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Abstract

Tree litter is a key basal resource in paratedeciduous woodlands astreamshat
drainthem. Litter decomposition promotes carbon and nutrient cydlieging

woodland food webs. Research to date has not thoroughly explored how ongoing
environmental changeaffectthis processThis study used miocosm and field
experiments to investigate how multiple stressors (urban pollution, elevated
atmospheric C@and stream acidification) affected litter chemical composition,
invertebrateconsumptionpandterrestrial and aquatic mass loksaf litterchemial
compositiondifferedbetween ambientind elevatedCO;, litters, and between rural

and urban litters, but the direction of these responses was complex and differed
between experimentBl microcosms, leaf litter consumption by terrestrial and
aquatic inertebrate detritivoreswas speciespecific.After exposure to a woodland
floor or headwater streams, urban litter broke down faster than rural litter, while CO
treatment did little to influence mass loss. The abundance, richness and diversity of
terrestral and aquatiinvertebrates associated with leaf litter generally declired

28 to 112 days the field Taxon ichness and diversity were generally higher in
elevated than ambienCO; leaf litter through time, while urban leaf litter had deza
diversity than rural litter after 112 days only. Abundance was greater in the
circumneutral than the acid stream. Aside from leaf litter, small woody debris was
also affected by C&ireatment: elevate@O, twigs had a greater concentration of
nitrogenand lignin, and broke down faster than ambi@&@k twigs on a woodland

floor and in headwater streams. This work highlights the complexity of invertebrate
and ecosysteracale responses to the effects of multiple environmental stressors, with
implications for nutrient cycling and food webs. Urban poliutioay have a greater
influence on litter chemical composition than &a@atment, while effects of growth
condition may be more important tharesim acidity in influencing decand

invertebrate communities.
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1. General introduction

1.1 Litter in temperate forests

Temperate forests cover over 1.40° hectares of the EarthOs suri@eich &

Bolstad 2001jrom 2565 N and counterpart regions of the Southern Hemisphere.
They are composed of an estimated 312.5 Mydfaaboveground biomagkefsky

et al.2002) dominated typically by trees of the genlizer, Betula Fagus Populus
andQuercus The totalNet Primary Production (NPP) of this habitat type is an
estimated 2.2 10™ g yeaf" of carbon(Melillo et al.1993) with mean carbon

storage estimateat0.72 Pg yeal (Panet al.2011) This makes temperate forests an
important carbon sindLuyssaeret al.2007, 2008)Foliage and woody structures are
particularly important carbon storage tiss(ldeoney1972; Aber & Melillo 2001,
Lamlom & Savidge 2003; Lorenz & Lal 201@iven their relatively high
concentrations of structural compounds such as celluloses and(ligier& Zeiger
2006; Chaveet al.2009; Novaeet al.2009) and norstructural carbohydrates, such
as starch, sucrose and gluc@dech, Richter & KSrner 2003)These tissues also
store important nutrients, such as nitrogen, phosphorus and other mineral ions,

including potassium, calcium and magnesii@haveet al.2009)

The majority of deciduous forest NPP escapes herbii@yy & Pace 993)and

enters the detrital pathway as lit{etairston Jr & Hairston Sr 1993; Cebrian 1999;
Thomas & Packham 2007 one aspen forest in southwestern Alberta, Canada, this
amounted to a leaf litter standing stock26D g nf?, encompassing 3.7% of the total
organic matter in the ecosystéhouisier & Parkinson 1976)n terms of input rates,
Goszet al (1972)calculated that 5,702 kg faof litter per year entered the Hubbard
Brook Experimental Forest, New Hampshire, USA, and that it was comprised of 50%
leaf materialbnd 25% small woody materigbuch litter inputs can vary spatially and
temporally, as leaf litter tends to fall seasonailautumn(Gosz, Likens & Bormann
1972; Abelho & Graea 1998; Abelho 20Q1yhile woody debris inparemore
sporadic, depending on local tree death and extreme weather @lgntst al.

1998; Berg & McClaugherty 2008)



As well as terrestrial input, litter is an important source of energydadwater
streams adjacent to temperate deciduous woodlands. Organic material can fall into
water directly (verticdy) or via the forest floor (latergl), with the former providing
the major contributioiiBenfield 1997; Pozet al. 1997) Fisher and Likengl973)
found that 99% of the annual energy input to a headwater sbapproximately
6,039 Kcal n¥ yeaf Bwas allochthonous (derideexternally). Thejuantityof litter
entering streams can be highly variable, however, with a review by A{#808a)
finding that input rates ranged between 3 and 76 ®yeaf™ in mixed deciduous
forests. Abelho and Gra{d998)showed that these inputs are comprised largely of
leaves (62%), followed byigs (16%). Given this difrencestudies of organic
matter decompositionavetendedto focus on leaves rather than woody debris
(Harmonet al. 1986; Websteet al. 1999; Abelho 2001)Only a few studies have
indicated that woody debris can make a large contribution to total littétéell
example, leaves and branches contributed approximately equally to the
4,730Kcal nf* of energy falling as organic detritus at Bear Brook, UBisher &
Likens 1973)

Of the studies that consider woody litter, Small Woody Bel8WD;e.g.twigs) is
understudiedcompared td.arge Woody Debris (LWDe.g.logs and branchgs

Small woody debris is important standing stocks of detritataterial, particularly in
high-order stream¢Bilby & Ward 1989) one temperate deciduous forest contained
an estimate&.06 Mg h& of fragments less tha®icm in diametefOnega &
Eickmeier 1991)while 20% of litter entering a temperate forest streaas

comprised of twigs and branches, resulting in a contribution%ft62Zhe standing
stockof coarse benthic organic mat{é&belho & Graea 1998)Retentiorof SWD is
alsohigherthanfor leaf litter,making italocally stdle resourcén the locations that
it falls (Trotter 1990; Wallace, Whiles & Eggert 199B)is, however, generally
patchy in time and spaceaking it difficult to measure andciapolate its role in
carbon storage #e forest scaldt is also difficult to reach consensus when variable
definitions have been used, encompassnagerial with diameters oflY cm
(Harmonet al.1986) <5 cm(Kirby et al.1998) <2.5 cm(Thomas & Packham 2007)
and 0.40.7 mm(Dearderet al.2006) Proxies, such as tongue depres$Arsoita et
al. 2012) veneergHofer & Richardson 2007wood chipgMelillo et al. 1983)and



ice-cream stickgSinsabauglet al. 1992)are also used in place of fietallected or
greenhousgrown SWD, all of which may hawdifferent dynamics to natur&wnD.

As well as its energetic importance, litter affebtsphysical habitat and nutrient

storage of temperate forests and adjacent streams. Aanalysis by Xtet al (2013)
showed that removing the litter layer of the forest floor can increase soil temperatures
and reduce soil moisture, while decreasing@agonNitrogen ratio (C/N) and total
carbon and nitrogen content. These outcomes epartially reversed by litter

addition, but both soil moisture content and the total nitrogen content of the litter
layer did not change in such studies. Coverage of the woodland floor by litter also
influences competition between trees by reducing gextioim, establishment, species

richness and aboveground biom@s®ng & Nilsson 1999)

In freshwaterswoodylitter plays an important role in channel stabil(iBilby 1984)
and morphologyHarmonet al. 1986) affectingstream hgraulics and habitat
formation(Abbe & Montgamery 1996; Beechie & Sibley 199'Mluch of the litter in
headwater streams is incorporated into woody debris (Rithy & Likens 1980;
Smock, Metzér & Gladden 1989; Florest al.2011) which may contaias much as
75% of theorganic standing stock affirstorder streaniBilby & Likens 1980)
causing flow alterations and reducilitter decomposition ratgglos Santos Fonseca
et al.2013) Removal of litter results in reduced retention of sediment and dissolved,
fine and coarse organic me#ds (Bilby & Likens 1980; Bilby 1981; Webster & Tank
2000) For example,n one of the longest studies of its type (13 years), Eggeit
(2012)showed that the export of gravel and fine particulate organic and inorganic

matter was increased following litter exclusion.

Plantdetritus also underpingood websand promotes nutrient cycling in forest
ecosystemgMooreet al.2004; Hageret al.2012) Leaf litter acts as an important
refugeand basal resourde organismsuch as macroinvertebrates and fundioth
terrestrial(Bardgett 2005; Sayer 2006; Lavedieal. 2006; Berg & McClaugherty
2008; Xu, Liu & Sayer 2013nd aquati¢Cummins & Klug 1979; Ablo 2001;
Moog 2002)forest habitats-orest biotalsoutilise woody debris as a substrate and
energy sourcéHarmonet al. 1986) including fungi and bacteri@ank, Webster &
Benfield 1993; Tank & Winterbourn 1996; Tedersi@l.2003) invertebrates



(Andersoret al.1978; Anderson & Sedelll 1979; Tank & Winbeurn 1996 and
primary producers, such as macrophytes and periplfgtommins & Klug 1979;
Eggert &Wallace 2007)This is particularly true of organisms with a low nutrient
demand, pthose requiring aanergy sourcé supplement leaf materigBerg &
McClaugherty 2008)in particular, heimportance ofwigsto invertebrates was
highlighted in an exclusion experiment by Wallatel (1999) where losses of in
stream biomass and abundance of invertebrates were foundSWi2mwas removed
from a temperate forest streabeaves may be more important to macroiteferate
colonisation than woo(Andersonet al. 1978; Hofer & Richardson 2007although
higher wood availability may increase the standing crop of xylophagous invertebrates
in particular(Andersoret al.1978)

While litter is clearly important to the physi@nd biotic components of woodlands
and streams, its role is influenced by (i) the atmospheric conditions in which trees
grow, and (ii) the habitat in which decay takes place. For example, atmospheric
composition affects the chemical composition of betdvegNorby et al.2001)and

SWD (e.g. Cotrufo & Ineson 2000)dditionally, water acidification can impact the
decomposition process during freshwatemkdown(e.g. Dangles & GuZrold 1998)
Given the importance of litter to ecosystem functioning, it is important to understand
how ongoing environmental changes will influence its decomposition. This
information will allow for a better understanding aftential impacts on terrestrial

and aquatic ecosystems, arah informmitigation strategies.

Although there has been much researchtimoeffects of environmental stressors on
litter production and decay, there are still knowledgps to be filled.tlis important

to keep knowledge of these processesodgate, as ongoing climate change is

already affectinggcosystem functioningpecifically, this requires a better
understanding at several spatial scales. For example, more work redeguithe

effects of multiple, potentially interactingtressor®nthe processes of litter

production and decay in both woodlands and streams. Equally, tlzaread to

identify responses at the level of biota, both in terms of chemical changes to plant
litter andthe direct effecof these changes @monsumer organism8Vhile these

studies have largely relied on the use of leaf litter, it is also necessary to understand



how woody materiaban important component of litter budgets iooslland and

stream environmdabcould be affected.

1.2 Thesis aims

This study investigates how environmental impaeis alter ecosystem functioning.
Specifically, it considerdiow elevated Cg) urban pollution and freshwater
acidification affect the chemical composition and degosition of tree litter in
temperate deciduous woodlands and streams. Central aimseaeeime(i) the
effects of elevated C{and urban pollutioon the chemistry of both leaf and woody
litter from deciduous trees, (ii) the responses of terrestrial and aquegitebrate
detritivores to CQ@treated leaf litters, and (iii) the decomposition of these litters in

terrestrial and aquatic woodland enoviments, including acidified headwaters.

Chapter 2 reviews the literature regarding decomposition of leaf litter and small
woody debris in temperate deciduous woodlands and adjacent streams, and appraises
how the environmental stressors of elevated, @@an pollutionand acidifed waters

affect this process.

Most studies of invertebrate detritivore responses to elexaditter have focused

on a small number of species, providing limited scope for identifying the responses
among organisms. To help overcome thikapter 3 investigates the responses of
eight(four agquatic and four terrestrialjvertebrate species to lddter of two tree
species grown under ambient and elevated. BQersion of this study was published
in PLOS ONEY, €86246.

Chapter 4 explores theeffects of atmospheric changedreased C@and urban
pollution) on the chemical composition of leatdit and subsequent effects on mass
loss, nutrient dynamics and invertebrate assemblages following exposure to a

temperate deciduous woodland floor.

Chapter 5 considers the themes of Chapter 4 in a freshwater cohesdtlitter

chemical composition in sponse to different atmospheric conditions is assessed,



along with subsequent effects on mass loss, nutrient dynamics and colonisation by

invertebrates and biofilms in circumneutral and acidified headwater streams.

Little work has been undertaken to intigate the effects of atmospheric change on
the chemical composition and decomposition of small woody dethigpter 6 seeks
to address this this by investigating the efedtelevated C@on the chemical
composition of twigs and their breakdown onmperate deciduous woodland floor

and in streams of contrasting pH.

Chapter 7 synthesises the findings of the experimental chapters, exploring their
implications and drawing general conclusions. The strengths and limitations of the
experimental procedurese also highlighted, along with the remaining knowledge

gaps to be investigated in future studies.



2. Literature review: The effects of multiple environmental

stressors on leaf litter breakdown

2.1 Abstract

A literature review was undertakendgmamindeaf and twig litter decomposition in
deciduous temperate forests and headwater streams, and the effects of environmental
stressors on this process. The decay of tree litter is an important ecosystem process at
the foundation of detrital food web struattand function, providing a crucial step in

the cycling of carbon and nutrients in both terrestrial and aquatic ecosystems. Litter
decomposition advances through stages of nutrient leaching, microbial conditioning
and invertebrate colonisation and maceratiThis breaks coarse fragments into fine
material, releasing nutrients and facilitating utilisation of litter as a substrate and food
source. Litter chemical composition is an important determinant of breakdown.

Higher nutritional quality (i.e. lower C/Katio, higher nitrogen concentration and

lower lignin concentration) generally leads to faster decay, as a result of increased
palatability to invertebrates. Ongoing atmospheric change affects decay rates by
altering litte nutritional quality: elevate@O, can reduce quality, whereas urban
pollution can increase it. A further stressor that affects litter decomposition is that of
stream acidification, where streams with low pH result in reduced decay rates due to
impoverished microbial and invertebratereounities. Knowledge gapdentifiedin

this literature review indicatinat further research on litter chemical composition and
decompositions required in a number of areas, including (i) the effects of urban
pollution on litter chemical quality and subsequent decay, (ii) the effects of
acidification on decay, and its effects in conjunction with litter growth conditions, (iii)
how the feeding ponses of individual invertebrate species are affected by litter
produced under elevated g@nd (iv) the effect of elevated @@n twig chemical
composition and decay, an area of study that is poorly studied in comparison with leaf
litter decomposition.



2.2 Litter decomposition

2.2.1 The decomposition process

Decomposition i€dhe physical andhemical breakdown of detrit@3a key

ecosystem process in both terrestrial and aquatic environ(@rapin, Matson &
Mooney 201). It allows nutrients stored in litter to be released and subsequently
cycled, which supports food webs by increasing nutrient accessibility to consumers.
Terrestrial and aquatic realms are linked by the passage of litter from woodlands to
adjacent seams, providing important allochthonous (externally derived) inputs of
energy(Abelho 2001) This occurs via direct litterfall intstreamsor via lateral entry

of litter from the woodland floor. Ultimately, the process of terrestrial litter
decomposition results in the mineralisation of organic matterinorganic matter, or

its transformation into complex recalcitrant compounds, with some energy lost via
secondary productiofHairston Jr & Hairston Sr 1993; Nafd 1994; Chapin, Matson

& Mooney 2011)In aquatic systems, coarse litter is transforinéal fine particulates
and dissolved organic matter thatresnsported downstream and utiliggdstream
organismgAbelho 2001)

The process of litter decomposition advances similarly in both terrestrial aaticaq
environmentsSoluble compounds leach oot the litter before it is colonised and
broken down bymicrobes, paving the way for comminution bgvertebrate
detritivores breaking large fragments into progressively smaller pi@tegener,
Oswood & Schimel 19985patial progression occurs in both environments, with
decomposition proceeding through QupperO (litter layer or headwatersQ(sild
litter interface or middle reaches of a stream) and OlowerO (mineral soil or lower
reaches) region@agener, Oswood & Schimel 1998he major difference may be
temporal, as legfTreplin & Zimmer 2012jand Small Woody DebriéSWD;
Sinsabaulg et al. 1992)decomposition tentb proceed faster in freshwater than
terrestrial locations, which is likely due to the abrasive action of wateetrital
surfacegdos Santos Fonseeaal.2013) This isindicatedby studies that mimic
stranding or reentry of liter to streams after high flow events awahfirm that
aquatic episodes enhance decay r@teschens & Wallace 2002; Riedt al.2013)



2.2.2 Terrestrial litter decomposition

Leaves begin leaching labile nutrients, such as tannins and other phédchiogeld,
Hagerman & Harold 1998yvhen they reach the woadd floor. These soluble
materials are absorbed by organisms (e.g. decomposer fungi and invertebrates), react
with the soil, or are lost in solutiq€hapin, Matson & Mooney 2011§ungi and
bacteria, considered primaryatenposers in temperate foreferg &

McClaugherty 2008)colonise tke litter as leaching continues. Fungi are the most
numerous of the microflora associated with litter, and break down the structural
components of leaves by penetrating tissues and excreting digestive cellulolytic and
lignolytic enzymegLavelle & Spain 2001; Berg & McClaugherty 2008his causes
macromolecules, such as cellulose, to break into smaller units that can be
incorporated into microbial tissues. As a result, litter is physically weakened and
becomes fragmentethcreasing the surface area availablesigbsequenticrobial
colonisation(Chapin, Matson & Mooney 2011)

Leaching and microbial colonisation increase litter accessibility to detritivorous
invertebrates, such as collentdpamites and earthworms, which contribute to the
decay process hyacerating large litter fragments into smaller pigteselleet al.
2006; Berg & McClaugherty 2008; Kampichler & Bruckner 200%)r example,
Oniscus aselluk. has been shown to accelerate decompositiéh gflvaticaleaf

litter and stimulatenicrobial respiration by 37%HSttenschwiler & Bretscher 2001)
This activity can increase total carbon and nitrogen content in leachates, affecting
their availability and temporal dynamif@iduhta, SetSIS & Haimi 1988;
HSttenschwiler & Bretscher 2004)/hile maceration fragments litter, faecal pellet
production also increases surfear@ato-volume ratio, further speeding microbial
colonisation and incorporation into soil organic maf@mnapin, Matson & Mooney
2011) Heddeet al (2007)proposed three classifications of soil litter transformers:
those producing faeces with relatively high nitrogen (e.g. polydesmids and
lumbricids); those producing faeces containing fine litter particles that stimulate CO
release (e.g. other lumbricids); and other invertebrate comminuters with weaker

impacts on organ matter mineralisation.



There is limited work on the decomposition of SWD in temperate deciduous forests,
given that nost studies focus on leafeakdown dynamicBerg & McClaugherty

2008) Small woody @bris breaks down more slowly than leaves due to a higher
prevalence of structural components, making its decsitipo more dependent on
microbial enzymes for decay. One early study by Gbset (1973)showed that

SWD (0.5 cm diameter, 885 cm long) from the hardwoodetulaalleghaniensis
Britton, AcersaccharunMarsh.andF. grandifolia Ehrh.did not differ in

decomposition rate, but all decayed faster than the coniferous speeasubens
Sarg.andAbies balsameL. (Mill.) after 10 months. The size of SWD may be an
important determinant of its breakdown, where twigs with 0.5 cm diameter

(k = 0.0590.081yeaf™) broke down faster than those withiBcm diameter

(k = 0.0270.052yeaf™) in coniferous forests of the RocMountains, USATaylor

et al.1991) Scheu ad Schauermanfi1994)found that the dimensiors F. sylvatica
SWD also affected chemical dynamics: C/N ratio was highest in small (< 3 mm)
SWD, followed by medium @L0 mm) and then large (10 mm) SWD; C/N decreased
through time, where medium and large SWD exhibited a greater loss relative to small
SWD; and carbon loss was greatest in large SWD, followed by medium and then
small SWD.

