al. 2004; Tremblay and
Benner 2009)suggesting that the influencémicrobes on the isotopic composition of

be wide ranging estimates of the proportions of microbial biois

POM may indeetbe significant, and warrants further investigaiierance 2011; Peipbc
et al.2012)

Recent advances in the statistical tools available for analysing isotopic data now allow
investigators to account for uncertainties within the data Ramellet al. 2010; Stock

and Semmens 2013n the present study, the uncertainties associated with the multiple
sources of variation contributing to the isotopic compasitcd sources and POM
mixtures (outlined above), however, highlight the challenges in attempting to assess how
the origin and fate of organic matter in streams could vary through time. Further work
incorporating measures of the temporal variation in sosigeatures and microbial

biomass associated with basal resources, coupled with continuing developments in
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statistical methods (e.gdossler and Bauer 2@} could provide a valuable basis for

understanding drivers of variation in aquatic food webs.

3.4.6.2 Using C:N ratios to assess the effects of riparian land cover and hgliratic

variability on the origins of CPOM and FPOM in headwater streams

Higher C:N atios are often attributed to greater terrestrial contributishde lower C:N
ratios are assumed to indicate greater contribution from aquatic s¢eugdgkinsonet

al. 2009; Froset al.2009) Indeedthe C:N ratios of leaf litter were significantly higher
than aquatic sources across all sites in this stadyattern that has been consistently
observedworldwide (Rostadet al. 1997; Finlay and Kendall 2007 hese differences
could expain some of the variation among riparian land cover types in the elemental
composition of FPOM, with the broadleaf site possibly contributing greater proportions
of high C:N terrestrial organic matter to FPOM due to greater leaf litter inputs by
comparisa with the conifer and moorlargltes (sabelle Duranceynpublished data

The differences in C:N ratios among sources could also explain the observed seasonal
variations in CPOM and FPOM C:N ratios, with increased aquatic primary productivity
in summer rnths possibly contributing more biomass to the organic maia; and

thus giving rise to lower C:N ratios of suspended POM during warmer pélodsg

and Huryn 1997)In the absence of supporting isotopic information, éxawv, the likely

origins ofsuspended POM cannot be inferred based on C:N ratios alone.
3.4.6.3 Likely origins of POM in headwater streams

Despite the challenges in determining the origins of suspended POM in this study, the
data showed t ha t3C @iBeSrMelydeh withifFtRe@adge dépilithon,
suggesting that epilithon was not a major contribetfoorganic matter to CPOMnNd
FPOMin these streams, regardless of riparian land coverltypige case of the broadleaf
and conifer sites, this resu#t not surprising, given that the low light availability in these
densely shaded streams would be expected to limit benthic algal prodittitioat al.
1995) and thus its contribution to the organic matter pool. In moorlarass,eghowever,
this result contrasts with the expectation that these-opeopy streams would have
relatively greater contribution of organic matherm benthic algaéHill et al. 1995) An
alternative explanation is thatikhic production may be low in these higjnadient,
turbulent systems, even where light is not limiting, and ttasributes little to the

suspended organic matter pool.
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The relativecontributionsof leaf litter andoryophytes to CPOM and FPOM in retati

to riparian land cover type remains in questiGther studies have demonstrated that
POM in forested streams has greater proportions of terresulliyed organic matter
(such as leaf litter) than in op@anopy streams (e.gu et al.2014) In addition,Valiela

et al. (2014)demonstrated that reduatis in forest cover in tropical streams resulted in
reduced terrestrial contributions of organic matter to stream POM. These examples
suggest that forested streams, with greater inputs of leaf litter, contribute relatively more
terrestriallyderived orgard matter than aquatic sources to stream P@Mhe absence

of isotopic distinction between leaf litter and bryophytes, however, the potential
importance of bryophytes in contributing to stream organic matter canragploaised
Indeed, peviouswork hasshownthat bryophytes are important contributors to aquatic
primary production irmany headwatestreamsOrmerodet al. 1987) andwhile they

may be considered a less nutritious food resourcesfiraminvertebratesthan other
sources(Suren and Winterbourn 1991 remains possible that bryophyderived
organic matter in addition to terrestrialigerived organic mattércould support stream

food webs via detrital pathways, Byrming part of the suspended PAbad

3.4.7 Conclusions

In this study, determining the likely origins of CPOM and FPOM were complicated by
the tempor al ¥Cv aar ridhdignatuies ipmherent within organic matter
sources, coupled with thpotential for additional, unmeasured sources doutirg to the

POM mixtures in unknown quantities. This limited the ability to assess whether the
patterns observed in POM compositions were driven by variations in the relative
contributions of terrestrial and aquatic sources of organic matter to the ROM p
However, there was evidence for the likely influence of microbefe composition and
quality of POM, particularly in the smaller size fraction. Consequently, further work is
needed in order to assess the importance of processes operating attditfales that

may drive variations in the quality and fate of organic matter resources in streams. The
pivotal role of microbes in mediating energy fluxes from basal resources to higher trophic
levels has long been recognised in aquatic ecosygt@umsmins 1974)Quantifying the
influence of microbes on organic matter resosirge terms of biomass and isotopic
fractionation could therefore provide an important link in the interpretation of stable

isotopes in aquatic food webs studiBgipochet al.2012)
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Despite these limitations, the results presented here demonstrated remarkable similarities
in the amount of CPOM and FPOM transpdrtey streams that differed in riparian
vegetation composition. Meanwhile, the elemental C:N ratio of FPOM was higher in the
broadleaf stream, suggesting a proportionately greater export of C from broadleaf
catchments by comparison with those draining @nifr moorland, at leasinder the
range of flow conditions encounterédbowever, higher sampling frequencies over larger
temporal and spatial scales apededor stronger inference of the effects of riparian land
cover and stream discharge on POM cotregions(Cuffney and Wallace 1988; Colén
Gaudet al.2008; Wheatcrofet al.2010) In turn, this would allow stronger predictions

of the likely consequences of climatdven shifts in stream flow regimes on organic
matter dynamicgAcuia and Tockner 201,0and potential intecions with riparian land

cover types.
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CHAPTER 4: Effects of simulated high flow events onparticulate

organic matter transport and storagein stream mesocosms

4.0 Summary

1. Climate changen Northern Europes expected to result in an increase in the
frequency of winter storms, particularly in upland areas. In headwater streams,
more frequentloods are likely to increase downstream trpod and decrease
retention of prticulate organic matter (POMYhus paentially altering the
structure and functioning of headwater streams by depleting key basal resources.
The relationship ishowever likely to be complex, with climate interacting with
channel structure and the riparian zone, and most work to date has bee

correlative, making it difficulto identify the underlyingmechanisms.

2. This study investigates the effects of winter flood frequency on the transport and
storage of POM by experimentally manipulating the flow regime of stream
mesocosms in three headesatcatchments within the Llyn Brianne Stream
Observatory in midWales, UK. Flood events were simulated by increasing the
base flow rate for 48ours at low frequency (~monthly) and high frequency
(~weekly) intervals over 3 months during winter 2d%! Daly Coarse POM
export (ug AFDM s') was measured during the experimental period, while
standing stocks of Coarse and Fine POM were measured before, during and after
the experimental period to assess the net effects of flood frequency on the benthic

availablity of particulate organic matter.

3. During the flood simulationsdischarge levelsvere approximately doubled,
resulting ina sigrficant increase in the amount @POM exported from the
experimental channels. Most CPOM export occuthedng theearly stages (0
24 h) of floods, and remained elevated above base flow levels datadjood
(24-48 h), despite being lower than the initial peak. This reduction in CPOM
export during late flood was only detectable in the high flood frequency treatment
Despiteclearincreases in CPOMXxportin response to thi#ood eventsneither
the amount of CPOM exported nor the amount of CPOM and FPOM stored on the

61



stream bed, showexvidence of depletiowith successive flood eventegardless

of the frequency fotheir occurrence.

4. These results suggest that POM stocks may not be depleted following successive
flood events at the frequency and magnitude at which they were experimentally
applied in this studyThe magnitude and nature of flood events that occwgah r
ecosystems involve certain aspects that were unattainable in these mesocosms,
such as greater magnitudes of flow and interactions with adjacent riparian zones.
Consequently, further work is needed to characterise the effects of raimiait
events a CPOM entrainment from the stream bed and the riparian zone, and to
assess whether certain thresholds in flow rates exist above which depletion of

organic matter resources in headwaters occur.

4 .1 Introduction

Future climate projections predict an intensification of the global hydrological cycle
(Huntington2006) resul ting in more frequent fl oo
rivers and stream(Milly et al. 2005; Batest al. 2008) These shifts are likely to have
strong implications for the structure and functioning of aquatic ecosy$knsnoski

and Rosemond 2012; Deathal.2015) since the flow regimaffects habitat suitability,

food availability, water quality, species composition and product{fAioff et al. 1997)

Given the multitude of goods andrgees that streams and rivers providi&llennium
Ecosystem Assessment 200Biere is an urgent need to undanst the ecological effects

of altered flow regimes in order to predict how these ecosystems will respond to future

climate change.

Whilstthe effects of an intensified global hydrological cycle on regicaiafall patterns

ard stream flow regimes are umtan, there is already evidence thatdwaters at higher
latitudes andiltitudes ares h o wi ng 6 e ar | yhydnoalimatic chgngeswith n s 6
trends towards increased frequency, magnitude and persistence of winter high flows being
observed over recedecades (e.@Birsanet al. 2005; Dixonet al.2006; Hannaford and
Marsh 2006; Hannaford and Marsh 2008; Biggs and Atkinson 2011; Hannaford and Buys
2012; Marsh and Dixon 2012; Hannaford 2Q16his reflects the dynamic nature of
headwater stams, where rainfalpatternsare rapidlymanifest(Gomi et al. 2002) In

turn, this highlights not only the sensitivity of headwaters to hgtimatic variability,
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but al so their valndthe sabsequerd reed to invedtigats theirt e n

responses to climate chan@rerkinset al.2010)

Headwater streams form a large proportion of river netwgr&spoldet al. 1964)and

play a key role in the storage, processing and downstreasptndf particulate organic
matter (POM), a key basadsourcdor aquatic food webs along the entire river continuum
(Vannoteet al. 1980; Gomiet al.2002; Wipfli et al.2007). A large proportion of POM
enters streams as large particles such as leaf litter and woody debris from the
neighbouring riparian zones, as well as aquatic plant fragments and dead organisms, often
referred to collectively as coarse particulate orgaratter (CPOMCummins 1974)The
retentionof CPOM on the stream bed is crucial for its colonisation and processing by
aquatic microbes and invertebrates, which play a pivotal role in mediating energy transfer
from CPOM to the rest of the aquatic food w@Eummins 1974) For example, the
feeding activity of these organisms transforms CPOM into biomass, arutrientrich

fine particulate organic matter (FPOM), which is then amenable to downstream transport

and consumption by filtefieeding invertebrates.