2.2.3 Aquatiditter decomposition

Leaf decomposition in freshwater generally occurs in three stages: leaching,
conditioning and fragmentatidiPetersen & Cummins 1974; Webster & Benfield
1986; Abelho 2001 )although these stages are not discrete and may oyéeapner,
Chauvet & Dobson 1999) eaching involves the loss of labile, waseduble
molecules through purely abiotic processes, usually within the first 24 (Mykgist
1961) This process occurs more quickly when litter has been (fBeslsner, Chauvet
& Dobson 1999)The types and amounts of compounds retained by the leaf tissue
dictate subsequent colonisation and early breakdown by fungi and bacteria
(Bengtsson 1993)uring theaquaticconditioning phase. Fungi tend to be the most
prevalentmicrobe in this process, particularly hyphomycé&asberkropp & Klug
1974; Hieber & Gessner 2002; Gesseieal. 2007; Kraus®t al.2011) As much as
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10-17% of drymatter associated with littenaybe composed of fungi after stream
exposurgGessner & Schwoerbel 1991; Gessner, BSrlocher & Chauvet 2003)

Invertebrate detritivoreshredders Grasa 2001 )are particularly importaritter
decomposers in strearf\allace & Webster 1996)nd their presence increases
decompositiomatesversus microbial activity alongonealves, Grasa & Callisto

2006) Shredder activity is responsible for a large proportion of leaf litter mass loss.
For example, invertebrates caused 64 and 51% of overall mass Adssisglutinosa
(L.) Gaertn.andSalix fragilisL. leaves, respectively, in a German strggtieber &
Gessner 2002) eaf litter is OpreparedO for shreddgrsicrobial conditioning

which softens anttagments leaf tissud&raea 2001; Grasa, Cressa & Gessner 2001)
Despite assistig shredderghe role of fungi in the directecompositiorof litter

should not beinderemphasesl (Gessner, Chauvet & Dobson 1999ljcrobesthat
coloniseleaf surfaces also represent a directifeourced invertebrates, givethe
immobilisation ofleaf nutrients within theitissues (Findlay 2010) This is

highlighted by the preference of the detritivo@smmarus pulek. and Sericostoma
personatunKirby & Spencefor conditioned rather than uncondition&dglutinosa

litter (Graea, Cressa & Gessner 200Theidentity of litterasseiated fungal species
may also affecshreddefeeding preference@Gonedveset al.2014) Positive
feedbaclkalsooccurs as shredder excreti@timulates fungal activity by increasing

local nitrogen availabilityVillanueva, Albari—o & Canhoto 2012)

Not all organismsise leaf litter as a food resource: some species use it as a substrate
and shelter. This includes other guilds ofartebrates, including predators, grazers

and filtererdCummins & Klug 1979; Wallace & Webster 1996; Moog 2002)
Wallaceet al (1997, 1999k5howed that the abundarmedbiomass of invertebrates

were reduced fadlwing exclusion of litter frona stream, with strong botteop

effects from detritivores to predatordongsideinvertebrates,lgae also use leaf
surfaces as a substrate, forming biofilfiHax & Golladay 1993)Algal colonisation

can result in greater palatability to invertebrate detritivfffeankenet al. 2005)

leading to faster decay rat@®ier, Kuehn & Francoeur 2007; Dangral.2013)

Aside from leaf material, woody litter also enters and decays in freshwater

environments. There are some similarities between leaf and twig decay in streams.
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For example, SWs also broken down bstream organismsicluding fungi
(Shearer & Webster 19913Ithough microbial respiration was order of magnitude
lower on small wood (less than 40 mm diameter) compared to leaf litter in a
headwater stream in the Appalachian Mountains, ((S#is, Suberkropp &
Rosemond 2008Baproxylophagous invertebrates are also associated with wood
(Moog 2002)and have been shown to affect aquatic SWD breakdowonifer
forests(Andersonret al. 1978) Websteret al (1999)synthesised data from the
Coweeta Hydrologic Laboratory, North Carolina, and found that the breakdown rate
of sticks (< 3 cm diameter) was much lower than for leaves. Simikartybra Bong.
leaves lost around 50% of their mass compardeds than 15% mass lossAinrubra
wood veneergHofer & Richardson 2007A review by SpSnhoff and Meyg004)
found that natural SWD breaks down slowiyfreshwaterswith typical decay rates
(K) ranging from 0.02 to 0.4geaf™.

Commerciallymodifiedwood substrates (e.g. veneer strips, ice cream sticks and
wood chips) have generally larger surfareato-volume ratioghan natural products
and break down faster, with decay rgid=f 0.10 to3.1yeaf". More recent work by
Aristi et al (2012)showed large differencek € 0.1256 yeaf™) in the breakdown of
P.nigra! canadinensisongue depressors across a range of rivers with differing
physicochemical, biological and geomorphological featiBasilarly, it is known
that water chemistrgD’ez et al. 2002; Guliset al.2004) stream ordefMelillo et al.
1983;D’ez et al.2002) tree specie@Nebsteret al. 1999; D’ezet al.2002; SpSnhoff
& Meyer 2004)and the presence of decomposing heaterial(\Webster & Tank
2000 are all factors that influence the breakdown of woody debris in streams. Factors
such as altitude, catchment area, toxiaitygl riparian buffer width havedsobeen
implicated in the decay of tongue depresgArssti et al.2012)

2.2.4Chemical control of breakdown

One particularly important factor influencing the decomposition of leaves and SWD
in terrestrial and aquatic enviroemts is that of litter chemical compositidfreschet

et al (2012)found that theerrestrialdecomposability of a range of plant species and
tissues appears to be controlled byilig carbon and dry matter content, while
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nutrientrelated traits such as nitrogen and phosphorus content can have a more
variable effectOther terrestrial studies have found that high concentrations of
nitrogen and phosphorus, as well as lower C/N rangklignin concentrations, are
linked to faster decay in woodland settirflykelillo, Aber & Muratore 1982; Zhangt
al. 2008) This general outcome extends intedhwaters, where lower phosphqrus
and increased lignin and cellulgsere correlated witbower decomposition rates in
a study ofA. glutinosalLecerf & Chauvet 2008)

A globalmetaanalysis oterrestrialwood decompositiofound that nitrogen,
phosphorusnd C/N ratio correlate with angiosperm decomposition rates, which
could be due to a direct effect on decomposer activity, or an indirect effect on the
microsite in whichkdecomposition is taking plag@/eedoret al.2009) Wood chips

of five tree speciewith highlignin/N ratios broke down more slowly in learder
streams, while high lignin content resulted in slower breakdown irdridgr streams
(Melillo et al.1983) The activity of lignocelluloselegrading enzymes was also
positively associated with decompositionBofpapyriferaMarsh.ice-cream sticks,
further demonstrating the importance of lignin to SWD dd&aysabauglet al.

1992) In another studypine branches (3 cm diameter, 10 cm long) contained lower
nitrogen and phosphorus than alder and oak, and also broke down moreBlewly
et al.2002)

Regardless of habitat, high concentrations of structural polymers (e.g. lignin and
celluloses) increase the physical toughness of litter, resulting in greater resistance to
both bioticand abiotic factors. Many invertebrates prefer litter with high nutrient
concentrations and a low C/N rafianderson & Sedelll 1979; Cummins & Klug

1979) findingit difficult to digest litter with high structural and defensive (e.g.

tannins and secondary chemicals) content, which reduce the overall nutritional quality
of leaf(Graea, Cressa & Gessner 2001; Motomori, Mitsuhashi & Nakano 20@l)

wood (Cornwellet al.2009)litter.
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2.3 Atmospheric change

Anthropogenic activities, such as the burning of fossil fuels, have increased
atmospheric greenhouse gas concentratgrd&0% since préndustrial timegIPCC
2013) Greenhouse gas molecuf@mcluding arbon dioxide (Cg), methane (Ch),
nitrous oxide (MO) and fluorinated gases-ffasesPcontribute to the Ogreenhouse
effectOa net global temperature increase duabsortanceand reradiation of solar
energy to the EarthOs surféideughton 2009)Ongong landuse change,
urbanisatiorand industrial activity threaten to exacerbate the prolpfdamoto

2003; Karl & Trenberth 2003)

According to data collected by the National Oceanic and Atmospheric Administration
(NOAA) at Mauna Loa, Hawaii, Bimeanatmospheric concentration of G@r 2013

(the latest full year on record) we896.5parts per million gpm), with anaverage

annual increase of 2@pm yeat (Tans & Keeling 2014)Ice-core data suggest that
global atmospheric C{has not risen above this concentration for the last 800,000
years(LYthiet al.2008) or perhaps for 15 million yea3ripati, Roberts & Eagle

2009) Anthropogenic activity is related to these changes, with overof$8ssil fuel
emissions involving the release of this moledURCC 2013) The latest report by the
IntergovernmentdPanel onClimate Chang€lPCC)incorporated a range of
atmospheric Ce@projedions based on the predicted development of factors including
global population, economics and technoldggr example, one scenatlat assumes
increasing greenhouse gas emissibngughtime (known as RCP 8.pyedicts that
atmospheric C@concentrations could more than double, reaching as much as

1000 ppm in the next 100 years.

2.3.1 Effects ofatmosphericCO, on litter

Areaswith naturally or artificiallyincreased C@concentrations are used to study the
effects of elevated C{bn tree litter chemical quality. Some research has taken place
in locations with naturally high C{zoncentrationssuch as C@springs

(HSttenschwileet al. 1997) but these are rare and concentrations cannot be adjusted.
Most studies have controlled G@oncentrations using one of several methods
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(Ceulemans & Mousseau 1994; Saxe, Ellsworth & Heath 1@@8h of which have
associated advantages and disadvant&gesexample, it is relatively inexpensive to
construct and maintain opeor closedtop chambers, although such designs can also
affect the local microclimate, and are generally suitable for immature potted plants
only. Outdoor techniques such F#& Carbon Enrichment (FACE) may give the
most accurate predictions of lotgrm plant responses to elevated,C&3 a large
number of mature trees can be grdanyears under field conditior{tewin et al.

1994) Initial outlay and maintenance are, however, relatively higher for FACE
facilities, and it may benore difficult to maintairconsistengas concentrationSaxe,
Ellsworth & Heath 1998)

2.3.2 Effects of elevated GOn litter chemtal composition

Elevated atmospheric G@lters the chemical composition of leaveslektill on the
parent tree. Reduced leaf nitrogen concentration is typical of plants grown under
elevated CQ with a metaanalysis by Cotrufet al (1998)indicating a average
reduction ofl4%, with greater losses foB&han G} and nitrogerixing plants.
Cozteauxet al (1999)found that these effects were spe@pscific and dependent

on the length of C@exposure. Taub and WaK2008)suggested possible reasons for
low nitrogen concentrations following high @é&xposure: (i) dilution due to

increased carbon assimilation, (ii) reduced uptake rates due to reductions in demand
or the ability of the soitoot system to supply it, (iii) reduced transpiration due to
reduced stomatal conductance, and (iv) increassddass volatiles or through root
exudates. There may also be a dilution effect associated with increases in non
structural carbohydrate production per unit leaf §easworth & Long 2005)

Nitrogen limitaton may not always be a problem, however, as species séch as
glutinosahave the ability to fix nitrogen via root nodules, which rirayrease in size
under elevate@O; to allow for relatively more nitrogen to be fix¢Gempertonet al.
2003) While nitrogen concentration decreases, increased photosynthetic rates and
fixation of CQ, (Ainsworth & Long 2005; Ainsworth & Rogers 2003an increase
carbon concentration. This results in a larger C/N (&imdroth 2010) with a study

by Gifford et al (2000)indicating an increase of approximately 15% under doubled
CO..
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Carbon dioxide enchment changes the chemical composition of leaf litter across a
range of tree species and growing conditions. In general, nitrogen concentration is
reduced, with increases in C/N ratio, and concentrations of lignin and phenolics
(Norby et al.2001; Tuchmaret al.2003b; Parsons, Lindroth & Bockheim 2004;
Oksaneret al.2005) Results are, howevealependent on growth environment (open
top chamber, solardome or no chamber) and whether the plant was grown in a pot.
These results mean that differences in chemical compobiioveen ambientind
elevatedCO; leaves arenaintained after falling as liteThe magnitude of the
difference may be enhanced, as for C/N réfiachmanet al.2002) or diminished, as
for nitrogen concentratiofNorby et al.2001) Relative amounts of chemlsamay

also be affected by senescence. For example, one study has shown that€@yated
leaves and litter both contained a higher concentration of phenolics than a@®jent
material, but senescence had halved the concent(@uchmanet al.2002) The

study also found no difference in the lignin concentration of green leaves grown under
ambient and elevated G(but the latter had a significantly highmmcentration after

senescence.

Relatively ittle work has been undertaken on the decompositi@®ciduous SWD
produced under elevated €@ one study, elevated GCB50, 500 or 750 M)
induced little change in the nitrogen and phosphoamentof woody tissues sourced
from saplings of multiple temperate deciduous spg®iéliams et al. 1986)

Chemical changes to stem wood have, however, been recorded under eleyated CO
The lignin content oP. tremula! alba Aiton (Sm.)increased undezlevated CQ
(chambers, 800 ppna)s a result of increased carbon supply to the stem and
subsequent enhancement to the procebgroh synthesigRichetet al.2012)

Carbon dioxideenrichmen{greenhouses, 700 ppmlso reduced nitrogen
concentrations in woody material GastaneasativaMill ., but a concurrent increase
in biomass resulted in no difference in totaktrétrogen(El Kohen, Rouhier &
Mousseau 1992Kostiainenet al (2006)grew severyear oldB. pendulaRothtrees
under elevated C{Yopentop chambers, 2 ambient)for three growing seasons in
opentop chambers, resulting in decreasaclsof cellulose and ligninOver a

longer period of timéfive growing seasonsnd in a FACE facilityCO, enrichment
(560 ppm affectedthe chemical composition #fopulustremuladesMichx. andB.
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papyriferatrees(Kostiainenet al.2008) with increased uronic acids aspen, and
decreasedtarch in birchAside from leavesasponses of wood chemical
compositionto elevated CQ may be speciesand clonespecific, as Kaakineet al
(2004)found increases in soluble sugar concentration inforieemuloideslone
under elevated CAFACE, 560 ppmand decreased starch concentration in two
clones, while hemicellulose concentratiorBinpapyriferawas decreased and little

response was found A. saccharum

2.3.3 Linking elevated Cg®litter chemical compositioand breakdown

Few studies have been undertaken to uncover how litter decay is affected by chemical
composition changes as mediated by, @arichment. Studies that have been
undert&en show that mass loss proceeds at a slower rate for elk&v@ditter

(Table 2.1). In general, this is linked to a reduced nitrogen concentration, along with
an increase@/N ratio andignin concentration (Tabl2.1), althoughincreased

condensed tamms (Ostrofsky 1997and total phenolic compoun@Buchmanet al.

2003a; bhave also been found in conjunction with slower decay. Chemical dynamics
are affected by C&ireatment and species. For examplier et al (2005)found that

P. tremuloidesS. albaKern.andA. saccharuntitters produced under elevated
atmospheric Ce(opentop chambers, 720 pprhad increased soluble phenols,
caibohydratebound condensed tannins and C/N ratios than litter grown under
ambient CQ, although effects were speciggecific.Following this, exposure ta

northern hardwood forest stream showed that litter C/N ratios generally declined
through time, althogh elevatedCO; litter generally had a higher C/N ratio than that

of ambiemtCQ; litter over 80 days.

Little work has been conducted on the breakdown of SWD following growth under
altered atmospheres. Cotrufo and Ine&fi00)grewF. sylvaticatwigs (2 cm
diameter) under elevated G(@penrtop chambersambient +350 ppm), resulg in
38% lower nitrogen and 12% lower lignin than ambi€k twigs, and subsequently
higher C/N and lignin/N ratios. These chemical changes did not result in slower
terrestrial decomposition, however, nor was there an effect on nitrogen and lignin

dynamcs through time. Twigs €2 mm diameter) oP. abies(L.) H. Karst. grown
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under elevated C{Yopentop chambers, 550 ppm) had lower nitrogen concentrations,
but did not differ in carbon or lignin concentrations, when compared to twigs grown
under ambien€O, (HSttenschwiler, BYhler & K&rner 1999)his resulted in slower
decomposition of elevate@O, twigs, with 26% mass lost over 331 days of

incubation in a temperate forest, compared to 50% mass loss for a@biettigs.

2.3.4 Invertebrate responses to elevate@; litter

Changes to chemical composition caused by atmosphese@@hment canféect
invertebrate feeding and life histories. This has been established for green leaf tissues
and herbivores, where leahewing insects compensated for reducetlitional

guality by consuming more material, while phloem feeders increased populagisn siz
and reduced development tim@sezemer & Jones 1998After falling as litter,
elevatedCO, leaves continue to affect the feeding behaviour of invertebrate
consumersWhen given a direct choice between common Bséix{nus excelsiot..)

litter grown in ambient and enrich&D,, the terrestrial isopod detritivo@. asellus
consumed less of the treated matdi@dtrufo, Briones & Ineson 1998)hese

findings suggest a preference for litter of highetritional quality, since litter grown
under arbient conditions contains more nitrog&hen fed with either treated or
reference litter from common beedh §ylvaticg in a nechoice scenarid. asellus

and another detritivorous isopdeprcellio scabelLatreille, consumed more of the
former (HSttenschwiler & Bretscher 200his result suggests that a compensatory
feeding response is elicited when isopods are presented with material of lower
nutritionalquality. In a choice betweef. pseudoplatanuk., F. sylvaticaand
Quercusrobur L. grown at ambient or elevated ¢@. aselluspreferredA.
pseudoplatanuw F. sylvaticg but only when all litter was produced at elevateg CO
(HSttenschwiler & Bretscher 200These results may not always be the case: CO
enrichment did not result in change$rcellio species across a range of hardwoods,
although there were differences in breakdown rates as a(@strufo, Drake &
Ehleringer 2005)
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Table 2.1. Effects of elevated C£bn litter chemistry andubsequentass lossrelative toeffects of ambient CE(S = SolardomesFACE = FreeAir
Carbon Enrichmen©TC = OpenTop Chambens

Elevated CQ ) Decaysite  Mass o
Study . Species ] C N C/IN Lignin
(delivery system) (duration) loss

Cotrufo, Ineson & Rowlan994) 600ppm(S) Fraxinus excelsiot.., Terrestrial  Slower Lower Higher Higher
Betula. Pubescerishrh, microcosm

Acer pseudoplatanus. (155 days)

Cotrufo & Ineson(1996) Ambient + 250ppm  B. pendulaRoth Terrestrial  Slower Higher Higher
(S (1 year)
Cotruo, Briones & Ineso(1998) 600ppm(S) F. excelsior, A. Terrestrial  Slower
pseudoplatanus (1 year)
Cotrufo, De Angelis & Poll¢2005) 2! ambien{FACE) Populusspp. Terrestrial  Slower Lower No change
(8 months)
HSttenschwiler, BYhler & K3rn¢t999) 550ppm(OTC) Fagus sylvaticd.. Terrestrial Slower Nochange Lower No change
(331 days)
Ostrofsky(1997) 48 deciduous spp. Aquatic Slower Lower Higher Higher
Tuchmaret al. (2003b) 720ppm P. tremuloidesMichx. Aquatic Slower Lower Higher Higher

(120 days)




Altered leaf chemistry as a result of CO, enrichment can also affect litter nutritional
quality for stream food webs (Tuchman et al.2003b), altering shredder feeding
behaviour. For example, when presented with a choice between litter grown in
ambient or elevated CO, conditions, larvae of the caddis fly S.vittatumRambur
preferred the latter (Ferreira et al.2010). It is not simply consumption that is affected:
changes in leaf chemistry brought about by enriched CO, cause the crustaceans G.
pulexand Asellus aquaticuk. to excrete more nitrogen and phosphorus than when
fed on ambient material (Frost & Tuchman 2005). This loss of nutrients may be partly
responsible for effects such as reduced growth and increased mortality of
invertebrates (Tuchman et al.2002, 2003b). Further investigation is required to
understand the responses of shredding macroinvertebrates to food quality that has

been altered by climate change processes.

2.3.5Effects of &mospheric pollution on litter

Air pollution is known to affect plants physically. For example, photosynthesis can be
affected by stomatal closure induced by air pollution, reducing carbon accumulation
(Darrall 1989). When scaled-up, forests can act as a sink for air contamination when
pollution levels are low, but tree mortality is the likely outcome for prolonged
exposure to high levels of pollution (Smith 1974). Such forest declines can be linked
to reduced soil quality caused by increased deposition of sulphur, nitrate and

ammonium (Schulze 1989).

There has been relatively little work on the effects of urban pollution on litter
chemistry and decay. Concentrations of airborne pollutants (e.g. NO*~, NH;") are
normally higher in urban than rural locations (George et al.2007). This can result in
increased soil nitrogen deposition may result in greater nitrogen availability to trees
(Lovett et al.2000; Zhu & Carreiro 2004; Fang et al.2011), but outcomes for litter
nutritional quality appear unpredictable (Pavao-Zuckerman & Coleman 2005).
Increased concentrations of lignin and labile materials have, however, been identified
in urban litter (Carreiro et al. 1999). This may result in slower decomposition rates
relative to rural litter when decaying in terrestrial forest environments (Carreiro et al.

1999; Pouyat & Carreiro 2003).
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2.4 Effects of stream acidification on litter

Fossil fuel consumption has changed the chemical quality of freshwaters by altering
the composition of atmospheric gases. Atmospheric concentrations of pollutant gases
such as sulphur and nitrogen oxides have increased, resulting in greater absorption
into rainwater to create acid rain. This effect has perhaps been most damaging in
Europe and North America, where acid rain has combined withgzasesoils to

lower the pH of runoff from land to water, increasing the aquatic concentration of
metals such adwminium to harmful level§¢Schindler 1988)The problem of acid

rain peaked in the 1970s, but acidification still occurs episodicakyen chronically

and still poses a threat to freshwater environmaartsss the glob@owalik et al.

2007; Ormerod & Durance 2009)

Stream acidification hasonsistentlybeen shown to retard the decomposition of
organic matter. The Fernow Whelgatershed Acidification Experiment in West
Virginia, USA (Adamset al. 1993) simulated the effects of acid deposition by adding
ammonium sulphate fertiliser to streams. At this site, Adams and Ar(G&48)
recorded slowedecay ofLiriodendron tulipiferalL., Prunus serotind&hrh.andB.

lentaL. litter in an acidified watershed compared to an untreated one, while liter of
saccharumandQ. albaL. broke down slowest at pH 4.3 and fastest at pH 6.0, with an
intermediatedecay rate at pH 7 &riffith & Perry 1994) Away from Fernow,
Dangleset al (2004)observed the breakdown Bf sylvaticaleaves in 25 French
streams across a pH gradient, with decay proceeding up to 20 times slower in the
most acidifed and aluminiunrmich site compared to locations wittone neutral pH.

This confirmedearlier work byDangles and GuZro{d998, 2001lemonstrating

slower breakdown df. sylvaticalitter in acidified streams compared to

circumneutral streams over seven and eight month exposure periods, respectively.

Slowerbreakdown of litter in acidified streams may be due to reduced biotic activity.
For example, fungal biomass and activity have been shown to decrease after exposure
to acidified watergGriffith & Perry 1994; Danglget al.2004) which could directly

slow decomposition rate$he composition of primary producers, particularly

diatoms, also changsubstantially at low pHHirst et al.2004) Since fungal

(BSrlocher 1985; Graea 2004ajhd alga(Rier, Kuehn & Francoeur 2007; Danggsral.
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2013) colonisation of litter can increase palatability to invertebrates, stream
acidification could indirectly reduce shredder impacts by reducing their biomass.
Water acidity also acts directly on invertebrates, with different species expressing
various sensitivities (Moog 2002). This can result in impoverished invertebrate
communities (Mackay & Kersey 1985; Simpson, Bode & Colquhoun 1985; Sutcliffe
& Hildrew 1989) and reduced numbers of shredders (Dangles 2002) at acidified sites.
For example, Dangles and Guérold (1998, 2001) found that the acid sensitive
amphipod G. fossarum Koch was the most dominant shredder at non-acidified sites,
but Leuctra and Protonemura plecopterans were the most abundant at acid sites. This
could explain the reduced decomposition rate in the acid stream, as G. fossarum is a

more efficient shredder than Leuctra or Protonemura species.

Acidification remains a threat to stream functioning despite some signs of recovery.
This is clear from work at Llyn Brianne Stream Observatory, Wales, UK, which hosts
one of the longest running investigations into the effects of land use and acid
deposition on freshwater environments. An assessment of data stretching back 25
years by Ormerod and Durance (2009) indicated that recovery from acidification is
occurring at the site, but this has not resulted in full recovery of invertebrate species.
Ongoing acidic episodes at the site appear to explain this slow biological recovery
(Kowalik et al. 2007). To investigate this, Pye et al. (2012) simulated episodic
acidification by transplanting Q. robur litter bags between acidified and circumneutral
streams. This reduced decomposition rates and suppressed acid-sensitive families of
Plecoptera, the major colonists of litter in the study. Experimental liming has
indicated that the effects of acidified waters on decomposition can be reversed: in the
Wye Valley, UK, F. sylvatica decayed slower in acidified versus circumneutral
streams, but experimental aerial liming resulted in a slight increase in pH and a decay
rate indistinguishable from that found in circumneutral sites (Merrix, Lewis &
Ormerod 2006). There is some doubt, however, that this approach is more effective

than natural recovery (Ormerod & Durance 2009).
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2.5 Conclusions

Litter decomposition is a central process to woodland ecosystem functioning,
influencing nutrient cycling, carbon storage and food web structure. Atmospheric
change as a result of fossil fuel combustion could compromise this process by altering
the chemical composition of tree leaf litter and its subsequent decay in both terrestrial
(woodland floor) and aquatic (stream) ecosystems. In addition, acid rain and runoff
from polluted soils have both contributed to the acidification of freshwaters, delaying
the decomposition process further. Several areas are highlighted as requiring the need
for greater understanding: (1) the effects of rural and urban locations on litter chemical
composition and subsequent decomposition, (ii) effects of acidification in
combination with effects of atmospheric pollution on litter chemical composition and
decomposition, (iii) a more comprehensive study of invertebrate feeding responses to
litter with chemical composition altered by elevated CO,, and (iv) the effect of
elevated CO; on the chemical composition and decomposition of small woody debris
in terrestrial and aquatic habitats. These issues must be addressed to achieve a greater
understanding of the effects of ongoing global change processes on the functioning of
both terrestrial and aquatic ecosystems, allowing for a greater ability to predict and

mitigate against potentially harmful ecosystem changes.
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3. Effects of elevated CO, on litter chemistry and subsequent

invertebrate detritivore feeding responses

A version of this chapter was published as Dray, M.W., Crowther, T.W., Thomas,
S.M., A’Bear, A.D., Godbold, D.L., Ormerod, S.J., Hartley, S.E., & Jones, T.H.
(2014) PLOS ONE, 9, €86246.

3.1 Abstract

Elevated atmospheric CO; can change foliar tissue chemistry. This alters leaf litter
palatability to macroinvertebrate detritivores with consequences for decomposition,
nutrient turnover, and food-web structure. Currently there is no consensus on the link
between CO, enrichment, litter chemistry, and macroinvertebrate-mediated leaf
decomposition. To identify any unifying mechanisms, eight invertebrate species from
aquatic and terrestrial ecosystems were presented with litter from Alnus glutinosa
(common alder) or Betula pendula (silver birch) trees propagated under ambient (380
ppm) or elevated (ambient + 200 ppm) CO; concentrations. Alder litter was largely
unaffected by CO; enrichment, but birch litter from leaves grown under elevated CO,
had reduced nitrogen concentrations and greater C/N ratios. Invertebrates were
provided individually with either (i) two litter discs, one of each CO; treatment
(‘choice’), or (ii) one litter disc of each CO, treatment alone (‘no-choice’).
Consumption was recorded. Only Odontocerum albicorne showed a feeding
preference in the choice test, consuming more ambient- than elevated-CO, birch litter.
Species’ responses to alder were highly idiosyncratic in the no-choice test: Gammarus
pulex and O. albicorne consumed more elevated- than ambient-CO;, litter, indicating
compensatory feeding, while Oniscus asellus consumed more of the ambient-CO,
litter. No species responded to CO, treatment when fed birch litter. Overall, these
results show how elevated atmospheric CO; can alter litter chemistry, affecting
invertebrate feeding behaviour in species-specific ways. The data highlight the need
for greater species-level information when predicting changes to detrital processing —

a key ecosystem function — under atmospheric change.

24



3.2 Introduction

Global concentrations of atmospheric carbon dioxide (CO,) could more than double
by 2100 (Collins et al. 2013). Typically, CO, enrichment leads to increased plant
photosynthesis, resulting in greater biomass and production (Curtis & Wang 1998).
Plant tissue chemistry is typically modified, with decreasing nitrogen concentrations
and increasing carbon-nitrogen (C/N) ratios affecting herbivore life-history and

feeding responses (Robinson, Ryan & Newman 2012).

Approximately 90% of primary production in forest ecosystems escapes herbivory
and forms detritus (Cebrian 1999), providing a crucial energy pool that underpins the
trophic structure of soils and adjacent freshwaters (Moore ef al. 2004). The effect of
elevated CO; on the chemical composition of green foliar tissues reduces its
palatability to detritivores when it falls as litter (Tuchman ef al. 2002). In particular,
elevated CO; can reduce litter resource quality by decreasing litter nitrogen content
(Coliteaux et al. 1999; Norby et al. 2001), subsequently increasing C/N ratios
(Cotrufo, Ineson & Rowland 1994; Tuchman et al. 2003b). Increases in structural
(Cotrufo, Ineson & Rowland 1994; Norby et al. 2001; Tuchman et al. 2002) and
defensive (Tuchman et al. 2003b; Parsons, Lindroth & Bockheim 2004) compounds
have also been reported, along with both increases and decreases in phosphorus
concentrations (Liu, King & Giardina 2007; Ferreira et al. 2010). The potential for
rising CO; concentrations to alter litter chemical composition is established, but the
consequences for invertebrate-mediated decomposition — an important ecosystem

function — remain unclear (Prather ef al. 2013).

Detritivorous macroinvertebrates are functionally important in detritus-based
ecosystems (Yang & Gratton 2014), as they are responsible for both comminution and
consumption of litter, releasing nutrients for other organisms, such as saprophagous
fungi (Wallace & Webster 1996; Lavelle ef al. 2006). To maintain optimal body
nutrient concentrations, theoretical predictions and empirical evidence suggest that
invertebrates can increase feeding rates of reduced-quality material (e.g. Cotrufo,
Briones & Ineson 1998; Hattenschwiler, Biithler & Korner 1999), a process known as

‘compensatory feeding’ (as defined by Gessner et al. 2010). Despite this, poor quality
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litter has also been shown to increase handling times (Ott, Rall & Brose 2012), while
reducing nutrient assimilation, slowing development rates, and increasing mortality
(Tuchman et al. 2002; Frost & Tuchman 2005). These conflicting responses have
resulted from studies focusing on a small number of species (e.g. Hittenschwiler,
Biihler & Korner 1999; Ferreira et al. 2010), which also fail to incorporate aquatic
and terrestrial invertebrates, despite differences in detrital accumulation and energy
flow between these habitats (Shurin, Gruner & Hillebrand 2006). A broad-scale study
incorporating a range of invertebrate species from different habitats is essential to
identify the unifying mechanisms that govern invertebrate feeding responses to

elevated-CO, litter.

In this study, the feeding preferences and consumption rates of eight detritivorous
macroinvertebrate species presented with A/nus glutinosa (L.) Gaertn. (common
alder) and Betula pendula Roth (silver birch) leaf litter produced under ambient and
elevated atmospheric CO,. It was hypothesised that: (1) CO, enrichment will reduce
leaf chemical quality and, given nitrogen-fixing ability in alder, responses will differ
by tree species; (2) when presented with a choice between ambient- and elevated-CO,
litter, invertebrates will prefer ambient material, assuming its higher quality; (3) when
given litter of one CO; treatment only, consumption of elevated-CO, litter will be

greater, to compensate for its reduced quality.

3.3 Materials and methods

3.3.1 Leaf litter preparation

Alder and birch litters were produced at the BangorFACE facility, Bangor, UK
(Smith ez al. 2013; Fig. 3.1). Trees were grown in eight identical plots (four ambient
CO; and four elevated CO;) to minimise infrastructure-induced artefacts. CO,
enrichment was carried out using high velocity pure CO, injection, controlled using
equipment and software modified from EuroFACE (Miglietta ef al. 2001). Elevated
CO; concentrations, measured at 1 min intervals, were within 30% deviation from the
pre-set target concentration of 580 ppm CO, (ambient + 200 ppm) for 75-79% of the
photosynthetically-active period (daylight hours from budburst until leaf abscission)
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of 2005-2008. Vertical profiles of CO, concentration measured at 50 cm intervals
through the canopy showed a maximum difference of +7% from reference values
obtained at the top of the canopy (Smith ef al. 2013). From the beginning of leaf
senescence, fallen leaf litter was collected weekly until all leaves had abscised
(October to December). Litter within each CO, treatment was homogenised and air-

dried.

@»Q\ P

. Conditioning Choice test
An%tégant CO: 50 % aquatic x10 per invertebrate sp.
ppm 50 % terrestrial

~ ' } ol @
Chemical analyses ﬁ @
C, N, P, lignin
Elevated CO, No-choice test
Ambient +200 ppm x10 per invertebrate sp.

Fig. 3.1. Overview of the experimental approach. Litter was produced under ambient and
elevated CO, atmospheres at BangorFACE, UK. Half of the litter from each CO, treatment
was conditioned aquatically and half terrestrially. Chemical analyses of the conditioned litter
were undertaken, and litter discs were presented to aquatic and terrestrial invertebrates in
choice and no-choice tests. Only one tree and one invertebrate species have been shown for

clarity. Not to scale.

Initial chemical leaching and microbial colonisation of litter (‘conditioning’) are
crucial steps in making litter palatable to detritivorous macroinvertebrates (Daniel et
al. 1997; Graga, Cressa & Gessner 2001). Prior to the start of the experiment, litter
was conditioned in fine mesh bags (100 um to permit microorganisms only) placed in
plastic containers (29 x 29 x 10 cm; Fig. 3.1). For each tree species x CO; treatment
combination, one bag was placed in aerated stream water that was inoculated with
stream-collected litter of mixed-species origin (‘aquatic conditioning’); a second bag
per tree species x CO, treatment combination was inserted between field-collected
soil and mixed deciduous leaf litter (‘terrestrial conditioning’). Containers were

maintained at 11 = 1°C with a 12:12 h light-dark cycle and terrestrial containers were
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sprayed with deionised water everyaé days to maintain humidity (approximately
50%). These conditions were selected to represent natural conditioning processes in
aquatic and terrestrial habitats in a controlled manner. After two weeks, leaf discs
were cut using a 9 mm diameter cdrdrer (avoiding the migtein), which were air

dried and weighed (8.1 mg) prior to experimental use.

Litter samples allocated to chemical isas (Fig. 31) were stored @&B0;C before
being overdried (50;C for 24 h) and ground into powder (120 s, 50 b&%ts s
Pulverisette 23 ball mill, Fritsch GmbMiar-Oberstein, Germany). Each sample was
composed of litter from three separate leaves. For carbon, nitrogen and phosphorus
analyses, five samples were processed per tree speCi@streatment

conditioning type combination; for lignin analysis, f@amples were used. The
percentage leaf dry mass (% leaf DM) of carbon and nitrogen, a@hthen

Nitrogen (C/N) ratio, were determined by flash combustionciindmatographic
separation of approximately5 mg leaf powder using an elemental analyser
(Elemental Combustion System 4010 CHR®SAnalyzer, Costech Analytical
Technologies, Inc., Milan, Italy), calibrated against a standaigH{eN,O-S).
Phosphorus concentrations (% leaf DM) were quantified ustrayXluorescence

(see Reidinger, Ramsey & Hartley 2012 for detailed methodalddng) percentagef
acetylbromidesoluble lignin in litter Dry Cell Walls (% DCY\vas determined
following the acetyl bromide spectrophotometric metffeaster, Martin & Pauly
2010) Lignin-Nitrogen (lignin/N) ratios were calculated for each tree spécie6,

treatment conditioning treatment combination.

3.3.2 Invertebrates

Eight macroinvertebrate species were selected for study (Fabh)eepresenting a
taxonomic range of litter consumers found in temperate forest halbitadg) 2002;
Wurst, De Deyn & Orwin 2012)Aquatic species were collected from streams in the
Brecon Beacons National Park, South V8aléK (5350830N, 3;22860W and
51;50850N, 3;33@30W) and Roath Park, Cardiff, UK (530000N, 3; 100.00W);
terrestrial species were collected from ditiiér interfaces in Bute Park, Cardiff, UK
(51j48@90N, 3;18240W). All individuals were adults, apart from larval
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Odontocerum albicornandSericostoma personatucaddisflies. Individuals from
within each species were selected for size similarity. Prior to experimental use,
invertebrates were maintained fat least four weeks in singpecies containers

(11£ 1;C, 12:12 h lighidark cycle) and were fdeiagus sylvaticd.. (common beech)
litter conditioned as for experimental litter, preventing habituation to experimental
alder and birch litter. Feeding waeased two days prior to the experiments to allow

for gut clearance

3.3.3 Experimental arenas

All experiments were conducted in 1116.5! 3.5 cm lidded plastic arenas (Cater
For You Ltd, High Wycombe, UK) lined with compacted sterilised aquagtavel
(Unipac, Northampton, UK) and were maintained at 11C with a 12:12 h light

dark cycle. Aquatic microcosms were filled with 400 ml of filtered (160mesh)
stream water (circumneutral pH; collected from 51;500530 N, 3j220160 W) and
aerated thragh a pipette tip (2001 Greiner BiaOne) attached to an dine.

Terrestrial microcosms were sprayed with deionised water every three days to
maintainmoisture content and humidity (approximatB@£o). All arenas were
uniquely labeled (Omicrocosm ID®ese standardised conditions were chosen to
mimic natural habitats, while minimising the availability of supplementary organic

material that could act as a confounding resource during the feeding trials.

Table 3.1.Detritivorous macroinvertebrate speciesed in the study.