Numerousstudieshave demonstrated that POM retention decreases as stream discharge
increases, reflecting greater ability to entrain particles.d. Websteret al. 1987; Pretty

and Dobson 2004a; Dewsat al. 2007; Hooveret al. 2010; Koljonenet al. 2012)

Indeed, during high flow ents, large amounts of POM are transported downstream, and
a number of investigations have demonstrated ttieaimajority of annual CPOM and
FPOM exports occur during these eveetg). Websteret al. 1987; Wallaceet al. 1991;
Wallaceet al. 1995; Johnsomt al. 2006; Richardsomt al. 2009; Eggertet al. 2012)

Despite the inherent challenges in sampling extreme events, investigating how altered
flow regimes could influence the dynamics and availability of these resources in
headwat er streams <could therefore-upbdovi
proceses that may underpin ecological responses to climatic ci{#&uageinoski and
Rosemond 2012)

It has been suggested that more frequent flood svealy deplete POMesourcesn
headwaterdue to frequent scouring of the channel bed and adjacent riparian zones
(Kominoski and Rosemond 2012; Riedlal.2013; Gracat al.2015) Indeed)ong-term
observations have indicatéitatheadwater streams exptss POMfollowing multiple
storm eents (Wallaceet al. 1995; Eggertet al. 2012; HeartsiliScalleyet al. 2012)

However,many factors interact to influenb®w much POM is transported downstream
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and how much remains for biological uptake following flood events in streams. These
include the seasonal timing of flood events, antecedent flow conditions, particle size,
channel substrate, as well as the influerfegarian vegetatioon POMavailability (e.qg.

via inputs of leaf litter) and channeydromorphologye.g.Wallaceet al. 1991; Gurnell

et al.2002; Molinero and Pozo 200Rretty and Dobson 2004a; Yk al.2010; Eggert

et al.2012; Koljoneret al.2012 see also Chapter Zpiven the multitude of factors that
affect organic matter storage and transpout, ability to predict the likely effects of
changes in stream flow regimestbe availability of POMesource$o benthic organisms

is still limited (Hooveret al.2006; J. S. Richardsat al.2009; Acufia and Tockner 2010;
Tanket al.2010)

Identifying causal mechanisms for thigeets of climate change on ecosystem structure
and functioning are often challenging based onigmm observations alon®unneet

al. 2004; Cahillet al.2012 see Chapters@nd3). Experimental mesocosms, on the other
hand, offer a strong compromise for addressing such quebffaiwing investigators

to manipulate and isolate factors of interest, whilst constraining confounds that may be
inherent in longterm field observationd_edgeret al.2009; Stewarét al.2013) To date,

few mesocosm studies have explicitly addressed whether a greater frequency of flood
events could deplete organic matter resources in the longer term (BM/ebsteret al.

1987) Moreover, most experiments investigating the effects of altered flow regimes on
organic matter dynamics have focussed on average changd3degpnet al.2007) As
climatic conditions are expectedltecomencreasingly variablethere is howeveraso

aneed to assess the role of environmental varialligddition tothe effects of general
trends, since extreme events and disturbances could have stronger osdstiggr

impacts on ecosystems than average chafiyameet al.2004)

Aims & Hypotheses

Using an experimental approach, this study amnassess the effects of increased flood
frequency on the transpand storage of particulate organic matter (POM) in headwater
streams.To this end, flow regimesvere manipulatedn outdoor stream mesocosms

throughout the winter season in order to test the following predictions:

1. Downstream export of coarse POMreasesluring flood events
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2. The amount of coarse POM exportediring flood eventsdecreaseswith
successive flood events

3. Standing stocks ofoarse and fine POMecomedepletel when floods are more
frequent

4.2 Methods

4.2.1 Study sites

The experiment was conductedtimee sets of outdoor experimental stream mesocoms
eachlocatedat each of three sitegthin the Llyn Brianne Stream Observatory in central
Wales, UK( 5 2 A0 8 6 NFigaird 4.1 On# site (L3) is situated in conifer forest of
Sitka spruce Ricea sitchesis (Bong.) Carr.) with Lodgepole pinePius contorta
Dougl.) and is episodically acidic (minimum pH #596). The other two sites (L6 and
L7) are circumneutral and are situated in open sheep grazed moeitanaccasional
bracken, mountain ash, willowd hawthorn in the riparian zongsH > 6.9).

A
4.

APLYNLIMON

L3

Llyn Brianne L6

A Conifer forest

oos . L7

@ Circumneutral moorland e

Figure 4.1.Map showing the locations of tlilereesiteswhere the experimental mesocosms are
situatedwithin theLlyn BrianneStream Observatotip central Wales, UKMajor river systems
are labelled. Images adapted fr&awardset al. (1990)andBroadmeadow and Nisbg002)
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At each site, three identical flethrough mesocosmechannelswere situated directly
adjacent to the streamgpendix B Figures B.13). Each mesocosmhannelconsisted

of a cascading series 00,2l m long stainless steel trouglesch on®.2 m wideby 0.2

m deep(4 n? total area) Troughs werdilled with a 1615cm layer of loose cobble stone
substratesimilar to the adjacent stream, and extracted from the Afon Tywi catchment
Each mesocosmhannelwas connected to a header tank that was fed directly with water
and suspended particles from the adjacent stream via an inlet pipe, which was fitted with
a coarse filter (3 chaperture) at the opening to minimise blockages caused by large
debris. Steam water from the headwater tank flowed into eachretama individual

inlet pipes fitted with adjustable control gates. These control gates allowed the aperture
of the pipes, and hence the amount of water flowing into the channels, to be regulated
manually. Water flowed through the channels by gravity, mimicking -pepkriffle
sequences, and drained into individual taatkghebottom before draining back into the

stream via an outflow pipe.

4.2.2 Experimental design

All mesocosms were established in A@@14 anddirectlyfollowing other experimets

in early September 2014yere manually disturbed and flushed at maximum flows (~ 10
L s1) for 24-h to ensure homogeneity between channels, then left flowing at baseflow
levels of ~ 2.5 L3 until the experiment begaMonthly sampling of benthic CPOM and
FPOM occurred on two occasiohsfore(late-SeptemberNovember), three occasions
during (December, earianuary, latddanuary) and two occasioafter (March, April)

the experimental manipation period From 16th November 2014 to 31st January 2015,
the frequency oflood events in the mesocosmgs manipulatedEach set othree
mesocosms (i.e. each site) consisted of the same series of treatmerisfevaacé
treatment (no odevent$, onedow flood frequencgtreatmen{oneflood event per 24

day intervak= 3 events in totaland onehigh flood frequency treatme(aneflood event

per 6day intervak 12 events in total Eachflood event was simulated bgcreasing the
openingof the control gatesto the channelnd allowing discharge to increase from
baseflowlevelsto on averagéwice thebaseflowlevelfor ~ 48 hours then returning them

to baseflow levelsequal withpreflood and referenckevels

4.2.3 Flow and temperature measuremts

Water depth and temperature in the mesocosms was measured every 10 minutes

throughout the experiment using HOBO U204 water level data loggetisat were pre
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calibrated before deploymeii©nset Computer Corporation, Bourne, Massachusetts,
USA). Waterdepths were converted into discharge ). ssing a depthlischarge curve
that was estimated based on volumetric measurements averaged across all channels

(MarianPye &Ifan Jamsunpublished data

4.2.4 Benthic standing stocks of CPOM and FPOM

Three replicate samples of benthic particulate organic n{&@v)were collected using

a randomlypositioned medium Hess sampler (area 0.0H865500 um mesh aperture;
sampling depth 1@m) from eachmesocosnthannelon all sevensampling occasions
ensuing that nol m segmentof each cascadeas sampled more than once over the
durationof the experiment (tminimise disturbance/destructive samplirggmples were
immediately preserved in 70% industrial methylated spirit (IMS; Fisher Scientific, UK)
onsite. In the laboratory, samples were rinsed in tap water over griCfleve, and all
macroinvertebrates were separated from diebris. The remaining POMvas then
separated into fine (>500m <1 mm; benthic FPOM) and coarse (>finm; benthic
CPOM) size frations using graduated sieves (Endecotts Ltd., UK). Both size fractions of
POM were akdried at room temperature and weighed to the nearesgOAxhfree dry
mass (AFDM) of all samples was estimated by combustioB@tG for 5h in a muffle

furnace.

4.2.5 Suspended particulate organic matter

Daily export ofsuspendedoarse particulate organic mattesugpende€POM, >1mm)

was measured by fittingrhm mesh filters at the outlet of each channel. Approximately
every 24h, the contents of each filter wasnptied into plastic bags and frozen until
subsequent processin@n several occasions, water flow into the mesocosms was
unintentionally cut off due to rainfall events occurring within the study catchments and
subsequent debris flows within the streanwcking the inlet pipes. All channels were
inspected on a daily basis, and any debris on the inlet pipe filters removed. Daily CPOM

samples were omitted when blockages occurred.

In the laboratory, frozen samples were thaweddaed and weighed to the axest 0.01

g. Ash-free dry mass (AFDM) of all samples was estimated by combusting a subset
(n=247) of all (n=631) samples at 550C for 5h in a muffle furnace and applying
conversion factors to the airied mass. CPOM export (ug AFDM)swas calculatedy
dividing the AFDM of each daily CPOM sample by the time elapsed in seconds (S).
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4.2.6 Data analysis
4.2.6.1 Effects of simulated floods on CPOM export

To assess the overall effect of simulated floods on CPOM transport, daily @Rgauvt

(ug AFDM s?') was modelled using thine function within thenlme package in R
(Pinheiroet al. 2016) with O6FI owd, 0Treat ment 06, o FI
0Sited as f i xasd thedeeldactoraccounimdg-for diffei@nt stages of

the flow regime Base flow (norflood levels), Early flood (24 h of simulated flood)

and Late flod (2448h of si mul ated flood). O0Treat me
frequency treatmentsow flood frequency (~monthly), High flood frequency (~weekly)

and Reference (no manipulation) channel s
term to @count for noAindependencef samples from the same channel andchatc
regressive moving average (ARM#A8sidualcorrelation structurancludedto account for

the remainingautc-correlation among samplep to a few days apaf€POM data was
log-transfomed prior to analysis to homogenise varianédsere significant effects were
detected, di fferences among f actposthod ev el

pairwise comparisons.
4.2.6.2 Effects of repeated flooding on CPOM export

To test whetherepeated floding decreased the magnitude of suspended CPOM export
during floods suspende€POM datavere selected from the day prior to each flood, and
during Early and Late floodor each flood evenfLow frequency and High frequency
channelsonly). Two responses we calculated, representing (e change in CPOM
exportduring Early flood relative topre | 0 o d  Esande(ii) the chagpge in CPOM
expotdur i ng Early f 1| oo dy),usnpthdforrmuae:t o Late f |
() gre=VYel Ys
(i) QL=YET YL
where:Y = CPOMexport(ug AFDM s?); B = CPOMexporton the day preceding each
flood event; E = CPOMxportduring Early flood; L = CPOMxportduring Late flood.