Habitat Name Authority Order: Family

Aquatic Asellus aquaticus (Linnaeus 1758) Isopoda: Asellidae
Gammarus pulex (Linnaeus 1758) Amphipoda: Gammaridae
Odontocerum albicorne (Scopoli 1763) Trichoptera: Odontoceridae

Sericostomagersonatum (Kirby & Spence 1826) Trichoptera: Sericostomatidat

Terrestrial Blaniulus guttulatus (Bosc 1792) Julida: Blaniulidae
Oniscus asellus Linnaeus 1758 Isopoda: Oniscidae
Porcellio scaber Latreille 1804 Isopoda: Porcellionidae
Tachypodoiulusiger (Leach 1815) Julida: Julidae
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For litter of each tree species, detritivores were presented with: (i) a choice between
ambient and elevatedC O, material, to provide a direct comparison of detritivore
preferences, and (ii) a rahoice situation with each G@reatment presented on its

own, approximating litter consumption in current (ambient)&Dd future (elevated
C0O,) atmospheric conditions i@ 3.1). In each experiment, ten microcosms were set
up for each invertebrate and tree species combinatierl60). A single invertebrate
was added to each arena and was placed in the end opposite the airline in aquatic
arenas and equidistant to botka$ in the choice test. In the choice test, one disc of
each CQtreatment was pinned to the centre of the arena, 4 cm apart. Discs were
replenished when at least 50% of the existing disc had been consumed. I the no
choice test, half of the microcosms ta@ined one ambier€O, disc and the other half
one elevatedCO, disc, pinned to the centre of the arena. Both experiments ended
after 14 days, or when five (50%) of the individuals of a specific species consumed at
least 50% of one disc (choice experimenly). For each invertebrate, the total mass

of litter consumed was calculated@f mg). For choice experiment data, this value
was divided by the number of days over which the test had taken place.

Additionally, control microcosms were set up to enghat differences in mass loss
between C@treatments were due to invertebrate activity alone. For each experiment,
ten microcosms were set up for each habitat tyfyee species combination. Controls
for the choice test each contained one disc of eactitré@ment; half of the no

choice control microcosms contained one ambi@&d4 disc and the other half

contained one elevatedO, disc. Leaf discs were adried and weighed (8.1 mg)

after 14 days and their total mass loss calculated.

3.3.4 Data analyis

Statistical analyses were performed separately for alder and birch littelRusing
version 3.0.1R DevelopmenCore Team 2013Data were checked for normality
and homogeneity of variance following Crawl@p07) response variables were

transformed using BeK£ox power transformations when assumptions were not met

30



(powerTransform function, car paade, Fox & Weisberg 2011%ignificance was set
at! = 0.05 for all analyses.

Two-way Analysis of Variance (ANOVA) was used to test the main and interactive
effects of CQ treatment and microcosm type on each chemical variable (carbon,
nitrogen, phospbrus and lignin concentrations, and C/N ratio). Planned contfsts
LeastSquare Meanf_SM; Ismeans function, Ismeans package, Lenth 20/&8%

used to compare the effects of £i€@atments for each conditioning treatment.

The main and interactive effects of g@eatment and microcosm type were tested on
the mass loss of control discs. General Linear Mixed Models (GLMMs) were used to
analysechoice control datdme function, nime package, Pinhegbal.2013) where
norrindependence of discs sharing the same microcosm was accounted for by
including microcosm ID as a random term. The same fixed terms were used to

analyse contl data from the nehoice test using twavay ANOVA.

In the choice test, litter consumption per day was analysed using Gl(khs
function, nlme package, Pinheied al.2013)with the main and interactive effects of
CO, treatment and invezbrate species as fixed effects and microcosm ID as a
random effect. Planned contrasts were performed to compare consumption of
ambient and elevatedC O, discs within (i) each invertebrate species, and (ii)
invertebrate species grouped by habitat of nrigontrast function, contrast package,
Kuhnet al.2011)

In the nechoice test, the main and interactive effects of €&atment and
invertebrate species on litter consumption were tested using@aydANOVA.

Planned contrasts were performed to test the effects pfr€&ment on disc
consumption within (i) each invertebrate spe¢isseans function, Ismeans package,
Lenth 2013)and (ii) invertebrate species grouped by habitairigfin (fit.contrast
function, gmodels package, Warnes 2012)
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3.4 Results

3.4.1 Litter chemical composition

Carbon dioxide enrichment altered leaf litter chemical composition, but effects
differed between tree species. For birch, CO,-enriched litter contained lower nitrogen
concentrations, and higher lignin concentrations and C/N ratios than ambient-CO,
litter (Tables 3.2 and 3.3). Litter chemical varied between conditioning types, with
higher carbon concentrations in aquatically-conditioned litter and lower nitrogen
concentrations in terrestrially-conditioned litter (Table 3.2). For both conditioning
types, elevated-CO, litter contained lower nitrogen concentrations (aquatic,

LSM =0.76% DM, P < 0.001; terrestrial, LSM = 1.2% DM, P <0.001; Table 3.3)
and higher C/N ratios (aquatic, LSM = 8.3, P <0.001; terrestrial, LSM = 10.3,

P <0.001; Table 3.3). For alder litter, the effect of CO, treatment was less predictable,
with differential responses between conditioning types (Table 3.2). Elevated CO,
increased alder nitrogen concentrations when conditioned terrestrially (LSM = 0.3%
DM, P =0.036; Table 3.3), although there was no concurrent effect in aquatically-
conditioned litter (LSM = 0.1% DM, P = 0.44; Table 3.3). No treatment or species

effects on litter phosphorus concentrations were observed (Tables 3.2 and 3.3).

3.4.2 Invertebrate responses

For both tree species in the choice and no-choice control arenas, disc mass loss in the
absence of invertebrates was unaffected by CO, treatment and conditioning type
(P > 0.05). Litter mass loss in the presence of invertebrates was therefore assumed to

be a result of invertebrate feeding alone.

In the choice test, leaf palatability affected invertebrate feeding, but this was
dependent on tree species. Birch litter consumption was higher for ambient- than
elevated-CO, discs overall (F 72 = 10.48, P = 0.002); there was no effect of CO, on
consumption of alder discs (72 = 187.21, P = 0.34). Consumption also varied

between invertebrate species (alder, 77, =0.92, P <0.001; birch, F77,=30.05,
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Table 3.2. ANOVA summary table of main and interactive effects of CO, treatment and conditioning type (CT) on litter chemistry. P values < 0.05 are

emboldened.
Carbon Nitrogen Phosphorus Lignin C/N
Tree sp. Variables  Fi 6 P Fi16 P Fi16 P Fi2 P Fi6 P
Alder CO, 0.6 0.435 1.1 0.305 2.8 0.117 0.04 0.543 1.3 0.271
CT 0.3 0.577 4.1 0.059 0.2 0.684 0.2 0.673 3.8 0.071
CO,xCT 1.5 0.241 4.7 0.045 0.4 0.387 3.6 0.082 4 0.064
Birch CO, 0.1 0.712 791 <0.001 3.1 0.098 4.8 0.048 605.3 <0.001
CT 12.1 0.003 95 <0.001 0.04 0.848 1 0.331 62.5 <0.001
CO, xCT 3.6 0.077 36.4 <0.001 03 0.566 0.1 0.756 6.8 0.019




Table 3.3. Chemical composition of leaf litter (expressed as Dry Mass (DM), Dry Cell Wall (DCW), or a ratio; mean = 1 SEM). Different lowercase letters

indicate significant differences (P < 0.05) between CO, treatments for each tree species x CT combination.

Elemental composition Elemental ratios

Tree species Conditioning €O ) Carbon (% DM) Nitrogen (% DM)  Phosphorus (% DM)  Lignin (% DCW) C/N Lignin/N
type concentration
Alder Aquatic Ambient 48.61 +£0.37a 3.73£0.16a 0.074 £ 0.009a 22.17 + 2.64a 13.11+0.16a 5.94
Elevated 48.48 £ 0.25a 3.63+0.091a 0.064 + 0.009a 19.56 +2.74a 13.37 +0.36a 5.38
Terrestrial Ambient 48.04 £ 0.22a 3.35+£0.016a 0.084 + 0.009a 19.16 £ 1.01a 14.33 £ 0.02a 5.71
Elevated 48.68 £ 0.40a 3.65+0.026b 0.062 +0.01a 2434+ 1.14a 13.35+0.10a 6.68
Birch Aquatic Ambient 51.22+0.13a 2.54+0.018a 0.09 +0.008a 22.10+3.28a 20.17+0.11a 8.7
Elevated 50.84 +0.13a 1.79 + 0.004b 0.066 + 0.01a 27.76 £ 1.69a 28.47 £ 0.08b 15.55
Terrestrial Ambient 49.86 + 0.24a 3.08+0.017a 0.082+0.01a 25.09+£2.07a 16.19 + 0.04a 8.15
Elevated 50.44+0.41a 1.91 £ 0.063b 0.07 £ 0.006a 29.32 £ 1.52a 26.47 £ 0.74b 15.33




P <0.001). The effect of CO; on birch consumption varied by invertebrate species
(F772=13.44, P=0.003), where O. albicorne preferred ambient-CO; discs (LSM =
1.3 mgd™", P<0.001; Fig. 3.2b). The effect of CO, on litter preference did not vary
between invertebrates feeding on alder (< 7, = 0.5, P =0.83; Fig. 3.2a). When
grouped, aquatic species preferred ambient-CO, birch discs over those grown under
elevated CO, (LSM = 1.1 mg d', P = 0.008), but no other preferences were exhibited
(all P> 0.05).
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Fig. 3.2. Effects of CO, treatment on feeding responses of each invertebrate species. The
mean litter consumption (£ 1 SEM) of each invertebrate species is shown for (a) alder and (b)
birch in the choice test, and (c) alder and (d) birch in the no-choice test. Asterisks indicate
significant differences between CO, treatments within each invertebrate species (¥***P <
0.001). Species are arranged by habitat of origin: aquatic species are Asellus aquaticus (Aa),
Gammarus pulex (Gp), Odontocerum albicorne (Od) and Sericostoma personatum (Sp);
terrestrial species are Blaniulus guttulatus (Bg), Oniscus asellus (On), Porcellio scaber (Ps)

and Tachypodoiulus niger (Tn).

In the no-choice test, consumption rates were higher when invertebrates fed on

ambient- rather than elevated-CO, birch discs (F 64 = 6.4, P =0.014). The trend was
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consistent across all invertebrate species, but no individual species showed a
significant response (CO, treatment % invertebrate species: F764 = 0.341, P =0.932;
Fig. 3.2d). This overall effect of CO, did not occur in alder leaves (£ 64 = 3.6,

P =0.062), but the effect of CO, varied significantly between species (F7¢4 = 4.56,
P <0.001); more of the elevated-CO, discs were consumed by G. pulex (LSM =

2.9 mg, P=0.002) and O. albicorne (LSM = 3.2 mg, P <0.001), while O. asellus
consumed more of the ambient-CO, discs (estimate = 2.9 mg, P = 0.002; Fig. 3.2¢).
When grouped by habitat, aquatic invertebrates ate more elevated-CO, than ambient-
CO; alder (LSM =2 mg, P <0.001) but there was no effect on birch (LSM = 0.1 mg,
P =0.073). CO, treatment had no effect on consumption by terrestrial species fed

either alder (both P > 0.05).

3.5Discussion

Elevated atmospheric CO; and microbial conditioning type modified leaf litter
chemistry, though effects differed between tree species (supporting Hypothesis 1).
Individual invertebrate species varied in their responses, suggesting that caution has

to be taken when extrapolating general trends from single-species studies.

Elevated atmospheric CO; reduced birch litter quality: the concentration of nitrogen
decreased and the C/N ratio increased, regardless of conditioning type. Most species
did not respond to this change; O. albicorne was the only species with behaviour that
supported Hypothesis 2, showing a strong preference for ambient-CO; litter. Prior
work supports this response: Ferreira et al. (2010) showed that low C/N ratios
reduced birch litter consumption by the caddis fly Sericostoma vittatum Rambur,
while Cotrufo et al. (1998) found that the woodlouse P. scaber preferred high quality
(lower C/N ratio and lignin concentration) Fraxinus excelsior L. litter grown under
ambient CO,. Alder litter showed negligible chemical change as a result of elevated
CO,, perhaps due to symbiosis with nitrogen-fixing bacteria that help maintain
nutrient supplies (Temperton et al. 2003). Unexpectedly, a slight increase in quality
(increased nitrogen concentration) under elevated CO; occurred when alder litter was
conditioned terrestrially, but this did not result in any feeding preferences. Effects of

conditioning type on litter chemistry may have occurred due to differences in

36



chemical leaching and microorganism activity between aquatic and terrestrial
environments (Treplin & Zimmer 2012). The data indicate that CO, enrichment will
affect litter palatability to macroinvertebrate detritivores as a result of chemical

change, though these effects will be plant and invertebrate species-specific.

In the no-choice test, invertebrates were expected to compensate for low-quality litter
by increasing consumption relative to high-quality litter. In contrast to this
expectation, compensatory feeding was not observed in either tree species. There was
no clear pattern for alder; invertebrate responses were highly idiosyncratic, with O.
asellusbeing the only species to consume more of the low-quality resource
(terrestrially-conditioned alder litter contained lower nitrogen when grown under
ambient CO,). Héttenschwiler et al (1999) detected a similar compensatory response
for O. asellusand another woodlouse, P. scaberhigher consumption rates were
recorded on low-quality, CO,-enriched F. sylvaticalitter (low nitrogen concentration,
high C/N ratio). The current study showed that G. pulexand O. albicorneconsumed
more elevated-CO, than ambient-CO, alder, despite no observed chemical differences.
It is possible that elevated CO; reduced litter palatability by altering chemical
constituents that were not quantified here, such as secondary metabolites. For
example, phenolics and tannins have been shown to be affected by CO, levels
(Lindroth 2012). Birch litter responses appeared less idiosyncratic, with no individual
species increasing consumption of elevated-CO; litter. These results suggest that litter
species identity determines the predictability of invertebrate feeding responses, but
that compensatory feeding is not a unifying trend amongst detritivorous

macroinvertebrates.

Feeding rates may have varied due to increased handling times associated with low
quality birch litter (e.g. Ott, Rall & Brose 2012), or because of differences in species’
body chemistry and their ability to cope with elemental imbalances with CO,-
enriched resources (Martinson et al.2008; Hladyz et al.2009). Heterotrophs, such as
the detritivores in the present study, tend to maintain constant body elemental
composition (Sterner & Elser 2002) and may alter feeding behaviour to achieve
optimum chemical balance. Altered consumption of litter by macroinvertebrates will

affect energy release from detritus, in turn affecting secondary production, and food-

web structure and functioning (Moore et al.2004). Specifically, on the basis of
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invertebrate responses in our study, mineralisation of carbon and nutrients could slow
down in forests dominated by birch or other tree species with similar chemistry. This
is reinforced by observations of high lignin/N and C/N ratios of elevated-CO, birch
litter in the current study, which are predictors for slow decomposition rates (Melillo,
Aber & Muratore 1982). Conversely, stands containing a lot of alder, or other species
with lower C/N ratios, may show little response in terms of detrital processing and
nutrient turnover. Differences between tree species make it difficult to predict overall
decomposition rates, a task made more difficult by the prevalence of litter mixtures in
temperate deciduous forests, which tend to exhibit non-additive decay (Gartner &

Cardon 2004).

Changes to litter quality as a result of elevated CO, may also affect invertebrate
community composition, a potentially important determinant of decomposition rates
(Gessner et al. 2010). This could be caused by changes to food selection
(Hattenschwiler & Bretscher 2001) and increased patchiness of resource quality in
litter mixtures on the forest floor (Swan & Palmer 2006b). Differential changes to
feeding rates may alter competitive dynamics between invertebrate species, with
advantages for species whose dietary breadth extends beyond leaf litter, such as G.

pulex (MacNeil, Dick & Elwood 1997) and S. personatum (Friberg & Jacobsen 1999).

The present study provides, to date, the broadest assessment of detritivorous
invertebrate species’ feeding responses to CO,-enriched litter, improving our
mechanistic understanding of a key ecosystem process in temperate woodland
ecosystems. Future elevations of atmospheric CO; are predicted to affect the
breakdown of detritus indirectly by reducing leaf litter quality for macroinvertebrate
detritivores. The study highlights that this process is highly tree species-specific, and
there will be strong responses in some forest stands and minimal effects in others.
Identifying the mechanisms governing such ecosystem variation in functional
responses to climate change is essential if we are to predict the consequences of
elevated CO, for forest carbon dynamics and nutrient cycling at regional and

landscape-scales.
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4. Effects of atmospheric change on leaf litter chemical
composition and breakdown in a temperate deciduous

woodland

4.1 Abstract

Deciduous woodlands are dependent on leaf litter breakdown to drive carbon and
nutrient turnover, and to support a diverse community of organisms. This study aimed
to understand how this service is threatened by ongoing changes to atmospheric
composition, which can alter litter nutritional quality and decay dynamics. Betula
pendulalitter was collected from and compared between (i) ambient CO, and
elevated CO, conditions (produced ex Situin a greenhouse), and (ii) rural and urban
conditions (collected from in situtrees). Litter bags were constructed and exposed to a
woodland floor for 0, 28, 56 or 112 days. In terms of chemical composition, ambient-
and elevated-CO litters did not differ, but urban litter had lower carbon and nitrogen
concentrations than rural litter, along with a higher phosphorus concentration and a
higher C/N ratio. In general, litter chemical composition changed after 28 days of
exposure, with carbon and nitrogen concentrations increasing, and phosphorus
concentration, lignin concentration and C/N ratio decreasing. Regarding decay, there
was no difference in the remaining ash-free dry mass of litter between ambient- and
elevated-CO, litters. Urban litter had consistently less mass remaining at each time
period. Litter decay rates (K) were in the order elevated CO, > ambient CO; > urban >
rural. Ambient-CO; litter had lower invertebrate richness and diversity than elevated-
COg, litter, while urban and rural litters did not differ in invertebrate composition.
Abundance and richness generally fell through time for all litters, while diversity
decreased for ambient- and elevated-CO; litters only. Community analysis showed
that invertebrate communities differed between time periods. These differences were
shaped largely by the relative assemblages of Acari, Chironomidae and collembolan
taxa. These results suggest that ongoing atmospheric changes could impact litter
chemistry, mass loss and invertebrate community composition, and effects of urban

environments may be more important than effects of elevated CO..
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4.2 Introduction

The majority of primary production in woodlands is fated to enter the detrital pathway,
largely as leaf litte(Cyr & Pace 1993; Hairston Jr & Hairston Sr 1993; Cebrian 1999)
This material affects the physical and chemical charactesrist woodland floors

(Sayer 2006; Xu, Liu & Sayer 2018pnd is a key basal resource that influences food
web structuréHagenet al.2012) Detrital decomposition providea crucial

ecosystem function by promoting the release and cycling of carbon and nutrients
locked up in organic mattéMooreet al.2004) It is important, therefore, to

investigate factors that influence decomposition rates.

Litter nutritionalquality is a key driver of litter decay. Breakdown is generally slower
for poorquality litters, which are typified by low nutrient content (e.g. nitrogen and
phosphorus) and greater concentrations of recalcitrant caidfdooompoundssuch

as lignin(Melillo, Aber & Muratore 1982; Zhangt al.2008; Cornwelkt al.2008;
Freschet, Aerts & Cornelissen 201€hanges in chemical compositialso occur
through the decay processcluding theaccumulation of nitrogedue to

immbolisation by decomposefsicClaugherty, Pastor & Aber 1985; Manze@nial.
2008) Altered chemical compositiocan affect the activity of detritivorous
invertebrates, which are the main organisms responsible for breaking litter into
smaller fragments (comminution) by maceration and faecal prody&eastedt

1984; Lavelleet al.2006; Berg & McClaugherty 2008)rocesses that increase
decomposition rate@Vall et al.2008) Invertebrate activity also increases the surface
area of litter available for colonisation bgpsophagous microorganisms, particularly
fungi, which further accelerate decdyavelle & Spain 2001; Berg & McClaugherty
2008; Chapin, Matson & Mooney 2010hanges to leaf litter chemical composition
could therefore affect decay rates as mediated by decomposer activity.