The changes imgs and gL over the duration of the experiment were modelled in
relation b: 6 T i meiacg the start of the experimeiti n days) , O0Tr eat
frequency, High frequency), O6Ticm@nc,. Pr e at
A general linear modelvas used, with the residuals checked to ensure no residual

autocorrelatn.
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4.2.6.3 Effects of flood frequency on standing stocks of CPOM and FPOM

To test the net effect of simulated floods on the availability of benthic CPOM and FPOM
within the channel, standing stocks (g AFDM)of CPOM and FPOM were modelled

using a mixedeffects modelcontaining 6 Ti me period® (Before
60Treat ment 6, O0Ti me period x Treat mento i
accounted for different stages of the flow regiBBase flow (norflood levels), Early

flood (0-24 h of simulated flood) and Late flood (28 h of simulated flood)Less
autocorrelation was evident in the monthly benthic data compared to the daily suspended
CPOM data, and so a random effect for channel was not reqaitech mp |l i ng occ
was includd as a random terto account for longeterm temporal variation in the data

that was observed across all the channels (e.g. seasonal variation). The residuals from the
model were checked to ensure no remaining spatial or temporal autocorr@atitimic

CPOM and FPOM data were kagansformed prior to analysis to homogenise variances.
Where significant effects were detected, differences among factor levels were assessed
usi ng Tu pesthacpairwis8 @mparisons.

4 .3 Results

4.3.1 Experimental conditions anflood simulations

During flood simulations, estimated water discharge was approximately dankddd
the treatment channels, increasing on average from 2%t saseflow (+ 0.8 S.D.) to
5.7 L s (+ 1.7 S.D.; Figuret.2). Meanwhile, water discharge the reference channels

remained at a mean of 2.8 £ & 0.7 S.D.) throughout the experiment.

4.3.2 Effects of simulated floods on CPOM export

Each flood evenexported on average 22.1 g AFDM 3.2 S.E.) of CPOM relative to
baseflowexports equating to a s of almost 6 g AFDM rafrom each channel per event.
The increase iI€CPOM exportduring simulatedlood eventsvas significanin both the
low and highfrequency treatmentsFigures 4.2 and 43; flow:treatment interaction:
F=96.03, df=4, p<0.0Q1showing a significant peak during early floods (i.€24h of
the simulated flood event) by comparison with base figws k e y 6 bw freGuBncy:
p<0.001; high frequency: p<0.0Qland when compared with concurrent flows in

reference channe(s T u k eSDplew frétjuency p=0.011; high frequency: p=0.006)
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Figure 4.2. 10-minute discharge (L grey line) and daily CPOM export (ug aske dry mass
s?; black line) recorded in each experimental channel at sites L3 (a), L6 (b) and L7 (c) during the

experimental flow manipulations (IMov-20141 31-Jar2015).
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During late flood (i.e. 2418h), CPOMexportwas significantly lower than the initial peak

within high frequency channels Tu k ey 6 s

H S Dhereap m Gow Gré&qgBGehcy

channels, there was no detectable difference between early and late floodk e y 6 s

HS

p=0.510) CPOM export remained higher during late flood than during base flow
| o w gh frequgnecye p<0.G0IJnd pefei@ncdlevéls h i

(Tukeyos
(Tukeyos

frequency channels.

HSD;
HSD;

| ow

f requency inbagthdodv ar high;

hi

CPOM export during base flow waselatively constant throughout the experiment

(Figures 4.2 and 4.3)and dd not differ between the low frequency, high frequency or

reference channe[sTuk ey 6 s

channels also remained constant throughout the experfmént k e y 6 s

casesFigures4.2 and 43).

HSD;

p EROM@x@ortwithin raférdncec a s e

Overall, CPOMexport showed some differences betwesites (F=9.83 4, p=0.029)

being significantly higher in L{circumneutral moorlandphan in L6 (circumneutral

moorland;Tuk ey 6 s
Meanwhile,CPOMexporsin L3 and L6 veres i mi | ar

689,yt no_3: (Gonifer forestT u k ey 6 s

HSD; p >
H§.D, p =
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Figure 4.3. Predicted mean values (with 95% confidence intervals) efrlngsformed CPOM

exportdata (1g %) in control, low frequency and high frequency treatment channels, during base

flow (Base), early floods (Early;-24 h) and late floods (Late; 28 h).
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4.3.3 Effects of flood frequency on CPOM export

There was no evidence of CPOM depletion over time, regardfefge frequency of
events(Figure 44; Table 4.). In fact, the peak in CPOM export during early flood
rel ati ve t eg)ihcease sighificantly ovérgme across both treatments
(Figure 44a). The initial peak in CPOM export relative to lated o d.) shaped no
significanttrend over time howe\er, in neither treatment (Figure4h). qxs differed
significantly between sites, beingr eat er i n L7 by compariso
p=0.002),and L3 being intermediate between (p~0.315)andL6 (p=0.085).qx.. did
not differ significantly between sit¢p>0.05 in all cases)

(a)

Low frequency High frequency

0 L 1 * 1 1 1
(b)
Low frequency High frequency
400 r *
200 r

AgL

200 F .

20 40 60 80 20 40 60 80
Time (days)
Figure 4 4. Estimated slopes and 95% confidence bands from the general linear models, showing

trends over time (in days) in the relative changes in CPOM export beBreglnflood and (a)
preflood levels( ga) and(b) Late flood( ep) for thelow- and highfrequency flood treatments.
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Table 4.1.Summarytableof general linear modeésultsfort he ef f ect s of &6 Ti me
1-12), O6Treatmentd (low flood frequency, hi gh
X Treat ment & i nt eacordfar toresy, b6, anddihcacuninButrdl rmodrlafdin 3

the relative changes in G export between Early floodand (i)prel ood Base {1 ow |
B) and (i i)-L)LRPvalues <40.050avedhighfigitéd in bold, along with significant
pairwise dif f e+haroompassorns, PGy 6s post

Time x
Treatment

Fi3s| P |Fi3s| P |Fi3s| P |F23| P
qx-B 7.8410.008| 1.22|0.276| 0.01|0.923| 6.69 |0.003 Site: L7 > L6
OF-L 1.5110.228| 1.45|0.237| 0.02]0.881| 2.30|0.116 -

Time Treatment Site Pairwise differenceg

4.3.4 Effects of flood frequency on standing stocks of CPOM and FPOM

Despite significant increases in CPOM export in response to simulated flood events,
standing stocks of CPOM and FPOM did not decrease in response to either the low or
high frequency flood treatment$dble4.2; Figure4.5). Although the effect of time was

nat significant, CPOM and FPOM standing stocks appeared to increase from before to
after the treatment period in all channels (Figtig. There were no overall differences
between control, low frequency or high frequency flood treatments, howevethend
time:treatment interaction was not significafaple4.3). CPOM standing stocks differed
significantly between sites, being great e
L7 was intermediate between L3 (p=0.372) and L6 (p=0.064). FPOM wasrgreal3

than in both LI6 and LI7 (p<0.001 in both cases), which did not differ from each other
(p=0.932).

Table 42. Summary of the mixed effects models for benthic CPOM and FPOM, showing F and
P-values as estimated by the Kenw&dger approachfar he ef fects of O6Ti me
and after the flow manipulation period), O0Tr
and reference treatments), OTi comferforest Léeaad me nt
L7 i circumneutral moodnd). Pvalues <0.05 are highlighted in bold, along with significant
pairwise diff e+harpoompassons, PsR@Yy 6s post

Time x
Treatment

Foa| P |F21710 P |Fai71l P |Foa71| P
Bcegéhl\l/(l: 2.7410.178 0.85|0.428 0.58|0.674 6.60|0.002| Site: L3 > L6, L7

Berthic | 3.35/0.140 0.45|0.637 0.68(0.60733.91<0.00] ~ Site: L3 > L6
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Figure 45. Temporal variation of (a) coarse and (b) fine benthic particulate organic matter
(expresseth grams ash free dry massm1 S.E.) recorded in all flumes during the study period.
Arrows denote the period during which experimental manipulations of flow regimes took place.
White circles = Reference treatment; grey circles = Low flood frequeeaintent; black circles

= High flood frequency treatment. Note difference in-a&xsle between coarse and fine fractions.
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4 .4 Discussion

4.4.1 Summary

The experimental flow manipulations conducted in this study resulted in an approximate
doubling of discharge lelewithin the stream mesocosms durthgsimulated 4&our
floods. This causednaincrease of >2000% in the amount@POM exported from the
channels relative to baseflow levgtarticularly during thearly stages (24 h) of floods.

By late flood (2448h), CPOMexportremained higher than baseflow levels, but were
lower than the initial peak. This reduction in CPOM export during late flood was
however,only significantunderthe high flood frequency treatmeimespite significant
increases in CPOMXxpat during flood events, there was no evidence of CPOM depletion
over the course of the experimgrdggardlessf flood frequency. Tis was supported by
the lack of a decreasingend in the magnitude oc€POM flood peaksover time.
Furthermore, benthic stdimg stocks ofPOM did not show any evidence of depletion

over time, or of any londpsting (i.e. posexperiment) effects.

4.4.2 Caveats

This experiment was the first to be conducted over the winter season within these
mesocosms, and involved some challengesexecuting consistent experimental
conditions during the study perioBespite daily monitoring efforts to minimise the
influence ofnatural flood events on the experimental conditions within the mesocosms
(i.e. through the use of mesh filters on the inlet pipes and daily inspections), the large
amounts of debris transported by the adjacent streams during such events blocked the
filters in the inlet pipes, resulting in the loss of water supply to the channels on several
occasions (Figurd.2). This meant that some samples of suspended CPOM had to be
omitted from the analysis, thereby reducing statistical power. In addition, import of
organic matter during natural flood events and subsequent deposition within the channels
may have dampened any effects of the flow manipulations themselves on total standing
stocks of CPOM and FPOM within the channels. These limitations must therefore be

bome in mind when interpreting the results.

While experiments in outdoonesocosmbave the benefits of isolating certain factors of
interest, they mawgtill be lacking the realism of real ecosystefibsdgeret al. 2009)
Indeed, bbod events in headwater catchmemtgolve aspects that were unattainable in

thesemesocosms. For example, flood events can inv@bv®ld increases in flow rates
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from baseflow levels Kigure 81.4), which contrasts with the levels achieved in the
mesocosms in this study (FigwtR). Furthermore, as stream discharge increasdepso

does the wetted channel width and thus the likelihood of incorporating POM deposits
from the stream bank or riparian zone into the suspendedN@th et al. 2006; Redl

et al. 2013) Consegently, the flow rates achieved this studymay not have induced

the samemagnitude ofeffects as thosg¢hat occurin real streamsn terms of water
velocities, turbulence, connectivity with riparian zones and, thereforeanttwaint of
organic matter in transpofthis study is therefore likely to underestimate the effects of
real flood events and, as such, caution must be taken in extrapolating these results to real
ecosystems. Nevertheless, some clear patterns emergedonsesp the manipulations

that have important ecological implications.

4.4.3 Overall effects of flood events on CPOM transport

The effects of the flow manipulations on CPOM export in this sgupport previous
observations thdtigh flow eventsgreatly increasdownstream transport of CPO{d.g.
Websteret al.1987; Johnsoat al.2006; D. C. iehardsoret al.2009; Eggeréet al.2012)

The fact that the majority of export occurred during the early stages of thedtngaled

with lower export during late flood¢ould reflect the hysteretic relationshgiten
observedbetween discharge andanticle concentrationgluring flood events with
concentrations being higher on the rising limb teaoorresponding flowsn the falling

limb (e.g.Bilby and Likens 1979; Golladast al. 1987; Websteet al. 1987; Riedlet al.
2013) This pattern occurs bause much of the transportable material that is trapped or
settled on the stream bed under baseflow conditions is rapidlyspended as flow rates
increasgBilby and Likens 1979)That CPOM export remained higher than base flow
levels during late flood, despite dropping below the initial pulse, also shows that more
CPOM transport occurs at higher flows, when higher vetscincrease the ability of
stream water to keep particles in transport, thereby reducing retentiodqees.and
Smock 1991; Webstet al. 1999; Dewsoret al.2007)

4.4.4 Effects of flood frequency on CPOM transport and storage

Despite clear effects dhe simulated floodesn CPOM transporthe prediction that the
magnitude of CPOM exports would decrease over successive flood events, particularly
where floods were more frequent, was not suppontéahny studies hayehowever,
suggested that the amount of POM transported during high flow eigestsongly

influenced by the availability of benthic POM on the stream(idéebsteret al. 1987) In
78



this study, there was no apparent reductionit he amount of benthic
or 60l owé flood frequency treatments by
0referenced channels during the manipul af
manipulation period began. Unsurprisinglyeiefore, there were also no changes in
benthic CPOM after the manipulation period, which would have otherwise indicated
possible legacy effects, or recovery of stocks, if a reduction in benthic CPOM had
occurred during the flooding treatments. The samdtsewere also observed for benthic
FPOM, which showed no evidence of reductions following the simulated flood events. In
the case of FPOM, this result was surprising, since smaller particles are often more easily
entrained than larger particles due torth@ver deposition velocities, and are therefore
more likely to be kept in transport during high flo{@peakeet al. 1984; Thomaset al.

2001) Proportionally vey low export levels as well as spatial variability within each
channel are probably the most likely explanations. Indeed, the total amounts of CPOM or
FPOM that were entrained and exported from the channels following successive flood
events may not haveebn sufficient to cause an overall mean reduction in the amount of
benthic POM that remained on ttigannel beds=or examplepnaverageCPOM exports

during individual 48h flood events equetito a loss ohpproximately 14% of the benthic
CPOM pool, thaghvariability within channels, as well as through time, was high (Figure
4.4). This could have been exacerbated when flood events within the adjacent streams
naturally replenished POM in reference and experimental channels alike. This suggests
that everthe total amount of CPOM exported from the channels following multiple flood
events may have had undetectable effects on benthic CPOM above the background
variability in standing stocks within the mesocosms. These weak effect sizes are further
supported ¥ long-term observations of benthic POM at several locations within this
study region (see Chapter 2), which found no significant relationship between benthic
CPOM or FPOM standing stocks and the frequency of antecededay3®ood events.
Meanwhile, bathic CPOM and FPOM were significantly reduced as the magnitude and
duration of antecedent flood events increased. In combination with the present study,
these findings suggest that there may be thresholds in flow rates above which depletion

of benthic POMand consequently, POM exports, occur, requiring further investigation.
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4.4.5 Conclusions

Overall, this study demonstrates that CPOM export is elevated at higher flow rates, but
shows no evidence of depletion of POM stocks following successive flood evéedst at

at the frequency and magnitude at which they occurred in this experiment. Existing
evidence suggests that organic matter stocks in headwaters become depleted in response
to more frequent, higintensity or persistent flood ever{Sabateet al.2008; Eggeret

al. 2012 Chapter 2). Clady, further experimental work is needed to determine whether
certain thresholds in flow rates exist above which depletion of organic matter resources
in headwaters occumdeed, recent attempts to model CPOM dynamics and exports in
headwater streams hakighlighted the paucity of information with respect to the rate of
CPOM reentrainment in relation to increasing dischafg®over et al. 2006; J. S.
Richardsoret al. 2009; Acufia and Tockner 2010; Stenrethal. 2014) Consequently,
experimental work to characterise this relationship for different flow regimes and CPOM
types, including entrainment from adjacent riparian zones, wdold bktter predictions

of the effects of altered flow regimes on the fate of organic matter in river networks, as

well as a better quantification of carbon exports from headwdergeet al.2016)
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CHAPTER 5. Effects of simulated riparian restoration on the

abundance and composition of detrital resources in headwater streams

5.0Summary

1. Riparian regiration through the planting of riparian broadleaved trees is often
advocated as an adaptive management strategy to buffer against changes in
climate and catchment land use on the structure and functioning of stream
ecosystems. Few studies, however, hdtegpted to assess the potential for
riparian tree planting to restore terrestaguatic linkages in headwater streams
by enhancing the abundance and diversity of basal resources available to stream
organisms through leaf litter subsidies.

2. Using a BeforeAfter-Controkimpact (BACI) field experiment with spatial
replication, this study aimed to assess the effects of simulated riparian
restoration on the amount and composition of detrital resources in headwater
streams. Riparian land cover change to breaddi@odland was simulated by
subsidising eight headwater streams with leaf litter resources at volumes typical
of broadleaf woodland streams. Standing stocks of benthic particulate organic
matter (BOM) were measured, along with the concentration and isatdff), U
U'®N) and elemental (C:N ratio) composition of suspended particulate organic
matter (SOM) in control and impact reaches before and after the litter addition.

3. Despite maintaining leaf litter in the impact reaches at levels that exceeded those
in areference broadleaf stream over a periodgiofonths, there was no
increase in the amount of BOM or SOM detected at the reach scale. In addition,
there were no shifts in the isotopic or elemental composition of suspended
particulate organic matter thabuld indicate an increased contribution of
organic matter from terrestrialierived leaf litter in response to the litter
addition. Instead, observed differences in organic matter among reaches and
experimental time periods seemed to reflect backgropatias and temporal
variability as opposed to any effects attributable to the litter adgigose

4. The overall nofresponse to the manipulation could mean that the extent of the
manipulation was insufficient to bring about a detectable response, particularly
given the high levels of background noise within these highly dynamics system,
within the time fame of this experiment. Longeerm assessments are needed,

coupled with more extensive manipulation, in order to determine the viability of
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riparian restoration as an adaptive strategy for mediating the impacts of climate
change and wider catchment lamgk change and restoring ecosystem functions

in headwater streams.

5.1Introduction

Global changes in land use and climate have fundamentally altered the structure and
functioning of many ecosystems worldwigdillennium Ecosystem Assessment 2005)

As climate change is expected to become increasingly apgBegatet al.2008) along

with the need to increase global food production to sustain a growing human population
(Godfrayet al. 2010) thereis increasing pressure on ecosystems to continue to deliver
goods and services. Consequently, there is an urgent need for the sustainable management
and adaptive restoration of ecosystems in order to ensure resilience to multiple stressors

linked to climaé change and human activity.

Freshwater ecosystems are among the worl ¢
land use, but are also among thest valued for the goods and services that they provide
(Dudgeonet al. 2006; Ormerod 2009; Vorosmargy al. 2010) Headwater streams are
particularlyvulnerabledue to their high connectivity with their surrounding environment.
For example, due to their small size, the hydrologicalthadnal regimes of headwater
streams closely track variations in rainfall and emperaturéGomi et al.2002; Caissie

2006) meaning that changes iclimate are rapidly manifest both physically and
biologically (Durance and Ormerod 2007; Perkatsal. 2010) In addition, headwaters

rely heavily upon the neighbouring riparian zones for inputs of organic matter (e.g. leaf
litter from terrestrial vegetation) as a supply of energy to support the foo@Madlace

et al. 1999) This means that changesdatchment land use, such as reductions in forest
cover or conversions to plantation forestry and pasture, can disrupt the flow of energy and
matter to headwater ecosysteniikis simultaneously creates challenges for managing
headwaters, but also preseapgportunities for management interventions in the riparian

zone.

Riparian restoration, through the planting of broadleaf trees alongside river margins, is
often advocated as an adaptive management strategy to mitigate the effects of land use
and climatechange on stream ecosystems (Algell et al.2007; Ormerod 2009; Palmer

et al.2009; Seavet al.2009) Such efforts may also help to restore some oh#taral
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functions of river ecosystems, particularly in regions where wooded landscapes are
thought to have dominated prior to extensive deforestation of native trees for agriculture
(Svenning 2002; Lakest al. 2007; Kaplanet al. 2009) Indeed, there is increasing
evidence as to the likely benefits of riparian restorafian example, studies have shown
that riparian trees have the potential to buffer against hydrold@cadshawet al.2007)

and thermalBroadmeadovet al. 2011; Garneet al. 2015 extremes, reducgediment

and nutrient input§Broadmeadow and Nisbet 2004; Sweeme¢yal. 2004) increase
aquaticand terrestrial biodiversitfNaimanet al. 1993; Suurkuukkeaet al. 2014) and
increase irstream habitat diversity through inputs of woody delfNsiman and
Décamps 1997; Gurnedk al.2002)

Less well undrstood is the potentifdr riparian tree planting to restore terrestaguatic
energetic linkages via inputs of leaf litterumerous studies haviighlighted the
important role that ripariatmeesplayin supplyingsources of energy and matter to atne
ecosystems in the forf leaf litter. For exampléWallaceet al. (1999) demonstrated

how benthic standing stocks of organic matter were drastically reduced following
experimental exclusion of litter inputs in a temperate forested stream. The role of riparian
trees inenhancingbenthic organic matter stocksdaso been supptad by comparative
studies (e.gJones, 1997; Thomas al. 2015 Chapter 2)In addition, stable C and N

i s ot d°% e} gnd elemental ratios (e.g. C:Nve beemsed increasingly to trace

the potential importance of riparian litter in subsidisingtiream organic matter stocks

and secondary production (elgberfingeret al.2011; Dekaet al.2012; Imbergeet al.

2014; Junker and Cross 20X2hapter 3). These detrital subsidies increase the diversity
of basalresources available to consumer organisms, and are considered important in
increasing food web stabiliffMloore et al.2004; Rooneet al.2006) Furthermore, leaf

litter subsidies can increaggoductivity at multiple trophic levels both locally and
downrstream(Wallaceet al. 1997; Wipfli et al. 2007) and contribute to neighbouring
terrestrial food webs via aquatic insect emerggBocharnwebeet al. 2014; Stenrotlet

al. 2015) Clearly, the effects of enhancing the abundance and diversity of basal resource

in streams via ripariamee planting have the potential to befeaching.