Atmospheric concentrations of carbon dioxide (Cé&nd other pollutant gases (e.g.

NOy and SQ) have been increasing sinceqmdustrial tmes(IPCC 2013 Such

changes alter the process of litter decomposition in woodland habitats by altering the
chemical composition of detritus. Elevated £&f@nerally decreases thatritional

quality of tree leaves by reducing nitrogen concentrations and increadlingtios
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(Cotrufo, Ineson & Scott BB; Cozteawet al. 1999; Gifford, Barrett & Lutze 2000;
Lindroth 2010) These chemical changes are maintained after leaves fall as litter,
slowing decay on woodland floof€otrufo, Ineson & Rowland 1994; Cotrufo,
Briones & Ineson 1998; Cozteaexal. 1999; Norbyet al.2001). Responseto this
material are mixedt the level of litter consume(€otrufo, Briones & Ineson 1998;
Chapter 3)Urbanised areas have higher concentrations ofaD@ other pollutants
relativeto rural areagBerry & Colls 1990; Ziska, Bunce & Goins 2004; Georjel.
2007)with further differences in soil chemisttilcDonnellet al. 1997) Effectson
leaf chemical compositioare relatively unknown. Increased deposition of pollutant
nitrogen compounds (e.g. NHNO;") into the soil may result in greater nitrogen
availability to treegLovettet al.2000; Zhu & Carreiro 2004; Fargg al.2011) while
lignin concentrations may also increase, reducing ktéritionalquality and slowing
breakdown rate@Carreiroet al. 1999; Pouyat & Carreiro 2003)here is however,
someevidence to suggest that urban litter may decay slower than rura|Higieae
Zuckerman & Coleman 2005)

This study compared the effects of atmospheric change on leaf litter chemical
composition and the consequences for mass loss and associated invertebrate
communities. Experiments were separated to test effects pf@aitions (ambient
and elevate€0,) and urbarsation (rural and urbaronthechemical composition,
mass loss, and inuebrate assemblagassociated with leaf litteit was

hypothesised thdi) litter chemical composition will differ between atmospheric
conditions, with higher quality in (a) urban versus rural litter, and (b) amGént
versus elevate@Q; litter; (2) litter nutritional quality will increasdi.e. C/N ratio will
decreasgthroughtime; (3) litter decay rates will differ between growth conditions,
where decay rates of leguality litter will be slower than for highuality litter; (4)
litters of different quality will support different invertebrate assemblages, with
increased invertebmtmetrics (abundance, richness and diversity) on higher quality
litter; and (5) invertebrate communities will differ between time periods, with a
general reduction in invertebrate metrics (abundance, richness and diversity) through

time.
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4.3 Materials andMethods

4.3.1 Leaf litter production

Leaf litter was collected frorsilver birch Betula pendula Roth), awidespread
deciduous tree speciggpowing in four different atmospheric conditions: ambient
and elevatedCO; litters were produceeék situ in a gowth facility at Cardiff
University, UK, and freshly abscised rural and urban litters were collecied

from mature trees.

One yeald saplings £ = 100; Chew Valley Trees, Bristol, UK) measuring up to
60 cm were planted in pots (height 11 cm di@ineter 13 cm) containiniphn Innes
Potting Compost Number. Half (» = 50) were grown under ambie@O,
concentrations (404 £ 1 pprand half under elevate@iO, concentrations

(857 + 8 ppm), with irrigation every two days and ambient lighting folla fu
photosyntheticalbyactive season (22 March 2EP5 October 2012).

Trees grown under ambient conditions were placed on a bench top within the
greenhouse, and temperature and relative humidity were recordech usgil
thermaehygrometer (ExeTerra,Yorkshire, UK). Trees grown under elevated,CO
conditions were distributed equally between ten eéeaylic closedtop chambers
(1.0x 0.4x 0.8 m), fed by a closeldop air delivery system (Fig. 4.1). Fans in/in
Handling Unit (AHU; Diffusion Higltine Waterside 260lI, size 6) deeair through
pre-chamber and posthamber ducts (200 mm) that split into separate branch pipes
(80 mm diameter) for each chamb&mr was monitorecevery 15 mirby two
temperaturandtwo CG, sensors (Vaisala CARBOCARP an Doxide
Transmitter GM20D), whileelative humidity was recorded manudbgtween 0900
and 1100 tusing a digital therménygrometer (Exerlerra, Yorkshire, UK)Automatic
responses to temperature and,Génsor readings were controlled bguilding
Management SysteBMS; TREND 1Q151). When air exceeded pset
temperatures(20;C at060@®1800hrs, > 12C at 180@0600 hrs), water in the AHU
coils was passed to a fassisted chilling unifDaikin air-cooled vater chiller
EUWY5HB), coolingthe air in the systenf\ solenoid valve controlled the injection
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of CO; into the system, opening when concentrations fell below 600 ppm and closing
when this concentration was exceeded. When opened, CO, was introduced to the
airflow from a replaceable cylinder (99 kg VK; BOC UK) fitted with a two-stage
regulator (200 kPa).

S
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Fig. 4.1. Schematic of the Controlled Environment Facility (AHU = air-handling unit; Hum.
= humidifer; Sol. = solenoid valve; CO, = carbon dioxide cylinder). Filled arrows show

direction of airflow and dashed arrows show inputs to the airstream.

Rural litter was collected from an oak-birch woodland in Ystradffin, Carmarthenshire,
UK (52°09°84” N, 3°78°48” W) and urban litter was collected in Grangetown, a
residential area of Cardiff, UK (51°47°26” N, 03°18°41” W). Mean values of air
pollutants for the five years preceding collection (2006-2010) were taken from
recording centres closest to the collection sites. At Aston Hill, Powys (52°50°38” N,
3°03°41” W), mean values of NO, NO, and O3 were 1.2, 7.7 and 65 pg m™,
respectively (Department for Environment Food and Rural Affairs 2013). In Cardiff
City Centre (51°48°17” N, 3°17°63” W), values of NO, NO,, O3 and SO, were 11.7,
31.09, 40.7 and 2.6 pg m™, respectively (Welsh Air Quality Forum 2013). Litter was

air dried immediately on collection and stored separately by growth condition.
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4.3.2 Study area

The experiment took place in a temperate deciduous broadleaf forest at Nantrhydifor,
Carmarthenshire, UK (5290790 N, @10550 W), categedsasa W17b woodland
(National Vegetation Classification; Hall, Kirby & Whitbread 20@éminated by

sessile oakuercus patraa (Matt.) Liebl., along with downy bircB. pubescens

Ehrh. and the ferDryopteris dilatata(Hoffm.) A. Gray. The soil is clayey to silty

loam, and acidic.

4.3.3 Litter bags

Litter bags (0 = 168 measurindlO! 15 cmwere constructed with 1 mm medfHE

& GB Nets, Cornwall, UK and filled with 3 + 0.01 g of litter. Bags permitted entry of
micro- and mesofaunavhich arekey litter decomposerSeastedt 1984; Chapin,

Matson &Mooney 2011)and limited losses to nesiecay processes (e.g. wind). To
assess mass loss and invertebrate assemblages, one bag of each growth condition was
attached to a nylon thread that was tied to a labeled 0.5 m steel rod. Nine threads were
producel for collection at each of four time periods: 0, 28, 56 and 112 days. Threads
allocated to 0 and 28 days were allocated one extra bag of litter from each growth
condition to be used fochemical analyses. Three threads per time period were
randomly alloated to each of three blocgkced 20 m apart on a slope gradient.

Each block was composed of rods anchored 3 m apart in a randaiehed3 ! 3

grid. Bags were placed on the surface of the litter |ajereads allocated for

collection after O days wereturned immediately to the laboratory for calculation of
handling losses and initial litter chemical composition. Bags were placed into separate
sealed plastic bags upon collection and returned to the labora@igool boxor

processingTheexperiment ran from 02 November 2012 until 01 February 2013.

4.3.4 Litter chemical composition

Bags allocated for chemical analyses were collected after 0 and 28 days. Litter was

washed with dionised water to remove debris (e.g. sediment) and invesbra
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before being air dried to constant mass and stored at —80°C. Prior to analysis, samples
were oven-dried (50°C for 24 hrs) and ground into powder (120 s at 50 beats s ' in a
Pulverisette 23 ball mill; Fritsch GmbH, Idar-Oberstein, Germany). Carbon and
nitrogen concentrations were determined simultaneously by flash combustion and
chromatographic separation of approximately 1.5 mg of ground and homogenised leaf
material, calibrated against a standard (C,sH26N20,S) using an elemental analyser
(Elemental Combustion System 4010 CHNS-O Analyzer, Costech Analytical
Technologies, Inc., Milan, Italy). Phosphorus was quantified using X-ray fluorescence
(see Reidinger, Ramsey & Hartley 2012 for detailed methodology). Carbon, nitrogen
and phosphorus concentrations were recorded as a percentage of leaf Dry Mass

(% DM). The lignin concentration of litter Dry Cell Walls (% DCW) was determined
by following the acetyl bromide spectrophotometric method (Foster, Martin & Pauly

2010). C/N ratios were calculated for each litter sample.

4.3.5 Invertebrate assemblages

Invertebrates were extracted from litter bags using Tullgren funnels (24 hrs) and
stored in 70% industrial methylated spirits (Fisher Scientific, UK). Individuals were
identified to the lowest practicable taxonomic unit (Acari to order; Annelida to
subclass; Collembola to superfamily; Araneae, Coleoptera and Diptera to family; and
Diplopoda and Isopoda to species). The following parameters were determined: (1)
abundance of each taxon, (i1) richness at the taxon level, and (ii1) Simpson’s index of
diversity, using the equation 1-D = 1-(Zn(n-1)/N(N-1)), where n is the total number

of organisms of a particular taxon and N is the total number of organisms of all taxa.

4.3.6 Mass loss

Following invertebrate extraction, litter samples were washed with deionised water to
remove inorganic matter. Litter was air-dried to constant mass (£ 0.01 g) and
corrected for handling error. This was followed by measurement of Ash-Free Dry
Mass (AFDM), where litter was subsampled (0.5 g + 1 mg) and combusted in a
muffle furnace (Carbolite ELF Chamber Furnace 11/14; 550°C for 5 hrs). AFDM was
calculated using the equation AFDM = Mr—[Mt(Ma/Ms)], where Mt = dry mass (g) of
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the total litter sample, corrected for handling error; M, = ash subsample mass (g); and
My = subsample mass (g). The decay coefficient (k) per day was calculated for litter
of each growth condition (Petersen & Cummins 1974), using the equation

M, = My(e™), where M, = AFDM (g) at time ¢, M, = initial AFDM (g), and ¢ = time
(days). Values were then used to calculate biological half-life (#;,; time in days to

50% mass loss) using the equation ¢;, = In(2)/k.

4.3.7 Data analysis

Statistical analyses were conducted in R version 3.0.2 (R Development Core Team
2013), with alpha set at 0.05. For all analyses, separate models were built for (i) litter
grown ex situ (ambient- and elevated-CO,), and (ii) litters grown in situ (rural and
urban), as effects of environmental change were confounded by in situ and ex situ
growing conditions. Models were assessed graphically for normality and homogeneity
of variance (Crawley 2007) and were simplified by stepwise removal of non-
significant terms (P > 0.05) until a minimum adequate model was reached. Significant
interactive terms were explored using planned comparisons of Least-Square Means

(LSM) between factor levels (Ismeans function, Ismeans package, Lenth 2013)

To assess litter chemical composition, separate General Linear Models (GLMs) were
constructed for each chemical variable (carbon, nitrogen, phosphorus and lignin
concentrations, and C/N ratio), with the main and interactive effects of growth
condition (ambient CO; and elevated CO,, or urban and rural) and time period (0 and

28 days) as explanatory variables.

For litter of each growth condition, dry mass (g) was corrected by adding the mean
handling loss of bags collected at Day 0 before calculation of AFDM. Litter mass loss
was assessed using a General Linear Mixed-Model (GLMM) with AFDM as the
response variable; growth condition (ambient CO; and elevated CO,, or rural and
urban), time period (0, 28, 56 and 112 days) and their interaction as fixed categorical
explanatory variables; and a random effect term of rod identification number nested

within block (Ime function, nlme package, Pinheiro ef al. 2013).
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Invertebrate abundance, richness and diversity were analysed using separate GLMMs,
with growthcondition (ambient C&and elevated C§or rural and urbartjme

period (28, 56 and 112 dayemd their interactioas fixed explanatory variables, and

rod identification number nested within block as the random term. Invertebrate
abundance was Iggbunance+1jtransformed to meet assumptions of normality in

the analysis of ambienand elevatedCO;, litters.

Differences in invertebrate community composition between growth conditions and
time periods were visualised in two dimensions using-Metric Muli-Dimensional
Scaling(NMDS; Kruskal 1964metaMDS function, vegan package, Oksagieal.

2013) First, a matrix of all pairwise distances was computed using the@reis
distance measure (4,999 permutati@ugnisfunction,veganpackage), which is the
most suitable measure for zeskewed datgClarke & Warwick 2001)NMDS then
iteratively assigns samples to a plagtspace, attempting to maximise the rank
correlation between the plotted distances anecpleulated distances. Good
agreement between these distances lowers OstressO, where a value > 0.3 indicates poor
agreement and therefore unreliable graphical pnggability (Zuur, leno & Smith

2007) Given the large range in abundancd® @ individuals), data were fourtbot
transformed to dowsweight the influence of the most abundant t&karke &

Warwick 2001)

Permutational Analysis of Varian€(EBERMANOVA; Anderson 2001 a non
parametric version of multivariate ANOVAdhuses permutation techniques to
computeP values that indicate significant dissimilarities between samples belonging
to differert groups. An overall PERMANOVAsing BrayCurtis dissimilaritiesvas

used to test the response of invertebrate community cgitigpoto litter growth
condition (ambient C@and elevated Cor rural and urban), time period (28, 56 or
112 days) and their interaction, with iterations constrained within each (aldcokis
function, vegan package, Oksaretral.2013) This method is sensitive to unequal
variance between treatments, so multivariate homotyeoiegroup dispersions was
assesse(betadisper function, vegan package; Oksagtal.2013) Factor levels of
significant terms in the overall model were compared using pairwise PERMANOVAs.
For the analysis of time period3onferroni corrections were used to account for

multiple comparisonsSpecies contributing most to overaimmunity dissimilarity
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were identified by Similarity Percentage (SIMPER) anal{Glarke 1993; simper
function, vegan package, Oksaredral.2013)

4.4 Results

4.4.1 Litter chemical composition

Litter chemical composition differed by growth conditidfig| 4.2). Urban itter had
lower carbon (Fig. 4.2a) and nitrogen (Fig.B).2oncentrations, and a higher
phosphorus concentration (Fig. 4)2han rural litter. The C/N ratio of urban litter
was greater than for rural litter, but only for measurementsya0dgig. 4.21). Litter
chemical composition also changed through time (Table 4ot )alFlitters, carbon
(Fig. 4.2a) and nitrogen (Fig. 4Rconcentrations imeased, and phosphorus (Fig.
4.2c) concentrations decreased. The lignin concentration fell in arrb@ntural

and uban litters (Fig. 4.@), and the C/N ratio fell in ambie@O,, elevatedCO, and
urban litters (Fig. 4.€). Initial lignin/N ratios were 4% higher in ambient CO
(27.32) than elevated G@19.35), and 2% higher in urban (40.91) than rural (32.56)
litter. The ratio was reduced after 28 days in the field, narrowinditfezence
between ambien€O, (14.56) and elevate@O, (15.49) litters, and rural (45.02) and
urban (46.62) litters. The mean C/N ratio of ambientd elevatedO; litters was
46% lower than rural litter, and 88 lower than urban litter. Rural kx had an &
higher carbon concentration than ambiemid elevatedCO,; litter, while ambient

and elevatedCO; litters had a 39 and €8 higher nitrogen concentration than
ambient and elevateO; litters, respectively.

4.4.2 Mass loss

Litter AFDM was significantly lower in elevatethan ambienrtCQO; litter (F1 26 =
6.94 P = 0.014) and in urban than rural litté1;: 66 = 219.7 P <0.001). AFDM also
differed between time periods (ambient and elevategli@€rs, F3 6 = 769.89 P <
0.00%, rural and urban litter$;3 36 = 56.16 P < 0.00)), decreasing through time
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between all pairs of time periods (BIk 0.001, excepP < 0.01 for28 and 56 days
andP < 0.05 for 56 and 112 days fex situlitters; Fig. 4.3).
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Fig. 4.2.Leaf litter chemical composition (mean + 1 SEM) following exposure to a woodland
floor (DM = Dry Mass, DCW = Dry Cell Wall). Different lowercase letters indicate
significant differencesR < 0.05) between growth conditions. Asterisks indicate significant

differences (*P < 0.01, ***P < 0.001) between time periods within a growth condition.
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Table 4.1.Litter chemical composition in response to growth condition (GC), time period (T), and their interactibriT{G@ashes indicate that the

parameter was remed during model minimisation. SignificarR € 0.05) values are emboldened.

Carbon Nitrogen Phosphorus Lignin C/N ratio
Factor F (d.f.) P F (d.f.) P F (d.f.) P F (d.f.) P F (d.f.) P
In situ (ambient and devatedCO,) litters
GC ) ) ) ) ) ) 0.03(1,8)  0.862 ) )
T 5.7 (1,10) 0.038 6.84 (1,10) 0.003 9.03(1,10) 0.013 4.35(1,8) 0.071 5.15(1,10) 0.047
GC!'T b b b b b b 118.62 (1,8) 0.022 b b
Ex situ(rural and urbai litters
GC 189.56 (1,9) <0.001 25.82(1,9) <0.001 123.79(1,8) <0.001 D ) 11.42 (1,8) 0.01
T 10.97 (1,9) 0.009 6.02 (1,9) 0.037 61.3(1,8) <0.001 30.28(1,10) <0.001 6.23(1,8) 0.037

GC!'T P o) o) o) 18.13(1,8) 0.003 D > 5.55(1,8) 0.046
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Fig. 4.3.The effect of growth condition on leaf litter Aglree Dry Massemaining(AFDM;
mean = 1 SEM) through time. Lowercase letters indicate significant differehee8.05)

between growth conditions within each time period.

In the analysis athein situlitters, the effect of growth condition on AFDM differed
by each time period 93= 528.3,P < 0.00)), as urban litter had significantly lower
AFDM at 28, 56, and 112 days (Fig. 4.Bx situCQ; litters had consistently lowe
mass than rural (28 days 4% lower, 56 days = 59%; 112 days = 87%) and urban
(28 days = 17%ower; 56 days = 25%; 112 days =% litters through time.
ElevatedCO; litter had the fastest decay rate and shortestlifaifk = 0.00663day™,
t1» = 105 days), followed by ambie®O, (k = 0.00582ay™, t1, = 119 days), urban
(k = 0.00256day™, t1, = 271 dayspnd rural k = 0.000865ay™, t;, = 801 days)

litters.