It has been suggested that planting trees in riparian buffer strips may reinstate these
subsidies, bringing ecological benefits such as greabeluctivity(Thomaset al.2016)
restoring ecological process@§ominoski and Rosemond 203123nd increasing the

availability and diversity of basal resourd&oljonenet al. 2012; Kupilaset al. 2016)
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but few attempts have been madetest this prediction (but sé2obsonet al. 1995;
Thomaset al. 2016) Appraising the effects of riparian restoration, in particular planting
riparian trees, is chahging because the treesuld take several years to mature,
requiring monitoring beyond the temporal and financial scafe most projects.
Furthermore, river ecosystems are highly complex, dynamic, and closely connected to
their surroundings, and persistehanges in catchment land use elimateare altering

the context in whicktheymust respond teestoration efforts. In combination, these factors
present significant challenges in predicting their likely responses to restoration with
confidence. Yetpolicy decisions require a high level of certainty before management
interventions are implemented. Recent correlative studies have provided vaisgjbie

into the potential response of stream ecosystems to riparian restoration in headwater
streamgThomaset al.2015; 2016)Complementary approaches ainewever,needed to
enhance auunderstanding and enable informed management deci@oikami and
Wardle 2005; Stevenson and Sabater 2010)

Experimental manipulations of natural systems have thdibgokconstraining ptential
confounds and allowing stronger inferences about cause and effeldt allowing
relatively shorterm assessments to be mg@mbsonet al. 1995; McGarigal and
Cushman 2002)Experimental approaches have been used previously to test whether
restoring channel complexityfor example via the addition of wood or bouldémsould
enhance channel retentiveness, and subsequently the overall quabésaloresources

that are made available to stream organisms féugika and Laasonen 2002; Lepeti

al. 2005; Florest al.2011; Eggeret al. 2012) Attempts tarestore both the abundance
and composition of basal resources via direct inputs of leaf litter, lhawever,only

been made once befafiobsonet al. 1995)

Aims & Hypotheses

This study aimed to assess the effects of riparian restoration on the amount and
composition of detrital resources in headwater streams. Using a BdfereControt

Impact (BACI) field experiment with spatial replication, riparian land cover change to
broadleaf woodland was simulated by subsidising eight headwater streams with leaf litter
resources at volumes typical of broadleaf woodland streams. Spégifiica following

predictionswere tested
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(1) Simulated riparian restoration would increase stocks of benthic and suspended
particulate organic matter in streams.

(2) Simulated riparian restoration would alter the isotopic signature (i.e. increase
UC and decra s &N values) and elemental composition (i.e. increase C:N
ratio) of suspended particulate organic matter, consistent with greater

contributions of organic matter from terrestrial sources.

5.2Methods

5.2.1 Experimental design & study sites

A six-month BeforeAfter-Controtimpact (BACI) experiment was used to assess the
shortterm response of eight upland streams to simulated riparian restoration. We looked
for changes in stocks of benthic and suspended organic matter before and after simulation,
which aimed teenhance the input and retention of broadleaved litter within the streams.
Two study reaches, ~ 50 m long, were established on each stream, comprising a control
reach (no experimental manipulation) ~20 m upstream of an impact reach (where

riparian restoation would be simulated).

The eight study sites compriself & 39 order streams in the Cambrian Mountains in
central Wales, UKFigure 5.1) These streams are situated in the headwaters of the Rivers
Tywi, Severn and the Wye, and have been monitored routinely as part of ongoing long
term research at the Llyn Brianne Stream Observat(2°08 6 N 3A4506W
www.llynbriannelter.org and the Plynlimon research catchmefits 2 A2 886 N 3 A4!

www.ceh.ac.uk The study sites were selected to encompass the typical variation in land

management and aelmhse status observedrass upland catchments. In these regions,
land is managed primarily for commercial forestry and stggaping, and acibase
status ranges from naturally circumneutral to episodically or chronically acidic waters.
Stream écharge(m® s') was recorded at5-minute intervalsat a study site located
within the LIyn Brianne Stream Observatosjté codelL 1), over the duration of the study
(data supplied by Natural Resource Wales; Station number 060S0589W) and was
assumed to reflect flow conditions for alet study sites and wider hydetimatic

conditions (see Chapter 2, Section 2.2.2).
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Figure 5.1.Map showing the locations of the eight experimental sites used in this study within
the Plynlimonresearcttatchments and the Llyn Brianne Stream Observatocgntral Wales,

UK. Images adapted froldwardset al.(1990) Broadmeadow and Nisb&002)andMarc and
Robinson(2007)

5.2.2 Simulating riparian restoration

During late Autumn 2012, abscised leaves were collected from broadleaved woodlands
at Llyn Brianne and stored outdoors in large refuse sacks until required. Ten ~1 kg
subsample of the litter mixtures were inspected for identification of species composition,
and comprised primarilpak (Quercussp; 91.1%=+ 6.4% SD of the total mass), along

with small amounts dbirch (Betula pubescertshrh.; 7.8% + 6.3% SD) araider (Alnus
glutinosalL.; 1.1% + 1.2% SD)

Simulated riparian restoration began in early January 2013. This aimed to mimic the

typical volumes and patchiness of organic matter stocks that occur in woodland streams
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(Smock 1990; Wallacet al. 1995; Ferreirat al.2013)through inputs of loose leaf litter

and |l ocalised retention of | eaf packs on
packsd to the river bed aetpewbofstream bed,inf O .
the form of filled mesh bags (50 x 8t; 1cm aperture; ~ 0.8 kg dry mass litter per bag)
secured in place with steel poles and bould&he volume for the leaf packs was
established based on autumn standing stocks collettaedroadleaf stream of similar
hydro-morphological characteristics within the study region dutimge consecutive

years (Isabelle Durancenpublisheddata. We al so created d&édwood
retention nets (40 x 40m; 5 cm aperture) alignegerpendicular to the river flow

t hroughout each ¢Dobsdtnlare Hidiewl®%2 cDolsehal.989%) h e s
We then added large quantities of loose leaf litter to the upper end of each reach at
volumes of 3 kg dry mass of litter per m length of stream bank. The volumes of leaf litter
added here were established based on a combination of published estitcaatamhual

litter inputs to temperate streams draining wooded catchments and estimates made from
data collected in a broadleaf stream within the study region (Ilsabelle Durance,
unpublished data

Following litter addition, we estimated leaf litter stamglistocks (in g dry mass#in

the i mpact reaches on each sampling occa
the estimated total mass (kg dry mass per pack) by the reach area. On two occasions
after the litter addition (1 and 4 weeksintethe x per i ment ), we added
stream to replace those that were lost following large stlammevents. Typical leaf litter

standing stocks for reference broadleaf streams were also estimated using litter data
collected on corresponding méstduring 20142014 from a representative broadleaf
stream within the study region (Isabelle Duranampublished dafa These
measurements were made by hand collecting loose litter from 5tramaects along a

10 m reach and converting to mean g drgsnar.

5.2.3 Benthic and suspended POM sampling and laboratory processing

We measured stockef benthic and suspended organic matter (BOM and SOM,
respectively) in December 2012 (SOM only) and January 2013 (B@NsOM) before
litter addition, and approximateigionthly for four months after litter additi¢gkebruary,
March, April and May 2013)Coarse and fine BONCoarse= >1 mm; Fine = > 35um

andOL mm)was sampled on each occasion usimgndomly positione&urber sampler
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(n= 6 replicates per reach; a@a nt; mesh aperture 330m; sampling depth 2@5cm)

and waspreserved osite in 70% industrial methylated spirit (IMS; Fisher Scientific,
UK). In the laboratory, all macroinvertebrates were separated from debris and preserved
in 70% IMS. The remainingnaterial was thenhoroughly rinsed under tap water to
remove sediment and separated ouarsg>1 mm) andfine (> 350pm andOL mm) size
fractions using graduated sie&ndeotts Ltd., UK), then airdried andweighed to the
nearest 0.000%. Coarseand fine SOM (Coarse = suspended particlesrsi; Fine =
suspended particles >n and <Imm) were sampled at the lower end of each reach on
each occasiom(= 3 replicates per reach). Fine SOM was sampled by filtering 100 L of
stream water through a skad pair of 1Qum and 1Imm mesh filters. Coarse particulate
matter concentrations were estimated separately (due to lower concentrations of coarse
particles in suspension) by diverting larger volumes of stream wategg = 2401.0,000

L; mean = 1805.7 Lihrough a PVC pipe fitted with aritm mesh filter and a flometer
(Wallaceet al. 2006) Upon collection, all SOM samples were refrigerated afG4
returned to the laboratory and frozen within R4Freezedried SOM samples were
ground, homogenised and subsamg@tg £0.3mg) for analysis of elemental (C, N)
and st abl ¥C, i*d)oconpapsitian on( aimass spectrometer (University of
California Davis Stable Isotope Facilitfyrozen SOM samples were freehged at-20

°C for 4872 h and then weighed to the nearest 0.0§0JAll BOM and SOM samples
were corrected for inorganic content by combustisglaset (~1/3) of samples from each
site at 550°C for 5h, and applying an adihee conversion factor.

5.2.4 Data analysis

To assess thepact of thesimulated riparian restoratimm BOM and SOMstocks, each
response variablevas modelledusing a linear mixe@ffects model using thémer
function within thelme4 package in RBateset al.2015) wi t h 6 Ti med6 ( Be
OReachd (Control, | meaicmg agfited@rm@®do nit Mmtde |
and A&vere includedas random terms, which accounted dmexplained temporal
variation likely to affect all locations (e.g. seasonal variation or antecedent flow
condition) andhe norindependence of samples collectein the same site. Alhodels
were fitted using restricted maximum likelihood (REMiglidated by visual inspection
of the distribution of the standardised residuals versus the fitted values and of the
distribution of the random effec{Zuur et al. 2009) The p-valuesof the fixed effects
were estimated using conditiongltests based on Kenwéfdoger approximation for
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degrees of freedorfKenward and Roger 1997)singthe R packagebkrtest(Halekoh
and Hgjsgaard 2014)he predictive power of the model parameters (i.e. imalrg?; the
proportion of variance explained by the fixed fast@lone and conditionaR?, the
proportion of variance explained Impththe fixed and random fac®)rwereestimated
using ther.squared.GLMMunction in the R packagduMin (Nakagawa and Schielzeth
2013; Barton 2015)

5.3 Reslts

5.3.1 Stream flow conditions during the study

During the study period, representative stream discharge records showed that stream flow
conditions were highly variable during the study period, ranging between 0.069 and 3.230
m® st with an overall median of.042 m® s? (Figure5.2). Two storm flow events at
approximately 1 and 4 weeks into the experiment following litter addition caused
numerous leaf packs to be dislodged and transported from the impact reaches, which were
subsequently rstocked with freshlyilled leaf packs. On the first occasion, between 7

and 60% of all leaf packs were lost from all but one of the impact reaches. On the second,

only one site was affected, losing 40% of all leaf packs.
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Figure 5.2. Examplel5-minute stream discharge (hs?) recorded at the Llyn Brianne Stream
Observatory(study sitel.1) during the study periofDecember 2012 June 2013)Shaded band
depicst the range of stream flows under which organic matter sampling took place. Contains
Natural Resources Wales information © Natural Resources Wales and database right.
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5.3.2 Benthic particulate organic matter

Aside from losses owing to high flow events, the presaf leaf packs and retention nets
ensured that standing stocks of broadleaved litter was much more abundant in the impact
reaches than in a nearby reference broadleaf site from January toFigaxe6.3).
However, the leaf addition had no significarfeef upon coarse or fine BOM at the reach
scale, as demonstrated by the 4sggnificant time x reach interactions (Table 5.1; Figure

5.4; Appendix C; Figures G.2). Overall, there were no significant differences observed

in coarse or fine BOM between imgiaand control reaches, or between time periods.
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Figure 5.3. Mean (x 1 S.E.) standing stocks of leaf litter across all impact reaches (black triangles)
after riparian restoration simulation (Janudgy 2013) relative to those observed in a nearby
reference broadleaf site (open triangles) during corresponding months i 2@04.1

5.3.3 Suspended particulate organic matter

The concentratioand composition ofoarse and fine SOMere unaffected by the litter
addition, as shown by the naignificant timex reach interactions across all suspended
POM responses (Tabtl; Figure5.5 Appendix C; Figures 3-10). Instead, observed
differences among reaches and time periods appeared to reflect background spatial and
temporal variability as opposed to any effattributable to the litter additioper se
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Suspended CPOM concentrations did not differ between reaches, or between time periods
(Figure 5.53), butlit*C signatures were higher in the impact reaches than the control
reaches throughout the experiméadth before and #dr litter addition; Figure 5.5eThe

C:N ratios (Figure 5.5@ndUi'°N signatures (Figure 5.5gf suspended CPOM, however,
showed no differences between reaches or time periods. Suspended FPOM concentrations
were significantly highem the impact reaches than the control reaches throughout the
study, and were marginally lower after litter aduh in both reaches (Figure b)Y
Meanwhil e, suspended FPG¥,acdd'iNpFmwds 6.5dpfns (-

and h, respective)ystowed no differences between reaches or time periods.

Table 51. Summary ofmixed effectsmodels forbenthic and suspended particulate organic
matter showing Hdegrees of freedom in subscript)dP-values, as estimated by the Kenward

Roger approacfort he ef fects of 6Timed (before and af
experimental) and o6 TRun= MaxginaRR @rogdoréion of variancea c t i o
explained by fixed effects only);?R= Conditional R (proportion of variance explaindxy fixed

+ random effectsP-values <0.05 are highlighted in bold.

Model parameters Variance
Response Time Reach Time x Reach | explained
F P F P F P R2v | R%c

Benthic organic matter
Coarse BOM| 0.37%13 | 0.586 |0.69 440 0.406 |0.14 440/ 0.71 | 0.01| 0.42
Fine BOM | 0.083 | 0.79 |2.3%3ss| 0.123 |1.32 345 0.252 | 0.01| 0.54
Suspendd organic matter (Coarse)
Concentration| 3.534 | 0.132 | 0.04230| 0.839 |1.271230| 0.261 | 0.02| 0.31
C:N ratio 0.3L44 | 0.607 |1.25 27| 0.265 |2.39 206 0.124 | 0.02| 0.39
ut3C 48614 | 0.00 |4.32 228/ 0.039 |0.401227| 0.526 | 0.06| 0.34
UGN 0.344 | 0.589 |0.001220 0.978 |0.05 220 0.821 | 0.00| 0.26
Suspended organic matter (Fine)
Concentration| 7.2114 | 0.055 |6.15,232| 0.014 |0.013231| 0.929 | 0.11| 0.61
C:N ratio 1.094 | 0.353 |0.02,227| 0.900 [1.19 27| 0.277 | 0.06| 0.83
utsC 0.824 | 0.415 |0.011223| 0.916 |0.09 223 0.765 | 0.03| 0.85
UsN 0.334 | 0.597 |0.12 15| 0.726 |0.38 215/ 0.536 | 0.01| 0.67
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Figure 54. Predicted mean values (with 95% confidence intervals) efrbotgsformeda) coarse
and (b) fine benthic standing stocks pérticulate organic matte(CPOM and FPOM,

respectivelyjn impact and control stream reaches, before and after simulated riparian restoration.

5.4 Discussion

5.4.1 Summary

Despite maintaining leaf litter stocks in experimental reaches over a period of six months
at levels that exceeded those observed in a nearbyreddoeoadleaf site, there were no
detectable increases in the amount of benthic or suspended particulate organic matter in
response to the manipulatiokRurthermore, there were no shifts in the elemental or
isotopic composition of suspended particulateanrg matter that would indicate an
increased contribution of ganic matter from terrestrialigerived leaf litter followinghe

litter addition.Overall, observedifferences among reaches and time pergasned to
reflectbackground spatial and tempovalriability as opposed to any effectttributable

to the litter additiorper se as indicated by the relatively large proportion of the variation

accounted for by the random effects.

5.4.2 Effects of simulated riparian restoration on benthic and suspended

organic matter

This study aimed to simulate riparian restoration by enhancing the input and retention of
leaf litter to reaches of historically deforested streams. In doing so, average leaf litter
standing stocks were elevated to levels ¢éixaeeded those ofawed in a nearby reference
broadleaf stream (Figufe3), and were within the range of those observed in woodland

streams elsewhere in the worldtp 1300 g AFDM n1¥; Jones, 1997; Abelho 2001)
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Figure 55. Predicted mean values (with 95% confidence interval&:-bj concentrations, ¢d)
C:N ratios, (&f )C Walues, and @y ) ®*Nivalues of suspended coarse and fine particulate
organic matter (CPOM and FPOM, respectivéhjinpact and control stream reaches, before and

aftersimulated riparian restoration.
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Despitethis clear manipulation, a concomitant increase in benthic standing stocks of
CBOM was not detected at the reach scale. This discrepancy, coupled with visual
observations of leaf litter cover within the impact reaches during the study period,
suggests thiathe added leaf litter may have remained in highly localised patches of
naturally formed and/or artificial leaf packs throughout the study period. Furthermore,
any loose litter that was distributed among the impact reaches following litter addition
may hae been transported downstream during high fl¢i¥eover et al. 201Q see

Chapter 4. In astudy onshorttermled retention in small streamblooveret al.(2010)
demonstrated thd¢aves tendo be trapped in exposed locations within the stream reach,
making them susceptible to transport as discharge increases and are therefore less stable
in space and timthan smaller particleShe resultant patchiness of leaf litter within the
impact reachem the present study could therefore mélaat anyoverall, reachscale

increase in CBOMvas unlikely to be detectdzhsed on smalcale estimates (i.e. using
replicate Surber samples) despi te the presence emhic 6f ot

samples (personal observation).

Given that there was no apparent increase in CBOM following litter addition, the
concurrent lack of increase in FBOM was to be expected. This could be because the
generation of fine fragments from the added leafrlittay have been curtailed in the first

half of the experiment du limited biological activity in colder winter temperatures
(Cuffney et al. 1990; Gilloolyet al. 2001) coupled withthe recalcitrant nature of the
added leaf litter, resulting in relatively slow litter breakdoates(Webster and Benfield
1986) Whilean immediate increase in fine particles of BOM may not have been expected
following litter addition, a delayed increase was predicted by the end of the experimental
period. By this time, artificial leaf packs had been retained within the channels for
apprximatelyfive months, which, in theory, would have allowed microbial colonisation

of leaf litter to occur, allowing increased palatability and fragmentation by invertebrates
(Kaushik and Hynes 1971; Ben&kal.1988) and a subsequent increase in the generation
of fine omganic matter particlegCuffneyet al. 1990) There was, however, no apparent
increase in FBOM by the end of the experimégpendix C;FigureC.2). This suggests

that any ine organic matter particles that may have been generated either occurred in
guantities too low to be detecteahd/or were more readily transported downstream than
they were to be retained on the stream (Sgkakeet al. 1984; Thomaset al.2001)
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If CBOM and any associated FBOMWere indeed transported downstream rather than
being retained within the impact reaches, then an increase in SOM concentrations
following litter addition could have provided some support for this scenario. A
concomitant shift in isotopic and elemental casipons of SOM towards more
terrestrial signals could also have supported this scenario. In the absence of such
responses, however, and since the SOM samplinpe guency provided
within the full range of flow conditions (Figurg.2), it was not possible to directly
determine whether the downstream transport of CBOM and FB@M explain the lack

of increase in BOM in the impact reaches following litter addifidre loss of numerous
artificial leaf packs following two high flow eventboes however,suggest that under

high flow conditions the streams would be capable-stuispending BOM from their beds

and exporting it downstream. Furthermore, other studies have demonstrated that the vast
majority of organic matter export occurs duringhhftpw eventqe.g.Eggertet al.2012

Chapter 4. It is also possible that any changes in SOM concentrations, at least in the fine
fraction, could have been too small to be detected above the high levels of background
temporal and spatial variability among sampling occasions and stream reaches
independent of the leaf additiomsppendix C;FigureC.4).

In general, inputs of organioatter fron terrestrial sources are expected to increase the

C: N r at Pcovaluesof BOMiFinlay and Kendall 2007)Recent dataollected

from headwater streams near to the current studygest that any shifts in SOM
composition may be subtle and difficult to deté€hapter 3)For example, the isotopic

and elemental compositisif leaf litter from broadleaved woodland streams were not
markedly different from other sources of organic matter in conifer or moorland sites
(Chapter 3, Figures 3.2 and 3&ppendix C,Figure C.11). Unsurprisingly, therefore,

CSOM in a broadleaved woodland stream was intermediate between the conifer and
moorl and streams i #Csignatures (Cluapter & Figur@3Ehis,i os a
coupled with the high temporal variability observed in B3N signaturesAppendix
C,FigureC. 7), suggests that an increased o6bro
in CSOM following litter addition in this experiment. Although tpeevious study

showed that FSOM had higher mean C:N ratio in the lbeafdtream (17.6 + 0.2 S.E.)

by comparison with the conifer and moorland streams (14.3 + 0.1; Figd)rettese

values were within the range of those observed within the control reaches of the study

sites in the present study (9.9.9.5 Appendix C, Figre C.1). Furthermore, the likely
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slow breakdown rates of leaf litter mentioned previoaslyggest s t hat over
signal 6 wi t hi nbedh®@dvhalhMoodeateéctdfolldwengliter addition within

the time frame of this experiment.

5.4.3 Challenges in simulating and experimentally manipulating natural

systems

Some significant challenges are inherent in attemptingnwlateexperimentally real
conditions in naturadystems. In the case of simulating riparian restoration of headwater
streams,His includes the difficulty in mimicking the high level of connectivity that exists
between streams and their terrestrial surroundings in terms of organic matter input, and

I n working in systems that have a high |

Under norexpermental reference conditions, it is likely that additional processesd

result in higher standing stocks of BOM, which may only be observed under well
established conditions. For example, any downstream losses of BOM would have been
replenished by theontinual supply of organic matter from the adjacent riparian zone via
lateral transport. Indeed, lateral inputs form a substantial proportion of total annual litter
supplies to streams, and extend well beyond periods of peak leéBéaliield 1997;

Kochi et al. 2010; Hartet al. 2013) In addition, inputs from upstream or from the re
surfacing of bued OM(Cornutet al.2012 see also Chaptersatd4) are also likely to
replenish downstream losses of organic matter within a given reach under natural
conditions Further mor e, despite at Bestiobi22 t o
above), it is unlikely that they achieved the same channel complexity and subsequent OM
retentiveness that is often observed in the presencestrieiam wood (e.gsurnellet al.

2002; Pretty and Dobson 2004a; Floetsal. 2011; Eggeret al. 2012; Koljonenet al.