4.4.3 Invertebrate assemblage

Invertebrate abundance differed through time (Table 4.2), increasing from 28 to 56
days fortheex situlitters (LSM = 33.2 individuals? = 0.048), and decreasing
between 28 and 112 days (LSM = 28.9 individugls,0.001), and between 56 and
112 days (L# = 24.6 individualsP = 0.002), for rural and urban litters (Fig. 4.4a).

Invertebrate richness was greater in elevdteah ambienrCQO, litter (Table 4.2).
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Taxon richness also differed between time periods (Table 4.2), decreasing from 56 to
112 days in ambient- and elevated-CO; litters (LSM = 1 species, P = 0.006), and
between 28 and 112 days in rural and urban litters (LSM = 1.8 species, P = 0.003; Fig.
4.4b). Invertebrate diversity was higher for elevated-CO; litter than ambient-CO,

litter (Table 4.2), and decreased from 28 to 112 days for these litters (LSM = 0.16,

P =0.003; Table 4.2; Fig. 4.4c¢).

Table 4.2.Response of invertebrate metrics to litter growth condition (GC) and time period
(T). Dashes indicate that the parameter was removed during model minimisation; the GC! T

interaction was removed from all models. Significant (P < 0.05) values are emboldened.

Abundance Richness Diversity
Factor F(d.f) P F(d.f) P F(d.f) P
In situ (ambient- and elevated-CO,) litters
GC - - 23.64 (1,25) <0.001 13.11(1,25) 0.001
T 3.5(2,23) 0.047 5.08(2,23) 0.015 541(2,23) 0.012
Ex situ (rural and urban) litters
GC - - - b — b
T 9.18(2,22) 0.001 531(2,22) 0.013 - b

Invertebrate community composition was affected by time period for ambient- and
elevated-CO, litters (F248 =9.19, P <0.001; Fig. 4.5a), and rural and urban litters,
(F247=6.22, P<0.001; Fig. 4.5b). Communities differed between 28 and 56 days
(rural and urban litters, #; 34 = 3.61, P <0.011), 28 and 112 days (ambient- and
elevated-CO, litters, 1134 = 11.69, P < 0.001; rural and urban litters, #; 33 = 5.98,

P <0.001), and 56 and 112 days (ambient- and elevated-CO; litters, ¢, 34 = 10.43,

P <0.001; rural and urban litters, #; 33 = 8.36, P < 0.001). Results of the analysis on
rural and urban litter should be interpreted with caution, as there was evidence for
unequal dispersion between time periods in this dataset (F>,s0= 3.36, P =0.043). The
taxa accounting for the largest dissimilarity between time periods were chironomids
(ambient- and elevated-CO; litters) and collembola taxa (rural and urban litters; Table

4.3).
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Fig. 4.4. Effects (mean = 1 SEM) of leaf litter growth condition on (a) abundance, (b)

taxonomic richness, and (c) taxonomic diversity (Simpson’s index) of invertebrates.
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Table 4.3. Taxa accounting for greatest difference between pairs of time periods (days; A vs

B) following SIMPER analysis, measured as the percentage contribution of each taxon to the

overall dissimilarity between time periods.

Time periods

Abundance (mean + 1 SEM)

A B Taxon Contribution A B

In situ (ambient- and elevated-CO,) litters

28 112 1. Chironomidae 23.6% 2.05+0.9 6.22 +1.21
2. Poduroidea 22.8% 8.89 £2.34 3.56+1.42
3. Acari 18% 7.17 £0.69 3.61 £1.05

56 112 1. Chironomidae 21.3% 5.56+2.9 6.22+1.21
2. Acari 21% 14.39 £2.06 3.56+1.42
3. Poduroidea 14.1% 4.72+0.84 3.61 £1.05

Ex situ (rural and urban) litters

28 56 1. Poduroidea 18.7% 7.67+2.17 222+1.16
2. Chironomidae 14.8% 5.11 £1.06 3.06+1.23
3. Symphypleona 14.7% 3.28+1.13 0.89+04

28 112 1. Entomobryoidea 17.3% 17.61 +2.42 4.17+1.27
2. Poduroidea 16.7% 7.67+2.17 1.5+ 0.87
3. Acari 14.8% 14 £3.24 7+23

56 112 1. Entomobryoidea 19.8% 20.17 £2.77 417+£1.27
2. Acari 18.8% 17.72+£2.15 7+23
3. Chironomidae 15% 3.06£1.23 5.83£1.32

4.5 Discussion

The results of this study suggest that ongoing changes to atmospheric gas composition

will have variable effects on B. pendula litter chemical composition and its

subsequent decomposition. There was little difference in the chemical composition of

ambient- and elevated-CO; litters, and no difference in mass loss, although

invertebrate diversity and richness were higher in elevated-CO; litter. Conversely,

chemical composition differed between urban and rural litters, with urban litter

decaying faster but supporting similar invertebrate communities. These results
suggest that the storage and cycling of carbon and nutrients in woodland ecosystems

could be disrupted by atmospheric change, with implications for food web structure.
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Fig. 4.5. Invertebrate community dissimilarity through time for (a) ex situlitters (stress =
0.194), and (b) in situlitters (stress = 0.191), visualised using Non-metric Multi-Dimensional
Scaling (NMDS).

Litter chemical composition showed some differences between growth conditions.
The only difference in chemical composition between ambient- and elevated-CO;
litters was a higher initial lignin/N ratio in the former, providing poor support for
Hypothesis 1a. This was unexpected, as elevated CO, tends to reduce nitrogen and
increase lignin concentrations of plant litter (Cotrufo, Ineson & Scott 1998; Norby et
al. 2001). Previous studies of Betulaspecies under elevated CO, have found changes
including increased C/N, lignin/N and phosphorus concentration, along with
decreased nitrogen concentration (Parsons, Lindroth & Bockheim 2004; Liu, King &
Giardina 2005; Kasurinen et al.2006). Beyond Betulaspecies, studies show that
changes to chemical composition are species-specific (Cotiteaux et al. 1999). This
includes a lack of response in chemical composition to elevated CO,, as found for
both Q. cerrisL. and Q. pubescen®illd. (Gahrooee 1998). Chemical composition
differed between rural and urban litters to a greater extent than for ambient- and
elevated-CO, litters. In particular, rural litter was of higher initial quality (i.e. lower
C/N ratio), providing no support for Hypothesis 1b. This is despite evidence of greater
nitrogen deposition into urban soils, potentially allowing for greater uptake of
nitrogen into foliar tissues (Lovett et al.2000; Zhu & Carreiro 2004; Fang et al.2011).

Urban litter did, however, have a greater phosphorus concentration, but this was not
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found in a study oQuercus rubra L. leaf tissues grown in urban and rural locations
by Baxteret al. (2002) Ultimately, the effect of urbanisation on litter quality may be
greater than the effects of elevated,Cakthough chemical differences appear to be

speciesspecific and not alwaypredictable based on environmental conditions.

Litter chemical composition changed though time. Quality increased from 0 to 28
days (i.e. C/N ratio decreased) for ambi€a,, elevatedCO, and urban litters,
supporting Hypothesis 2. Increased nitrogencentration in this study agrees with
McClaughertyer al. (1985) who also found that nitrogen accumulated in leaf litter
samples during nearly two years of breakdown in temperate deciducsts fat@s
could be due to incorporation of nutriemth microbial tissues into the chemical
analyses, following colonisation of leaf surfaces by fungi and ba¢@hnipin,

Matson & Mooney 2011)Relative reductions of otih chemical components, such as
phosphorus, may also help explain the relative increase in litter nitrogen concentration.
Phosphorus concentrations dnewevey speciesand sitespecific(Gosz, Likens &
Bormann 1973; Mooret al. 2006) Along with elemental changes, litter structural
integrity was reduced in ambie@O,, rural and urban litters given reduced lignin
concentrations. This is likely due to the release of liglagrading enzymes by
microorganismgBerg & McClaugherty 2008)

Differences in litter mass loss between growth conditions were associated with
chemical composition, but not in the direction anticipated (that higher leaf litter
nutritionalquality results in faster breakdown), providing little support for Hypothesis
3. Rural litter was of highenutritionalquality (i.e. lower C/N ratio) than urban litter,
but it lost mass more slowly. This is contrary to a study by Careirb (1999) who
found that a higher lignin/N ratio and cellulose concentration of ugbambra litter
resulted in 2% slowe mass loss compared to rural litter. This finding also
contradicts previous work showing that birch litter decays slower with a higher C/N
ratio (Cotrufo, Ineson & Roberts 199&jhd that breakdown rate has a positive
relationship with nitrogen concentration and a negative relationship with C/N ratio
across a range of tree spediglillo, Aber & Muratore 1982; Taylor, Parkinson &
Parsons 1989; PZrétarguindeguyer al. 2000; Freschet, Aerts & Cornelissen 2012)
Urban litter did, however, have a higher phosphorus concentration, whitledras
linked with faster decay in a global metaalysis of decompositigiCornwellet al.
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2008) Conversely to rural and urban litters, there was little differentieeichemical
composition of ambientand elevatedCG; litters, and no difference in mass loss. This
contradicts a metanalysis by Norbyt al (2001) showing that elevated atmospheric
CO; increases the lignin concentration and decreases the nitrogen concentration of
leaf litter from woody plants, and slows decomposition relative to am@iéntitter.
Species previously shown to follow this pattern include the current study sBecies
pendula(Cotrufo & Ineson 1996)as well as-. excelsior A. pseudoplatanu@otrufo,
Briones & Ineson 199&ndPopulusspeciegCotrufo, De Angelis & Polle 2005)

Differences in liter chemical composition were nafated to differencgin

community composition, nor were invertebrate abundance, richness and diversity
affected, providing no support for Hypothesis 4. Despite this, invertebrate richness
and diversity were higher for elevatgdan ambierCO; litter, which may reflect

lower palatability in the latteruke to a higher lignin/N ratio. Thetudy of invertebrate
feedingin Chapter 3howed that four terrestrial invertebrate detritivore species did
not show a preference fér. glutinosaor B. pendulgoroduced under ambient and
elevatedCO,, despite a lower nitrogen concentration and higher C/N ratio in elevated
CO, B. pendulaCompared to the effects of growth condition, there was a greater
difference in invertebrate community composition between time periods. This
included geneillaeductions in abundance, richness and diversity between 28 to 112
days in the field, supporting Hypothesis 5. These changes may reflect falling substrate
availability, where litter at the end of the experiment was composed motitguds

with high stuctural integrity (e.g. midribs) that have low palatability and provide

little refuge for invertebrates.

The results of this study imply that elevated atmospherigv@iDhave little effect on
the chemical composition and breakdowmBopendulditter. There was, however,
and indication that urban pollutidrada greater effect on these parameters. This
could affect ecosystem functioning, as detritus provides an important habitat and
resource for invertebrate and microbial litter decomposers. At theebvate scale,
lower litter nutritionalquality can reduce palatabilifZotrufo, Briores & Ineson
1998) Differences in invertebrate responses to thisdomality materiabas for
invertebrate species féd glutinosditter in Chapter I could shift invertebrate
community structure. In the current study, invertebrate abundance weectethby
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litter growth conditions, so the availability of invertebrates as a prey item is likely to
be unaffected where litter has grown under elevategd€Orban atmospheres. This
means that food webs may remain stable, given little impact on fdegoansumers
and predators in higher trophic levéitagenet al.2012) Invertebrate richness and
diversity were higher on elevateithan ambierCO; litter, which caild affect
decomposition: the number of trophic levels, species identity and the presence of
keystone species can all impact litter decay in terrestrial sygk¢Stenschwiler,
Tiunov & Scheu 2005)Faster breakdown of litter will result in faster release of
nutrients and a reduced capacity for carbon stoReggardless of litter breakdown
rates, there could be more detrital inputs to forest floors in the future, as elevated
atmospheric C@is expected to increase the amount of leaves produced pe(ant
et al.2009)

Detritus@ftenincreases system stability and persistence, having substantial effects
on tragphic structure and biodiversityfooreet al.2004) It is therefore of great
importance to understand how ecosystems may be affected by chadgi&gab

chemical compositioand breakdown dynamics. This study has shown that changing
growth conditions may affect the chemical composition and breakdo®&rpehdula

leaf litter, with a greater relative difference between rural and gtzamth

conditions than ambient and eleva@@, conditions. Further work is required to
understand the complex relationship between changing atmospheric composition and
decomppsition. For example, Leuzinget al (2011)noted that multiple explanatory
variables (e.g. elevated GQwarming, drought), longer study duration and larger
spatial scales are needed to get a better understanding of the effects of global change
on terrestrial systems. It has been argued, however, that clietatied factor®

including CQ concentratio®®may not be as important as invertebrate presence and
tree species within a systd@artner & Cardon 2004; Cornwelt al.2008; Rouifed

et al.2010) It will therefore be important to exploegfects of global change in

tandem with multiple species. It is essential that work in this field continues, allowing
for a fuller understanding of how ongoing changes to atmospheric composition might

affect the crucial ecosystem service of decomposition.
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5. Multiple stressor effectson leaf litter chemical

compositionand breakdown in upland streams

5.1 Abstract

Leaf litter is a major source of nutrients and energy in headwatemstigraining

temperate woodlandkitter nutritional quality and decompition areaffected by

multiple stressor effeciacluding greenhouse gases, urban pollution and acitidica

To identify some of the possible consequerafesnvironmental changétter bag
experiments in acid and circumneutral headwater streams seuld¢aicompare

chemical composition, decomposition and invertebrate assemblaB@s/npendula

litter produced (i) under amhieand elevated Catmosphereax situ, and (ii) in

rural and urban location&rowth conditions affected chemical compositigtevated

CO, lowered nutritional quality (nitrogen concentration decreased, and phosphorus
concentration and C/N ratio increased), whilbanpollutionincreased it (C/N ratio
decreased and nitrogen concentratirameased). Once exposed in headwatetsn

litter lost more mass than rural litter through time, while there was no consistent
pattern of difference between ambiegnd elevatedCO, litters. During litter

breakdown, environmental stressors had variable effects on invertebrate assemblages.
Invertebrate abundance was higher in the circumneutral than the acid stream, but was
unaffected by litter source. Taxon diversity was affected by growth condition, but

only after 112 days when urban litter held higher invertebrate divénsityrural litter
Invertebrate assemblages differed between streams and between time periods, largely
as a result oflecreasetkuctrid abundances amtreasecthironomid abundances

later time periods and in acid streamBese resultsluistrate how atmospheric

compasition has the potential to alter littehemical composition and breakdaovinut

not sufficiently to affect invertebrate use of leaf litter by comparison with acid stress.
This could havénockon effects fomutrient turnoveand the stability of food webs

in headwater streams.
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5.2 Introduction

Ninety percent of forest primary productivity enters the detrital pathway in terrestrial
and freshwater ecosystelf@@ebrian 1999)largely as leaf litte(Abelho & Grasa

1998; Oebermann & Gordon 2000Allochthonous litter inputs play a crucial role in
trophic structure and nutrient cycling in running waters in partigMalaceer al.

1997, 1999; Mooret al. 2004) providing an important energetic resource for
invertebrate detritivoregshredders'Grasa 2001)and fungi(Krausset al. 2011), as

well as a substrate for primary producgrgy. algae; Hax & Golladay 1993)

Shredders aramongthe most important biotic contributors to leaf mass (bssber

& Gessner 2002)and by comminution they speed litter decay rates, making
recalcitrant nutrients accessible to other organi$halace & Webster 1996)Algal
colonisation can increase litter palatability to detritivafggnkeret a/. 2005)and

further stimulate decomposition raigder, Kuehn & Francoeur 2007; Dangeu!.

2013) While the importance of tree leaf litter to stream ecosystem processes is well
established, little is known about the impacts of global environmental change on litter
chemical composition and how thisll affect the processing and fate of litter in

freshwaters.

Fossil fuel combustion has altered both the atmospheric gas concentrations in which
plant litter is produce@dPCC 2013)and the chemistry of surface waters in which
litter breakdown occuré&Schindler 1988)Atmospheriacarbon dioxide (Cg)
concentrations have been particularly affected and are curre@tihigber than in
pre-industrial timegIPCC 2013) Elevated CQraisesphotosynthetic rates in woody
tree species, altering growth rates and produ¢@amtis & Wang 1998; Ainsworth &
Long 2005) In turn, foliar chemistry iaffected,changing the chemical composition
of subsequent litter. At elevated atmospheric €@hcentrations, nitrogen
concentrations may decregd§zteauxet al. 1999; Norbyer al. 2001) while C/N
ratios(Cotrufo, Ineson & Rowland 1994; Tuchmer:/. 2003b) and structural
(Norby et al. 2001; Tuchmaret al. 2002; Cotrufo, Drake & Ehleringer 200&hd
defensivgTuchmaret al. 2003b; Parsons, Lindroth & Bockheim 20@mpounds
may increase. Phosphorus centations may either increadeu, King & Giardina
2007)or decreas(Ferreiraet al. 2010) Altered leaf chemical composition as a result
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of CO, enrichment is liable to affect the nutritional quality of litter entering stream
food webs(Tuchmaret al.2003b) These changes reduce feeding rates by
invertebrategCotrufg Briones & Ineson 1998; Ferreied al. 2010) slowing their
development and increasing mortalffyuchmanet al.2002, 2003a)In addition, algal
colonisation and growth can be affected by litteemical composition via leachates
from decomposing leavéBriberg & Winterbourn 196).

Along with the effects of elevated atmospheric,©0 litter chemical composition,
elevated concentrations of airborne pollutants (e.g®NtH,") in urban locations
further affect litter qualitf{Georgeet al 2007) Increased soil nitrogen deposition
may result in greater nitrogen availability to tré¢lesvettet al.2000; Zhu & Carreiro
2004; Fanget al.2011)but outcomes for litter quality (C/N ratio) appear
unpredictabléPavaeZuckerman & Coleman 2005ncreased concentrations of
lignin and labile materials have been identified in urban l@arreiroet al. 1999)
potentially slowing dcomposition rates relative to rural litterfforest environments
(Carreiroet al.1999; Pouyat & Carreiro 2003)

In surface waters, atmospheric gases from fdgsllcombustion have also

dramatically altered chemical quality. In particular, bpser soilsand waters over

large areas of Europe and North America have been acidified by the deposition of
strong mineral acidity arising from sulphur and nitrogen oxides which, when
dissolved in rainwater, were deposited as Qacid rainO that reduced runoff pH and
increased the concentration of metals such as alumifBehindler 1988)Although

this industrial phenomenon peaked in the K)8freams, rivers and lakes hawdy
partially recovered, anarestill widely affected by chronic or episodic acidification
(Kowalik et al.2007; Omerod & Durance 2009Yhe resulting conditions in surface
waters may retard leaf litter processing by the combined effects of reduced
invertebrate activityDangles & GuZrold 1998, 2001; Pye, Vaughan & Ormerod
2012)and reduced decomposition by furfigrausset al.2011) The compositio of
primary producers, particularly diatoms, also change substantially at IqWifgtet

al. 2004) butthe effects of changing litter quality and breakdowrhmse organisms
has nobeen addressed. More significantly, there has been no attempt to identify the
combined, multiplestressor effects of altered atmospheric gas concentrations on litter

guality and subsequent breakdown in surface waters affected by acidification.
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This study set out to examine the effectatnfiospheric C&concentration, urban
pollution and stream acidifation on leafitter chemical compositioripllowed by

litter mass losandinvertebrate community metrics and diatom assemblages
associated with littethrough time. Specifically, it was hypothgsil that (1) litter
chemical composition will differ between (a) growth conditions, with higher
nutritionalquality in ambiemMCO, than elevatedCO; litters, and urban litters than

rural litters, (b) time periods, with an increase in quality between 0&ddy% of
stream exposure, and (c) streams of differing pH; (2) litter breakdown will differ
between (a) litters of differemiutritionalquality, with faster decay of higher quality
litter, and (b) stream of differing pH, with slower decay in the acii$iigeam; (3)
invertebrate communities will differ between (a) litters of different quality, (b) time
periods, with a general decline in taxon abundance, richness and diversity through
time, and (c) stream pH, with reduced abundance, taxon richness andliteersity

in acid streams; and (4) biofilm will be more prevalent (a) on leaves witlerigh
lignin concentration (athey are tougher and provide a better substrate), (b) earlier in

time sequence, and (c) in the circumneutral than the acidified stream.