2012) While higher standing stocks of organic matter have been observed in broadleaf
streams by comparison with conifer and moorland streams (Chapter 2), others have
demonstrated that the effects of increased broadleaved tree cover on organic matter stocks
may only become apparent once catchment cover is extefidnoenaset al. 2016)
Nevertheless, these examples demonstraesttong influence of riparian and wider
catchment land cover on-stream organic matter stock&s such, the scale of this
simulation experiment may have been insufficient for any differences in organic matter
stocks to parallel those that are generalbserved between treeless and established

woodland streams.
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The high | evel of Obackground noised6 tha
have meant that any marginal responses to the BACI treatment were undetectable. Indeed,
any significantdifferencesthat were observed in this experiment refledtedkground

spatial and temporal variabilitgs opposed tanyeffect of the litter additiorper se In
modelling the effects of the BACI treatment, for example, random factors in the model
thataccont ed f or spati al (i . e. 60sited) and t
large amount of the variation in the data (Table 4.1). Even after accounting for this
variability, some responses differed between reaches before the litter addition had
ocaurred, or showed general increasing or decreasing trends from before to after the litter
addition. Indeed, BOM and SOM show high levels of in&nad interannual variability

in headwater streams, both in terms of quantity and composition (see Chapté®).2
While the BACI design woul d nhoa (&sdéavood o u n t
1994) this highlights the heterogeneous nature of these systems, and the subsequent need
for a strong signal if a response is to be detected. In the terms of predicting the likely
response of stream ecosystems to restoration efforts, or indeed increasing the likelihood
of restoration success, the overall extent of restoration could be an important factor
dictating the outcomes and must be considéRadmeret al. 2010) For example, the

length of restored reach may need to extend over several kilometres and monitoring may
need to span longer timescales for ecological responses to restoration to become apparent
(Heringet al.2015; Kailet al.2015)

5.4.4 Conclusions

This study highlights the challenges in making stemn, experimental assessments of
the potential response of headwater streantgghly dynamic natural systenis to
riparian restoratiorOverall, there was no signal of litter addition detected, despite one of
the largest scale leaf addition experiments ever carriedTbig. norrespons to the
manipulation however,does not necessarily mean that riparian restoration would not
affect organic matter stocke headwater streamsnder norexperimental conditions
Indeed, severaltudieshavedemonstrate the potential for riparian broadhesd treesto
enhance organic ntat stocks in headwater streams remains possible that any
responses were tamallto detect above the high levels of background noise, that such
responses may require longer time scales to become apparent, or thaemhefethe
manipulation was insufficient to bring about a detectable response within the time frame
of this experimentFurther work is needed in order to determine the viability of riparian
97



restoration as an adaptive strategy for mediating the impiclisnate change and wider
catchment land use change on headwater stream ecosystems and restoring ecosystem
functions. This could include increasing the extent of restoration through-toaler
experiments, spanning longer timescales (i.e. incorporase@sonal and annual
variability) and reach lengths, and mimicking more closely the annual supply of litter
inputs gensuDobsonet al. 1995; Bafiuelost al.2004) This may allow greater stocks of
organic matter to be distributed, retairsed! biologically processed within experimental
reaches, and may therefore allow for stronger inference.
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CHAPTER 6: General Discussion

6.1 Context and purpose of the project

Climate change ibaving widespreatnpact on ecosystem service sustainability, while
human activity continues to degrade the very ecosystems that support these services
(Millennium Ecosystem Assessment 2005; UK National Ecosystem Assessment 2011;
Runting et al. 2017) With a growing human populatiopressure on ecosysters

deliver goods and services sustain societal needslikely to intensify(Godfrayet al.

2010) so thatdecision makersow urgentlyrequirethe evidencebasel, highcertainty
solutionsto respond to these global challeng@éhile there is a significant body of
ecosystem science and ecology to answer some of these needs, predictable, quantifiable
and largescale evidence is still scarce or uncertgincertaintesstemnot leastrom gaps

in knowledge, for example on the quantitative links between biodiversity and ecosystem
services but alsofrom methodological challenges that are inherent in addressing global
change question®uranceet al.2016) As a consequence, robust management solutions
for securing ecosystem resilience and service sustainability are often difficult to identify
(Runtinget al.2017)

This is the context from which th&udyarises, building around a modefreshwater
ecosystems$ that has proven to be partiadly suited to understand the processes that
underpin ecosystem function and ultimately the level of services that ecosystems can
provide. To start with, thetudy has been able to build on a long standing body of
freshwater research (Chapter 1) that hesnbat the forefront of largecale ecosystem
science, with famous experiments at Hubbard Bi@od. Fisher and Likens 1973nly

one of the many examples where links between catchment management, biodiversity and
ecosystem function were quantitatively evidenced. Perhaps just as importantlytile cen
position of these diverse ecosystems at the interface between land and sea, confers them
with a key role in the transfer of energy that fuels everything from microbes to fish and
birds across the globe. Thagidy, which explores how organic carborusces captured

from bankside vegetation, are stored, processed and released, contributes to this body of
research on energy transfers, and its findings detailed below offers some key evidence for

decision makers.
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6.2 Synthesis and lessons learnt

6.2.1 On theresponse of freshwater ecosystems to climate change

A warmer world is likely to intensify the global hydrological cy¢iuntington 2006)
resulting in more frequent floods and drougiMdly et al.2005; Bate®t al.2008) with

small, head/ater streams being particularly responsive because of themggzhology.

Already, marked changes in stream flow regimes are being observed at higher latitudes
and altitudes, including increases in the magnitude, frequency and duration of high flow
everts (e.g.Birsanet al. 2005; Biggs and Atkinson 2011; Hannaford and Buys 2012)
highlighting the need to gather evidence for understanding and predicting the ecological
responsesft hes e-wédear hyg syst e ms(Berkingtalc2DlO)mat e c h

The results presented @hapters 23 and 4suggestthat expectedincreass in the
magnitude and duration dfood evens under future climate changeill re-distribute
organic matter remsirces downstreamvithin river networks, therebyedudng the
quantityof detrital resourcesetainedwithin headwatestreans, but also potentially the
quality of downstream carbon sourc¥ghether a increase in thérequencyof flood
eventswill depletebenthic standing stocks or exports of organic matemains in
guestion Experimental evidenceising outdoor mesocosn{€hapter 4)gave some
mechanistic insight intPOM dynamics duringlood events,confirming that more
CPOM is transported at higheoW rates and that the majority of transport ocgwiuring
early stages of flod events. Similarif not strongereffectsare expected for FPOM
(Chapter 2)with this resourcéoeing smaller in size and therefore more susceptible to
transport in high flowsDespite these observatigrasn increasedrequencyof flood
events whether simulated (Chapter 4) or natural (Chaptérd2) not result in a overall
reduction in benthic standing stocks of CP@MFPOM, or a declining trend in the
amount of CPOM exportedownstream.In combination, these results suggest that
thresholds in flood intensity exist above white balance betweetransport and
retention is compromisednports from upstream aratljacentiparian zonesre instead
rapidly exported downstreananddepletion of organic mattetocksoccurs It is likely

that such thresholdswere, however, unattainable under experimental conditions, and
infrequently encounteredunder natural conditiondNevatheless, this study provides

empirical support for previous suggestions ttlahateinduced shifts in precipitation
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patternswill decreaseorganic matteretentionin headwater stream@ominoski and
Rosemond 2012)

A reduction inthe amount of basalesourcesretained within headwaterstreans,
particularly structurally complex resources that partieutarganic matter represents,
couldhave fafreachingecological and societahplications. Fewer resources at the base

of thestreamfood webwill ultimately reduce the amount of energy and matter available

to bebiologically processed arithnsferred to higher trophic levél/allaceet al. 1997)
andthereforelimit overallfood web productivityn the upper reaches of river netwarks
These effects will not simply be local to headwater reaches, but could extend beyond their
aquatic boundaries and downstreaBtreams, like many ecosystems, are open and
permeable, and reciprocate subsidies to the adjacent terrestrial ecosystem in the form of
emerging adult aquatic insects, which, in turn, provide important prey items for river birds
(Polis et al. 2004; Marczaket al. 2007) Furthermore, \ile gudies that investigate
quantitatively the energetic contribution leéadstreams to downstream rivers, estuaries
and coasts are scarce, it is generally surmised that upstream contriledtmngsnic
matterare critical to the functioning of downstream ecosystémetuding fish production

(Wipfli et al. 2007) Consequentlyfindings from this work relating to the change in
quantity and quality of upstream subsidies to lower reaches following climatic changes,
are likely to have profound consequences on food webs downstream, potentially altering
the sustainability of important services such as fisheries or shellfish provision. In fact,
this work could even suggest that management choices for the uptanidse central

to coastal economies and marine conservation.

6.2.2 On the management of river egeiems to ensure resilience and

continued service delivery in the face of global change

Given thepotential scale at which altered processeshiadwatersould impact on
important societal issues, thésudy highlights the importance of adopting larg@le
perspectives in management actions and conservation polisiesof the most widely
advocated management strategies for mitigating the effects of human activity and climate
change on freshwaters is riparian tree plan{ag. Abell et al. 2007; Ormerod 2009;
Palmeret al. 2009; Seavyet al. 2009) with increasing benefit evidencRiparian trees

can buffer against thermal and hydrological extremesyegulate excess nutrients and
sedimentationand increashabitat complexityand regional biodiversit{e.g.Naimanet
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al. 1993; Gurnellet al. 2002; Sweenewgt al. 2004; Bradshavet al. 2007; Garneret al.
2015)

As important, but scarcely explicitly investigateid, the potential role of riparian
vegetation in restoring and protecting fundamental ecosystem funicti@msely organic
matter processédsthat underpin the resilience and guativity of food webgNaimanet

al. 2012; Elosegi and Pozo 20168}Fhapters 2 and 3 demonstrated, however, that not all
riparian vegetabn is equal in this respecRiparian broadleaves clearly most benefit
streams both locally and downstream in terms of energetic resilience, by storing
consistently higher levels of food resources in the form of benthic particulate organic
matter, and tmnasporting more carbon downstream in the form of suspended particulate
organic matter than streams bordered by conifer plantations or moorland vegetation, even
when climatic conditions exceed worsse projection€hapter 5 used a complementary
approachd assess whether a similgparian broadleaf effeatould be triggeredJsing
reachscale experimental manipulation, this experiment was one of the laugdst
attempts made to simulate ripariaroadleavedree plantingin conifer and moorland
catchmentgcf. Dobsonet al. 1995) and yet did not illicit the same response in terms of
organic matter stock3.hough the mechanisms for these differences were not explicitly
tested, a wealth of experimental evidence exists in the literature to suggesetrasstr
bordered by mature broadleaved tree spau¢®only supply more leaf litter to streams
(Abelho 2001) but alsohave a greater retention capacity than their coniferous or
moorland counterpts. This is due to the characteristics of the litter it@eli.Pretty and
Dobson 2004a; Quinet al. 2007; Cordoveet al. 2008; Hooveret al. 2010 and the
presence ofarge woodyretention structurem the form offallen branches and mature
trees(e.g.Muotka and Laasonen 2002; Lepetial. 2005; Floreset al. 2011; Eggeret

al. 2012) Together these properties promote retention, leteyen storage, and thus a
constam, heterogeneous supply of food resources to sustain a diverse array of stream
organismgPetersen and Cummins 1974; Webster and Benfield 1986; Mbal€004;
Rooneyet al.2006)

The disparitybetween these twapproaches couldesse to highlight thescale of
experimentation, and indeed restoration effortegededto successfullyre-establish
complexstreamriparianlinkagesin deforested catchmentsdeed, he establishment of
retentive headwater systeinsapable of storing abundant organic matter along the entire

river continuuni would involve largescale effortsresourceand decades of tree growth
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(Eggertet al. 2012) Moreover, planting trees in the riparian zorgone may not be
sufficient: recentstudies suggeghat catchmentsvith more extensive tree covere
capable ohot onlystoringmore organic matté€ilhomaset al.2016) but alsanoderating

flood severity(Bradshawet al.2007; Marc and Robinson 2007; Chappell and Tych 2012;
Rustet al. 2014) To effectively mitigate climatic effecten river ecosystem functions

and serviceghereforewidespread action must be implemented in policy and préctice
protect and restore tree cover in headwater catchnterggy, headwatestreans can no
longer be neglected in major water policies, such as the European Water Framework
Directive (Lassalettaet al. 2010; Biggset al. 2016) Second adaptive management
actions should explicitly consider thefundamentalimportance of organic matter
processes in supportirggosysteniunctionand resilienceand their sensitivity to future
climate These actiongould include (1) increasing organic matter supplies to river
networks byenhancing broadleaved tree cover in headweahments vigatchment

wide treeplanting (2) increasingtheretentivenessf headwaterby introducingorganic
matterretention structuresuch as log jams and boulddrsstreanreaches(3) allowing

the development of mature woodlands along river margins to establish complex and
sustanable streanriparian linkages, and; (4) protecting existing natural woodlands in

headwater catchments from deforestatmmaintaincomplexecologicalproperties.

6.3 Future directions

To answer the most urgent stakeholder questions entails developing our capacity to
understand and predict the likely ecological consequences of management interventions
and climate change, in real life, largeale settings. To aid in the development g th
understanding, thistudy applied two complementary scientific approaches used in
ecological global change research: observations and experimental manipulation in the
field. In doing so, thistudy illustrated some of the major challenges that freshwate
ecologists face in conducting experiments at sufficient scale to be able to predict
ecological responses to real complex changes with more certainty, above the high levels

of variability that exist in these natural systems.

The use of natural abundantalde isotopes Chapters 3 and 5 to detect land use signals
highlighted just how variable these natural systems carinbthese studiessotopic

signatures of both suspended POM and its potential soaxteited largetemporal
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variability, with strorg indications thaadditional unmeasured souréaesamely microbes

I werecontributing to suspended POM in unknown proportitmdeed, naltiple sources

of variability operateat different scale® affectthe isotopic signatures of basal resources

in freshwaters in ways that are still poorly characteri¢edipochet al. 2012) This
unexplained variability highlightthe currentlimitationsof these tool$or quantifying the

role of headwaters in subsidising downstream systems under future land use and climate
scenarios. Nevertheless, by providing maeleded empirical data on isotopic variability

in basal resources, this study makes an important step toheitdsdetermination of
energy pathways in food web stud{@spochet al.2012) At the same time, this work
highlighted avenues for futuresearch, such as estimating microbial bionagssciated

with different organic matter pools, and the degree to which they cause isotopic

enrichment

Observational, correlate field studies such as those reported in Chapters 2 and 3 are
importantto grasp the extent of natural variabilitijerebyallowing realistic predictions

to be made. For example, these studies captured substantial interannual climatic
variability, which provided a natural climate change gradient against which responses
could be teste@unneet al.2004) Such studies are resource intensive, however, with
samplingoften being restricted to snapshots in time and/or JgageCariss and Dobson
1997;Molinero and Pozo 2004; Molkt al.2006; Wallaceet al.2015) To avoid context
dependence and subsequent difficulties in generalising results, theraftues f
observational studies of organic mattgmamics should incorporate higtequency
automated sampling techniquas the field Such tools would improve mechanistic
understanding of organic mattéischarge dynamics under realistic settings, for example
during real flood eventdn addition, by dbwing greater temporal and spatial replication

of field data, stronger predictions could be made of organic matter dynamics throughout
entire river networks under future climai&cuiia and Tockner 2010and catchment

management scenarios.

By comparison wittobservatioal studiesconducing experimental manipulations in the
field, such as the riparian land use (Chapter 5) @dimdate (Chapter 4)manipulations,
have the beneftof constraining ptential confounds and allowing stronger inferences
about causand effeci{McGarigal and Cushman 2002heyalsoallow questions to be
answered in a relativelghort periodof time (Dobsonet al. 1995) On the other hand,

creatingrealigic treatmentsn the fieldat sufficient scales logistically and practically
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challenging Experimental treatments are therefore often implemented in a short space of
time, constraining them to representing stierin response@VicGarigal and Cushman
2002; Dunneet al. 2004) Indeed, he overall norresponse to théargescale litter
addition (Chapter 53uggests that this experiment may have been limited in its scope,
possibly in terms of duration or realism, for assestirgviability of riparian restoration

as an adaptivenanagemergtrategy Future experimental approactesdetermininghe
potentidlongertermrole ofriparian broadleaved planting feupportingiver ecosystem
servicescould therefore be improved bgcorporating multiplestages and scalex
restoration in the form of differing litter supplies and retention struct&ealism cald

also be improved bgpanning longer timescales and reach lengthsmamicking more
closelythe temporal dynamics of leaf littemputs €ensuDobsonet al.1995; Bafiuelost

al. 2004)

Mesoosm studie®ffer astrong compromisé overcome fielebased challengeand
are being increasingly used in global change ecological red&iestartet al.2013) By
potentially allowing more replication and control than observational stadidsield
experimentsas well asmore realism than microcosm studigsedger et al. 2009),
mesocosm experiments have the advantage of allowing researchers to rgame a
detailedmechanistic understanding of complex abitictic interactions irseminatural
settings By manipulating flow regimes in outdoor mesocosms (Chapter 4), &onjghe,

it was possible to characterise CPOM dynamics during flood ewsthis a threemonth
period. Future mesocosm experiments could explomguts, exports, transport and
retentionof a range of other resource types, such as different leaf litteespdissolved
organic carbon (DOC) and benthic biofilm, under different flow regimes. Biotic
responsesot manipulated resourceuld also be measured better understandhe
ecological implications of altered basal resources under different scematio®, sich
information could be used to develop comprehensiganic mattebudgetsand advance
understanding of upstreadownstream linkages withinverine landscapefWebster
2007; Tanket al. 2010) Such studies wuld also allow better parameterisatioaf
mechanistienodels whichare often limited by gaps in procesased understanding (e.qg.
Acufiaand Tockner 2010; Stenroth al.2014) but are useful tools for predicting future
responses and informing management decisiliris important to note, however, that
mesocosmstill lack the true extent of complexignd variabilitythat exists in naral

systemssuch as riparian linkages and flood intensities (Chaptém &)lfilling the needs
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of stakeholdersexperimental manipulation in both natural and seatural systemean
however, strongly complement other approachesich as largecale comparative
assessmentslong-term monitoring of restoration project@and modelling future
scenariosWhen combinedthese approachese central to advancing knowledge and
finding real solutions to global change problems, and should be fully integnidettie

freshwater ecologistés tool box.

6.4 Conclusions

The findings of this study suggest that climdtezen changes in flow regimes will reduce
organic matter retention in headwater streams, but that riparian broadleaves could be
effective in mitigatinghese effects. Consequently, this study reinforces the notion that a
broad ecosystem approach to climate change adaptation must be adopted and
implemented. Specifically, headwaters must be explicitly considered in water policies,
and actios must baaken b protect existing natural woodlands and support laogde
restoration in headwater catchments. This study also highlights the value of combining
largescale observational and experimental field studies to answering global change
guestionsGaps in knowedge remain, however, andntinued longterm monitoringis

needed along with large-scale field experimentation anuiesocosmstudies. These
approaches will greatlymprove our capacity to predict landscegmale responses to

future climate change and imfo management actions.
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Figure A.1. MixSIAR isospace plot, showing®N v e r s°CG salugs ofsuspendeda) coarseand (b) finepariculate organic mattesamples measured at the four
study sites (C4 = acid moorland; G1 = broadleaved woodland; L1 = conifer forest; L6 = circumneutral maampa)ential sources (bryophyte, epilithon and
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APPENDIX B

Figure B.1. Site L3, looking upstream, with mesocossigiated on righhand bank. Photo:
Stephanie Ridge.

Figure B.2. Site L6, looking downstream, with mesocosms situated on-higiwl bank. Photo:
Marian Pye.
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Figure B.3.Site L7, looking upstream, with mesocosms situated oféft bank. Photo: Marian
Pye.
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Figure B.4. Example stream discharge {st') at a study site within the Llyn Brianne Stream
Observatory over the period when experimental manipulations took place (Nov 2812015).
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APPENDIX C
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Figure C.1. Mean (= 1 S.E.) standing stocks of coarse benthic organic matter in the control
reaches (white circles) and impact reaches (black circles) of each study site for 8 weeks before
(B1iB2: DedJan 201213) and 20 weeksfter (ALl A5: Feli May 2013) simulated riparian

restoration. Arrows indicate the timing of litter addition.
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Figure C.2.Mean (x 1 S.E.) standing stocks of fine benthic organic matter in the control reaches
(white cirdes) and impact reaches (black circles) of each study site for 8 weeks befB2(B1
Ded Jan 201213) and 20 weeks after (AA5: Feli May 2013) simulated riparian restoration.

Arrows indicate the timing of litter addition.
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Figure C.3. Mean (x 1 S.E.) concentrations of coarse suspended organic matter in the control
reaches (white circles) and impact reaches (black circles) of each study site for 8 weeks before
(B1iB2: DedJan 201213) and 20 weeks after (AA5: Feli May 2013) simulated riparian

restoration. Arrows indicate the timing of litter addition.
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Figure C.4. Mean (£ 1 S.E.) concentrations of fine suspended organic matter in the control

reaches (white circles) and impaetches (black circles) of each study site for 8 weeks before
(B1iB2: DedJan 201213) and 20 weeks after (AA5: Feli May 2013) simulated riparian

restoration. Arrows indicate the timing of litter addition.
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Figure C.5.Me a n ( N ®Qof c®arse suypentled organic matter in the control reaches (white
circles) and impact reaches (black circles) of each study site for 8 weeks befioB2 (BEd
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indicate the timing of litter addition.
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Figure C.7.Me a n

( N ®NLof c®arsE supperiledganic matter in the control reaches (white

circles) and impact reaches (black circles) of each study site for 8 weeks befioB2 (BEd

Jan 201213) and 20 weeks after (AA5: Feli May 2013) simulated riparian restoration. Arrows

indicate the timing ofitter addition.
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( N M of fhe dispgnded organic matter in the control reaches (white

circles) and impact reaches (black circles) of each study site for 8 weeks befioB2 (BEd

Jan 201213) and 20 weeks after (ARS5: Feli May 2013) simulated riparian restoration. Arrows

indicate the timing of litter addition.
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Figure C.9.Mean (x 1 S.E.) C:N ratio of coarse suspended organic matter in the control reaches
(white circles) and impact reaches (black circles) of each study site for 8 weeks beid@2:(B1
Ded Jan 201213) and 20 weeks after (AA5: Feli May 2013) simulated riparian restoration.

Arrows indicate the timing of litter addition.

147