5.3 Materials and Methods

5.3.1 Leaf litter growth and production

Leaf litter came from field environments and from artificial rearing facilities (Section
4.3.1) to provide the array of ruyrarban and controlled ambient and elevai&d

concentrationsequired for the investigation.

In the controlled facilities]00Betula penduldoth (silver birch) trees
(Carmarthenshire Tree Nursery, Carmarthen, UK), eacltyeaeold and measuring

up to 60 cm, were potted (diameter 13 cm, depth 11 cm; John latiegyFCompost
Number 2) and transferred to a greenhouse (Section 4.3.2). Fifty randomly selected
trees were grown in ambient conditions (407 + 4 ppm) and the remaing CQ-
enriched atmosphere (956 + 16 ppm). Trees were propagated from 1@&R®arch
October 2011 in ambient light and were watered ef2elgys. Leaves of each
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treatment were collected upon abscission and stored at room temperature prior to

experimentation.

Abscised leaf litters from rural and urban locations were collected in Octobgr 20
fromin situsilver birch trees. Rural litter was collected from Ystradffin, UK
(52j090750 N, 3;780910 W) and urban litter from Central London, UK (51j500810 N,
0i100010 W). From 1€2009, the mean daily air temperature at the rural site was
10.4 £ 0.9 ¥4C and the mean precipitation per month was 57 £ 2 mm; the
corresponding readings at the urban site were 10.9 + 0.22 ¥%C and 49 + 2 mm
(Microsoft Research 2014At the nearesir pollution recording séis(Department

for Environment Food and Rural Affairs 2018)ean values aitmospheridNO, NG,
and Q in the five full years preceding collection (2@2610) were 1.2, 7.7 and

65 pg m°* (Aston Hill, Powys; 52i500380 N, 3j030410 W), and 20.4, 44.8 and
35.2 ug nt (Westminster, London; 51490460 N, 0;13@¥Y respectively.

5.3.2 Field study area

Following litter production and collection, the breakdown experiment was located in
two low-order streams within Llyn Brianne Stream Observatory;Wades(52;080

N, 3i450 W)pne of the worldOs longeshning investigations of land use and acid
deposition on stream ecosyste(fw site details see Durance & Ormerod 2007;
Ormerod & Durance 20095 oftwater runoff (mean total hardneds84mg

CaCQ L™) occurs at the site as a result of bpser rocks combining with
stagnopodzol, browpodzolic and peat soils. Stream LI1 was acidified (pHPBL4)

as a consequence of interactions between acid deposition and catchment plantations of
Sitka spruceRicea stichensi@Bong.) Carriere) and lodgepole pinBifius contorta
Douglas ex Loudon). Stam LI6 was a circumneutral (pH > 6.9) moorland stream
buffered by small calcite veins running through its catchment (hardnEsS g
CaCQL™).
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5.3.3 Litter bags

Litter bags ( = 288) measuring 10 15 cm were constructed from 1 mm nylon mesh
(EFE & GB Nets, Cornwall, UK), allowing the entry of detritivorous invertebrates

while reducing litter loss as a result of physical abrasion. This mesh size was known
from previous investigation®ye, Vaughan & Ormerod 201®) allow entry of

organisms typical of the local shredder community. Each bag was filled with

3£ 0.01 gmean = 1 SEMpf air-dried leaf liter and an embossed plastic

identification label and then hes¢aled at the marginSor invertebrate community

and mass loss analys@40bags were producdtive time points two pH leveld

four growth conditions six replicates)along with afurther48 bagsfor chemical
analysisBags wergandomly assigned to four mefadmed, opertop cages (32.6

10.5! 8.5cm, 2 2 cm minimum aperture) and secured using plastic cable ties.
Cages were submerged in a random order along 20 m reaches of each study site and
secured with 0.5 m steel rods. Bags allocated to the first time period (0 days) were not
placed irstream, but returned to the labtory immediatelyand handling error

calculated The remaining bags were placed in separate sealed plastic bags upon
collection (after 14, 28, 56 or 112 days) and transported back to the laboratory in a

cool box.

5.3.4 Litter chemical composition

Bagscontaining litter for chemical analyses were collected after O and 28 days. Litter
was washed with deionised water, air dried to constant mass and stE88¢Cat

Samples were air dried (50;C for 24 hrs) and powdered (120 s at 50 Déms s
Pulverisete 23 ball mill; Fritsch GmbH, Ide®berstein, Germany) prior to chemical
analyses. An elemental analyser (Elemental Combustion System 4010@QHNS
Analyzer, Costech Analytical Technologies, Inc., Milan, Italy) was used to determine
carbon and nitrogen coewtrations simultaneously, each expressed as a percentage of
leaf dry mass (% DM). This involved flash combustion endmatographic

separation of approximately5 mg of each sample, calibrated against a standard
(Ca6H26N20,S). Carbon and nitrogen valuesre used to calculate C/N ratios for each

sample. Xray fluorescence was used to measure the phosphorus conceijsedion
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Reidinger, Ramsey & Hartley 2012 for detailed methodologl® acetyl bromide
spectrophotometric method (Fos#tral 2010) was used to measure the lignin
concentration of litter dryedl walls (% DCW). C/N ratios were calculated for each
litter sample. Lignin and phosphorus values were derived from separatsditipltes

to nitrogen values, saghin/N and N/P ratios were calculated using mean values for

each time periodl stream pH growth condition combination.

5.3.5 Invertebrate assemblages

Litter was removed from bags allocated to invertebrate and mass loss analyses, and
rinsed in a sieve (500 um mesh) with deionised water to dislodge invertebrates and
inorganic debris (e.g. gval). Invertebrates were extracted and stored in 70% alcohol
before identification to the lowest practicable taxonomic unit (Ephemeroptera and
Plecoptera to species; Coleoptera and Trichoptera to genus or species; Diptera to
family; Annelida to subclass}.he following were calculated for each bag: (i) the

total number of individuals (abundance), (ii) the numbeaxd(richness) and (iii)
SimpsonOs index of diversitiging the equationfD = 18" n(nBL)/N(NBL),

wheren is the total number of organismsaparticulataxonandN is the total

number of organisms of all taxa

5.3.6 Mass loss

After invertebrate removal, the litter was-dnied to constant mass (+ 1 mg) and
values were coected for handling error (see below). The-asle dry nass (AFDM)
of litter from each bag was calculdtevhere subsamples of littéd.$ g) from each
bag were weighed (£ 1 mg), before combustion in a muffle furnace (Caibokte
Chamber Furnace 11/14; 580for 5 hrs). Ashfree dry massvas given byAFDM =
ME[M1(Ma/Mg)], whereMy = dry mass (g) of the total litter sarepkorrected for
handling errorMa = ash subsample magp,(@andMs = subsample mass (g).

Breakdown rates per day were calculated using an exponential decay model,
following Petersen and CummiE974) The decay coefficienk, was calculated as
the slope of the line fitted to each combination of growth conditainsaream pH
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through time. This was approximated using an exponential decay model in the form
M; = Mo(€™), whereM; = AFDM (g) at timet; Mo = AFDM (g) at time Ok = the

decay coefficient; ant= time (days). Values &fwereallocated tgrocessing groups
as an indietor of breakdown speeds (Petersen & Cummins, 1974):k&sd.01),
medium (0.005 « < 0.01) and slowl(< 0.005). Values ok were used to calculate
biological halflife (time to 5&6 mass lossti2), with the equatioty, = In(2)k.

5.3.7 Microalgal biofilm variable chlorophyll fluorescence

A Pulse Amplitude Modulated (PAM) fluorometer (Walz WATER PAM, Heinz Walz
GmbH, Germany) with EDF/B fibre optic detector/emitter unit was used to measure
diatom advwity on leaf surfaceby chlorophyll fluorescenc@Maxwell & Johnson

2000) Readings were taken from three leaves per bag. Measurements were taken as
soon as possible after removing each bag from the water. Minimum fluorescgnce (F
a proxy br microphytobenthic biomass), and dadiapted maximum quantum yield

of photosystem Il (f#Fm; an indicator of ecosystem health) were determined from the
initial 30 second dark light step of a rapid light cufPerkinset al.2006) Sigmaplot

v14 was used toalculate terative soltions foreach rapid light curviollowing the
method of Eilers and Peetdd®988) This determined thparameters of maximum
relative electron transport rate (rEJR), light saturation coefficien&) and

maximum light useoefficient () (for full details see Perkinst al.2006, 2010)

5.3.8 Data analysis

All statistical analyses were performed uskihgersion 3.0.2R Development Core
Team 2013) with significance set!at 0.(b. Separate models in each analysis were
constructedor ex situlitters (ambient and elevat&,) andin situlitters (rural and
urban) because effects of G@nd urban pollution could not be separated from
effects of tree size and agdl models werechecked graphically for normality and
homogeneity of variangg€rawley 2007)Minimum adequate models were reached
by stepwise deltion of norsignificant termsPlanned comparisons of factor levels
were performed when model terms were significant, using-$epstre meand.SM;
Ismeans function, Ismeans package, Lenth 200f#ee bags allocated to mass loss
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and invertebrate analysB®ne containing ambier@O; litter and two containing
urbanlitter Bwere lost from the acid stream at the third time period (56 days) and

were excluded from the analyses.

Separate General Linear Mix&dodels (GLMMs) were fitted for each chemical
factor (carbon, nitrogen, phosphorus and lignin concentration€/&hdatio), with
growth condition (ambienbr elevatedCO,, rural or urban)time period (0 or 28
days), stream pH (circumneutral or ac&hd all twe and threeway interactions used
as fixed categorical explanatory variables, while cage ID was usethadom term
to account for noindependence of litter bags sharing the same (aggefunction,
nlme package, Pinheiet al.2013)

The dry mass (g) of litter from each growth condition was corrected by adding the
mean handling loss diags collecté at Day O before calculation of AFDM. To
compare litter AFDM at each time period, a GLMIvhe function, nime package,
Pinheiroet al.2013)was constructed with AFDM as the response variable and
growth condition (ambient CCard elevated Cg or rural and urban), stream pH
(circumneutral or acid) and days in the field (0, 14, 28, 56 and 112 days) as
categorical explanatory variables, and cage ID as a random term.

Separate GLMMglme function, nlme package, Pinheebal.2013)were

constructed for each measure of invertebrate assemblage (abunaemtechness
andtaxondiversity), with growth condition (ambient or elevated Cfral, or urban),
time period (14, 28, 56 and 112 days), stream pH (acid or areutral), and all
interactionsas fixed categorical explanatory variables. To account for withge
variability, cage ID number was included as a random variable. To meet assumptions
of normality, invertebrate abundance wagq&myndance+ransformedn both the

analysis of ambientand elevatedCO; litters, and rural and urban litters.

Non-metric Mult-Dimensional ScalingNMDS; Kruskal 1964)was performed on the
invertebrate communities assated with the litter samplémetaMDS function,
vegan package, Oksanenal.2013) Abundances were fouritoot transformedo
downweight the influence of the most abundant tgX@rke & Warwick 2001)
Bray-Curtis dissimilarity matrices were then construaigth 4,999 permutations
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(adonis function, vegan package, Oksanen et al.2013) and the associated stress score
was recorded. Permutational Analysis of Variance (PERMANOVA; Anderson 2001)
was used to test the effects of growth condition (ambient CO,, elevated CO,, rural and
urban), stream pH (acid or circumneutral) and time point (14, 28, 56 and 112 days) on
invertebrate communities, with iterations constrained within each cage ID (adonis
function, vegan package, Oksanen et al.2013). The data were checked for
multivariate homogeneity of group dispersions (betadisper function, vegan package,
Oksanen et al.2013) before model simplification by stepwise deletion of non-
significant terms. For the remaining significant terms, factor levels were compared by
pairwise PERMANOVA. Bonferroni-adjusted critical significance levels were used to
correct for multiple comparisons. Similarity Percentages (SIMPER; Clarke 1993)
analysis was used to determine the invertebrate species that contributed most to the
observed dissimilarity between litter samples (simper function, vegan package,
Oksanen et al.2013). Further information on these multivariate techniques can be

found in Section 4.3.7.

5.4 Results

5.4.1 Litter chemical composition

Growth condition affected the chemical composition of leaf litter, but effects were
more pronounced in €X Situthan in situlitters: elevated-CO, litter had a lower
nitrogen concentration (Fig. 5.1b), higher phosphorus concentration (Fig. 5.1d) and
higher C/N ratio (Fig. 5.1c) than ambient-CO, litter, while urban litter had a higher
nitrogen concentration (Fig. 5.1b) and a lower C/N ratio (Fig. 5.1c¢) than rural litter
(Table 5.1). These differences were present at the start of the experiment and after 28
days of exposure to stream conditions, although the difference in nitrogen
concentration between urban and rural litters became more pronounced through time

(Fig. 5.1b).

Exposure to stream acidity had a lesser effect on leaf litter chemical composition than

growth condition, although ex situlitters in the acid stream had greater carbon and
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nitrogen concentrations than in the circumneutral stream after 28 days of exposure
(Table 5.1). Moreover, stream acidity appeared to interact with the effects of growth
condition on in situlitter chemical composition (Table 5.1); the nitrogen
concentration of urban litter was higher than rural litter, but only in the acid stream
(LSM = 0.3 £ 0.1%; P =0.004). The C/N ratio of rural litter was higher in the
circumneutral than the acid stream (LSM = 5.4 + 2.6; P = 0.036), but this was not
evident in urban litter. The combined effect of these stressors on litter chemical
composition was dependent on time period, but only for the ex situlitters (Table 5.1):
the C/N ratio of elevated-CO; litter was higher than for ambient-CO; litter, but only
after 28 days’ exposure to acidified stream conditions (LSM =3.2 + 0.8, P <0.001).

Table 5.1.The response of leaf litter chemical composition to growth condition (GC), stream
pH (pH) and time period (T), given as F value (degrees of freedom), with asterisks indicating
significance level (P <0.05%, P <0.01**, P <0.001***; or ns = non-significant). Dashes

indicate that a parameter was removed during model minimisation.

Factor Carbon Nitrogen Phosphorus Lignin C/N

Ex situ (ambient and elevatedCO,) litters

GC ns 12.61 (1,4)* 20.19 (1,21)*** 42.09 (1,4)**

T 16.34 (1,12)**  23.45 (1,12)***  126.2 (1,21)***  10.96 (1,14)** 164.9 (1,12)***
pH 8.69 (1,12)* 9.86 (1,12)** - - ns

GCxT - - - - ns

GC x pH - - - - ns

T x pH 5.59 (1,12)* - - - ns
GCxTxpH - - - - 20.07 (1,4)*

In situ (rural and urbarn) litters

GC ns 66.25 (1,7)*** ns - 49.44 (1,8)***
T ns 38.99 (1,9)*** 22.73 (L,11)*** 818 (1,12)* 24.96 (1,11)***
pH ns ns ns - ns

GCxT ns 11.67 (1,7)* - - -

GC xpH ns 10.81 (1,7)* - - 6.72 (1,8)*

T x pH ns - - - -

GCxTxpH 6.27(1,9)* - - - -
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5.4.2 Mass loss

The effect of growth condition on litter AFDM depended on time period (ex situ
litters, F4,17 = 3.35, P =0.034; rural and urban litters, F4 15 = 6.48, P = 0.002):
elevated-CO; litter had higher AFDM than ambient-CO, litter after 14 days (LSM =
0.26 g, P =0.006), but this relationship was reversed after 112 days (LSM =0.2 g, P
=0.035). Conversely, the AFDM of urban litter was lower than for rural litter
throughout the manipulation (after 14 days, LSM = 0.47 g; 28 days, LSM = 0.65 g; 56
days, LSM = 0.85g; 112 days, LSM =0.93 g; all P <0.001; Fig. 5.2). Unlike growth
condition, the stressor of stream acidification had no influence on litter AFDM at any

time points.

Growth condition had more of an effect on litter decay rates (k) and half-lives (#;,)
than stream pH. Elevated-CO; litter decayed faster than ambient-CO; litter in both the
circumneutral (Fig. 5.2a) and acid (Fig. 5.2b) streams, although their half-lives were
similar (Table 5.2). Urban litter had a faster rate of decay than rural litter (Table 5.2),
but the half-life of rural litter was approximately two-and-a-half times larger in both

streams. The ex situ litters decayed faster than the in situ litters.

Table 5.2. Leaf litter decay characteristics, including the mean Ash-Free Dry Mass (AFDM)
at the start and end of the experiment (n = 3), the decay constant (k), biological half-life (¢,),
and processing groups based on Petersen and Cummins (1974): fast (k (day™") > 0.01),
medium (0.01 > & (day ') > 0.005), and slow (k (day ') < 0.005).

Stream Growth Start AFDM  End AFDM (g) ¥ tin Processing
pH condition (g1 SEM +1SEM ¥ (day™) (days)  group
Circum-  Elevated CO,  2.84+0.01 0.28+0.1 0.0206 34 Fast
neutral Ambient CO,  2.76+0.02 0.57+0.11 0.0141 49 Fast
Urban 2.7840.07 1.21+0.28 0.0074 94 Medium
Rural 2.9140.01 2.23+0.14 0.0023 295 Slow
Acid Elevated CO,  2.79+0.04 0.42+0.14 0.0170 41 Fast
Ambient CO,  2.77+0.02 0.54+0.14 0.0146 48 Fast
Urban 2.7740.01 1.3£0.21 0.0068 102 Medium
Rural 2.89+40.01 2.13+0.21 0.0027 254 Slow
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5.4.3 Invertebrate assemblages

In contrast to mass loss, total invertebrate abundance on litter was more affected by
stream acidification than litter growth condition: there wagge individuals in the
circumneutral than the acid streaim gitulitters, F1 21 = 5.69,P = 0.027, butthere

was no effect of elevated GOr urban pollution. Abundance generally fell through
time (ex sity F3 25=4.76,P = 0.009;in sity, F3 ;= 6.31,P = 0.003, being lower

after 112 days than after 14 dags 6ity LSM = 1+ 0.4individuals,P = 0.08; in

situ, LSM = 1+ 0.4individuals,P = 0.023, 28 days&x sity LSM = 1.4+ 0.4
individuals,P = 0.002 in situ, LSM = 1.4+ 0.4individuals,P < 0.00) and 56 days

(in situ, LSM = 1.3+ 0.4individuals,P = 0.009 of stream exposure.
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Fig. 5.2.The effect of growth condition on leaf litter Aglree Dry Massemaining(AFDM;

mean = 1 SEM) after exposure to (a) a circumneutral or (b) an acidified stream.
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Neither litter growth condition nor stream acidification affected the taxon richness of
invertebrates colonising litter. Similarly to invertebrate abundance, taxon richness fell
from the start to the end of the experiment (ex situ, F325s =4.25, P =0.015; in situ,
F321=16.9, P=0.002), being lower after 112 days than 14 (ex situ, LSM =2.6 + 1
taxa, P = 0.047; in situ, LSM = 0.7 = 0.2 taxa, P = 0.007) and 28 (LSM = 3.5 + 1 taxa,
P =0.004; in situ, LSM =1 + 0.2 taxa, P <0.001) days of stream exposure.

Taxon diversity was unaffected by stream pH, while the effect of growth condition
changed through time (in situ, F5,14 = 3.69, P = 0.038): diversity was higher on urban
than rural litter after 112 days of stream exposure (LSM = 0.4 £ 0.1, P =0.006).

Litter-associated invertebrate communities differed between circumneutral and acid
streams for in situ litters only (F 30 = 4.74, P <0.002; Fig. 5.3c), making stream pH
more important than growth condition (Table 5.3): acidification lowered leuctrid
abundance, but increased chironomid abundance (Table 5.3). Community
composition also varied between time periods for both ex situ (F3,7 =2.03, P=0.015;
Fig. 5.3a) and in situ (F>39 = 4.4, P <0.001; Fig. 5.3b) litters, differing between 14
and 56 days (ex situ, F1 19 =3.26, P =0.003), 14 days 112 days (ex situ, F 16 =4.23, P
<0.001; in situ, F,17="7.2, P<0.001), 28 and 112 days (in situ, F,,13=5.79, P =
0.001), and 56 and 112 days (in situ, F1 16 = 4.09, P = 0.008). Most of these effects
were caused by a reduction in leuctrids with progression through the experiment,

while chrionomids and oligochaetes increased (Table 5.3).

5.4.4 Algal fluorescence

Fluorescence variables could not be evaluated from most litter bags. As a result, no
statistical analyses were undertaken. Patterns of algal activity could not be interpreted
(Table 5.4), but the majority of diatom activity was recorded in bags containing rural

litter (five out of nine). Algal growth also occurred on the mesh of the litter bags.

5.5 Discussion

Changes in the chemical composition of litter caused by elevated CO, and urban

pollution could change rates of litter decay, with further impacts on breakdown
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processes in acidified streams. The implication is that ongoing changes in
atmospheric composition could affect the decay of leaf litter in headwaters,
potentially interacting with water quality to impair the provision of an important
nutrient source. Such effects have the potential to disturb ecosystem functioning by

destabilising river food webs from the bottom-up.
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Fig. 5.3. Invertebrate community dissimilarity between time periods for (a) ex situ and (b) in
situ leaf litters, and (c) between streams of differing acidity for in situ litters only, visualised
using Non-metric Multi-Dimensional Scaling (NMDS; ex situ litters, stress = 0.134; in situ

litters, stress = 0.167).

Litter chemical composition differed between growth conditions, as ambient-CO, and
urban litters were of higher nutritional quality (i.e. lower C/N ratio) than elevated-
CO; and rural litters, respectively (supporting Hypothesis 1a). Reduced quality as a
result of elevated CO; has been observed previously in B. pendula (Ferreira et al.

2010), with mixed results for other deciduous tree species (Cotiteaux ef al. 1999;
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Tuchmaret al. 2002, 2003b; Rier, Tuchman & Wetzel 2008)e possible

explanation is that stomatal numlakscreasgin response to elevated €O

(Woodward & Bazzaz 1988jeducing transpiratigmndaffectingthe passage and
incorporation of sotborne nitrogen into the platfaub & Wang 2008)Elevated

CQ;, litter had a higher phosphorus concentration than amii€atitter, however,
which was alsarue of litter collected from the AspenFACE facility by ldual.

(2007). This may result from greater carbon availability to exchange fedeawed
phosphorus with mycorrhizae, standing stocks of which have been shown to increase
under elevate@O, (Treseder 2004)Jrban litter may have been of higheirtritional
quality than rural litter as a result of greater nitrogen depogitiovett ez al. 2000;

Zhu & Carreiro 2004; Fangr al. 2011)and phosphorus availabilifzhang & Ke
2004)in urban soils. Litter quality also appeared to be affected by artificial growth
conditiors, as greenhousgown (ambientaind elevate€O,) litters were of higher
initial quality than outdoegrown (urban and rural) litters. This is likely due to
optimal growth conditionsander greenhoussnditions (e.g. optimal soil nutrients,
temperature or irrigation), or that sapling litter was of higha&lity than that of

mature trees. This has important ramifications for the interpretation of experiments

using leaves or litter produced under artificial conditions.

Litter chemical composition changed after 28 days of stream exposure, including
increasedquality of all litters(i.e. C/N ratio decreased), supporting Hypothesis 1b.
The reduction in phosphorus concentrai®likely to reflectits high solubility,
resulting in rapid loss from leatter during the leaching phaégbelho 2001)
Increased nitrogen concentration has been observed mvioudlnus glutinosa

(L.) Gaertn, Castanea sativa Mill. andQuercus faginea Lam. decomposing in a low
order Portuguese streg@anhoto & Graea 19960ne possibility is that this reflects
increasd fungal biomass durinthe conditioning phas@belho 2001; Krausest al.
2011) resulting in incorporation of fungal tissues into the chemical analyses.
Incorporation of nitrogefrom fungal biomass could be expected to be lower in
acidified streams, given evidence of fungal preference for circumneutral sfii¢alins
et al. 1980; Griffith & Perry 1994)but stream pH had little effect on litter chemical

composition, providing no support for Hypothesis 1c.
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Litter mass loss appeared tollmked to litternutritional quality: urban litter was of
higher quality than rural litteand had significantly lower mass at every time point
(supporting Hypothesis 2a). Conversely, there was little to separate mass loss between

ambient and elevatedCO; litters, despite the higher quality of ambi€2®, material.

Despite this, mbientCGO; litter lost significantly more madban elevatedCO; litter

after 14 days

Table 5.3. Litter-associated taxa accounting for the greatest difference between pairs of time

periods (days) and stream pH following SIMPER analysis, measured as the percentage

contribution (%) of each taxon to the overall dissimilarity betwamrirasts (A vs B).

Contrast Abundance (mean ¥ SEM)

A B Taxon % A B

EX situ(ambient- and elevated-CQO>) litters

14 56 1. Leuctra inermis 18 2.33+0.8 0.55 + 0.55
2. Chironomidae 15 092+04 1.55+0.55
3. L. hippopus 14 2.17 £ 0.99 0.09+0.09

14 112 1. L. inermis 19 2.33+0.8 0.08 £ 0.08
2. Chironomidae 16 092+04 092+0.5
3. L. hippopus 15 2.17 + 0.99 0

In situ (rural and urban) litters

14 112 1. L. inermis 16 3.17 £ 0.83 0.08 £ 0.08
2. Chironomidae 14 0.67 £ 0.22 1.75+0.78
3. Oligochaeta 14 O 0.83 £ 0.37

28 112 1. L. hippopus 13 3.08+1.25 0.25+0.25
2. Oligochaeta 12 0.83+0.83 0.83+0.37
3. Chironomidae 10 1.67+0.41 1.75+0.78

56 112 1. Oligochaeta 17 0.1+0.1 0.83+0.37
2. L. inermis 16 31+14 0.08 +0.08
3. Chironomidae 16 3.6+1.44 1.75+0.78

Circumneutral Acid 1. L. inermis 14 4+0.97 1.18 + 0.54
2. Chironomidae 12 1.38+0.42 2.36 +0.72
3. L. hippopus 11 2.21 +0.83 0.86 £ 0.42

77



This is similar to the findings of Rier et al. (2002) and Tuchman et al. (2003b). These
studies showed that Populus tremuloides Michx. decay rates were slower for
elevated-CO; litter after 30 days of stream exposure, with no differences after 60, 90
and 120 days. This suggests that the effects of initial chemical quality on litter decay

may occur over the early stages of decay in some cases.

Table 5.4.Algal fluorescence parameters (rETR ., maximum relative electron transport rate;

I', maximum light use coefficient; Ey, light saturation coefficient) recorded from leaf litter and

litter bag surfaces.

Days  Source Stream pH Growth condition rETRyax ! Ex
14 Litter Acid Elevated CO; 54.42 0.279 224.84
Rural 66.78 0.3 224.84
Litter Circumneutral Rural 44.92 0.21 214.39
Bag Circumneutral Rural 39.44 0.265 148.7
28 Litter Acid Ambient CO; 34.06 0.016 92.56
Litter Circumneutral Rural 28.1 0.166 169.55
56 Litter Acid Rural 43.37 0.273 158.62
Urban 25.06 0215 116.67
Litter Circumneutral Rural 70.31 0.253 278.32
Urban 61.6 0.251 278.32
Bag Circumneutral Elevated CO; 44.28 0.38 116.55

Along with litter quality, leaf mass was affected by stream pH, with lower AFDM in
the circumneutral stream (supporting Hypothesis 2b), though the effect was small and
only occurred for ambient- and elevated-CO, litters. This supports prior work
showing reduced mass loss in acidified streams (Griffith & Perry 1994; Merrix, Lewis
& Ormerod 2006), including at Llyn Brianne (Pye, Vaughan & Ormerod 2012), but
the effect was much weaker than in studies such as Dangles et al. (2004), which

showed that breakdown was over 20 times slower under acid conditions.

Decay proceeded at a comparable rate to other Betula species, although there are few
studies of this genus and large variation between available data. For example, the
decay rate (k) of B. pubescens ranged from 0.0085 to 0.0331 day™ across several
Scottish streams (Collen, Keay & Morrison 2004); B. lenta decayed at 0.004 to 0.01
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day" in North Carolina, USAMeyer & Johnson 1983pandB. pubescens at 0.0033

day' in Central SpaifEscudera: al. 1991) Theclearest discrepancy in the current
study was between grassuseproduced (ambient and elegdiCO,) litters and
outdoorgrown (rural and urbanjtiers. The former was categaas OfastO decay
acording to Petersen and Cummii®74) and the latter as OmediumO or OslowO. This
appears to be linked to litter chemical composition, as high quality amareht
elevatedCQ; litters broke down faster than lowgquality urban liter, which in turn

broke down faster than the lowest quality litter from the rural growth condition. In
general, decay coefficients weetypical of deciduous litt§Abelho 2001)

Invertebrate abundance and richness generally decreased from the early to late stages
of the experiment, while community dimilarity tended to be greatest between the
early and latter stages of the experiment (supporting Hypothesis 3b). This is likely to
be a result of reduced substrate availability: litters with greater AFDM tended to
support a higher abundance and richreéssvertebrates. The switch from coarse to
fine particulate organic matter within the bags was reflected in a switch from
shredding species (e Beuctra specieyto those that consunuetritus that has

become more sedimetlike (e.g. Oligochaeta). There was little effect of growth
condition on any measure of invertebrate assemblages, providing poor support for
Hypothesis 3a. This is surprising, given that shredalersensitivao litter quality

(Irons, Oswood & Bryant 198&rasa, Cressa & Gessner 2001; Tuchraeal. 2002,
2003a)and might be expected to have greater abundance on higher quality litters in

this experiment.

For rural and urban litters, invertebrate communities were more affected by stream
acidity than liter growth condition. This agrees with prior watkowing that
acidificationcausesmpoverished invertebrate communiti@éackay & Kersey 1985;
Simpson, Bode & Colquhoun 1985; Sutcliffe & Hiav 1989) supporting

Hypothesis 3c. This reinforces prior findings from Llyn Brianne showing that, despite
some recovery, acidified streams still deter sensitive sp@reserod & Durance

2009) Shredders appeared to be particularly affédy acidity. For examplacid
sensitive chironomid@rendt 1999)and the putative shredddrsinermis Kempny

andL. hippopus Kempnywere less alindant in the acidified streaf8hredder

reduction has been observed in acidified streams b@amregles 2002)but not in
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every instance (Dangles et al. 2004). One mechanism for reduced shredder abundance
is that stream acidity reduces fungal biomass on litter (Griffith & Perry 1994),
lowering palatability to invertebrates (Bérlocher 1985; Gracga, Cressa & Gessner
2001). This may, in turn, explain the reduced decay rate of litter observed in the
acidified stream, a pattern found in the breakdown of other deciduous species
(Griffith & Perry 1994; Dangles ef al. 2004; Merrix, Lewis & Ormerod 2006).
Invertebrates may also be physically intolerant of acidified conditions, while reduced
litter availability in acidified streams may also be responsible for impoverished

communities (Rosemond et al. 1992).

Little biofilm activity was recorded on leaf material in any combination of time period,
growth condition and stream pH; there was therefore no evidence to support
Hypothesis 4. Light penetration may have been limited by the mesh material and by
tight packing of litter, limiting photosynthetic activity within the bags. While the
potential for algal colonisation of leaf litter was established, no effect of algal-assisted
decomposition could be observed. The effect of biofilm development on leaf litter has
been shown to influence breakdown rates (Rier, Kuehn & Francoeur 2007; Danger e?
al. 2013), but the question of how multiple stressors affect algal colonisation of leaf

litter — and its subsequent decomposition — remains unresolved.

This study further confirms that atmospheric growth conditions can affect litter
quality and breakdown, and that acidity remains a persistent problem for ecosystem
functioning in headwater streams. Detritus is an important component of most
ecosystems (Moore et al. 2004) and is particularly important in stream habitats
(Wallace et al. 1999). Changes to mass loss as a result of altered chemistry and
exposure to acid stream conditions could affect standing stocks of litter, which are an
important carbon store (Meyer, Wallace & Eggert 1998). Leaching rates appear to be
correlated with nutrient concentrations (Gosz, Likens & Bormann 1973), so litter
chemistry change, as a result of altered growth conditions, could result in changes to
the release and transport of nutrients downstream. This could disrupt food web
structure and functioning, change invertebrate trophic composition (Wallace et al.
1997), and alter food availability to top predators, such as fish (Wallace & Webster
1996) and birds (Steinmetz, Kohler & Soluk 2003).
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The experimental results indicated that litter chemical composition was affected by
growth condition, but this did not necessarily result in major differences in mass loss
or invertebrate assemblages, nor was there a consistent effect of stream pH across the
litter types. This variability highlights the need for further work to understand better
how tree litter decay will respond to ongoing environmental changes. For example,
future studies could involve the use of stressor gradients and additional tree species to
help elucidate general mechanisms and to predict the response of litter decay to the
interactive effect of atmospheric change and stream acidification. It is, however, clear
that changes to litter chemical composition and stream acidity are important factors to
consider when evaluating the future of freshwater functioning, particularly with

respect to decomposition and associated faunal activity.
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6. Effects of elevated CQon twig chemical composition and
subsequent decay in terrestrial andacidified aquatic

environments

6.1 Abstract

Small woody debris (SWD) is an important but overlooked resource in temperate
deciduous woodlands and adjacent streams. Its breakdown results in the gradual
release of stored carbon and nutrients to the environment, helping to support food
webs and nutrient cycling. Global change processes threaten this function. For
example, the decay of SWD is related to its chemical composition, but little is known
about how this linkage might be affected by ongoing increases in atmospheric CO,
and stream acidification. To investigate these effects, twigs of Betula pendulavere
produced under ambient and elevated CO,, before exposure to a woodland floor or
forested headwater streams of acidic and circumneutral pH. Regardless of habitat,
initial lignin concentrations were higher in elevated-CO, twigs, implying lower
nutritional quality, while carbon concentrations also increased through time. In the
aquatic study, nitrogen concentration increased through time in the circumneutral
stream, but not the acidified stream, while the C/N ratio decreased through time. The
proportion of twig mass remaining at the end of each experiment was lower for
elevated-CO, twigs in both the aquatic and the terrestrial environments, despite the
perceived lower quality of this material. Breakdown rates differed between habitats,
as exponential decay constants were lower in the terrestrial (k= 0.05-0.091 year™)
than the aquatic (k= 0.216-0.277 year™) experiment, which may result from greater
physical abrasion in the stream environment. These results indicate that the stressors
of elevated CO; and stream pH can affect nutrient and breakdown dynamics of SWD.
This could cause increased retention of SWD in these environments, enhancing its
role as a carbon and nutrient store, but resulting in slowed release of these resources

to terrestrial and aquatic organisms.
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6.2 Introduction

The majority of primary productivity in temperate deciduous forests is allocated to
wood productior{Luyssaeret al.2007) and approximately one quarter of this
material is dead at amgiven momen{Thomas & Packham 2007$tudies of dead
wood have tended todas on large woody debris (e.g. logs and branches) rather than
Small WoodyDebris (SWD, which is generally defined as sticks and twigth a
diameterof 10 cm or lesgHarmonet al. 1986; Kirbyet al. 1998; Deardewet al.2006;
Thomas & Packham 200 Mespite this, SWD can hgiquitous(Harmonet al.

1986; Deardeet al.2006) for example, approximately 200of thelitter generated in
temperataleciduousvoodlands is SWIGosz, Likens & Banann 1972)and it
composes approximateB0% of the coarse mattestanding crop of adjacent streams
(Abelho & Graesa 1998)Studies of SWD decomposition dynamics have largely been
restrictedto commercially modified substitutes, sucht@sguedepressorg§Arroita et

al. 2012) veneergHofer & Richardson 2007r chips(Melillo et al. 1983) which

can have different sizes, shapes, and-tre@lume relationships compared to natural
material(SpSnhoff & Gessner 2004lore work is required therefore to unravel the
breakdown of natal SWD in woodlad ecosystems.

Woody litter is an important resource in woodlands, delivering a range of services to
both terrestrial and aquatic environments. For example, it provides habitat for primary
producers and invertebrates, such as mosses, algae, woodlice disdflees

(Harmonet al. 1986; Eggert & Wallace 2007; Hofer & Richardson 200Zicrobes

and xylophagous invertebrates can also take advantage of woody debris as a nutrient
source(Andersoret al. 1978; Tedersoet al.2003; Berg & McClaugherty 2008Its
sporadic appeaance in time and spa¢Kirby et al. 1998; Berg & McClaugherty

2008) makes woody litter a useful supplementary nutrient source for decomposers
outside of peak leditter fall in autumn(Gosz, Likens & Bormann 1972; Abelho &

Graea 1998) Furthermore, woody OjamsO can pronoaiefgrmation in streams,
contributing to habitat heterogeneity and limiting losses of organic matter
downstrean{Bilby & Likens 1980; Bilby 1981)Given its importance to woodland
ecosystems, it is crucial to understand how SWDOs role asiaceesnd habitat
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modifier might be affected by environmental changes and subsequent alterations to

woody traits.

The chemical composition of woody litter influences its breakdown. For example, a
global metaanalysis of angiosperm wood decay by Weeekosh. (2009)found that
higher nitrogen concentrations and lower C/N ratmselate with faster decay.
Ongoing changes to atmospheric gases can influence litter chemistry and could
therefore alter breakdown. Carbon dioxide (C® of particular note, as it has been
steadily increasing in concentration following the advenhdéstrialisatior(IPCC
2013) The effect of elevated G@n woody litter chemical compositios unclear,
however, having been shown to incre@SeKohen, Rouhier & Mousseau 1992)
decreaséCotrufo & Inesor2000)or have no effedfWilliams et al. 1986)on nitrogen
concentrations. Similarly, elevated €€an either increag®ichetet al.2012)or
decreaséCotrufo & Ineson 2000jgnin concentrations. Furthermore, chemical
changes as a result of elevated,@O ot necessarily result in changes to mass loss
and nutrient dynamics through tir(@otrufo & Ineson 2000)Further works

required to linkatmospheric compositionith litter chemical compositioandmass
loss which will help untangle the relationghbetween global change and the

essential ecosystem procesdditter decomposition

Freshwater acidification is another stressor frequently linked with global change that
could affect wood decay. Pollutants dissolved in rainwferticularly sulphur and
nitrogen oxide®have reduced runoff pH, acidifying headwater streams in Europe
and North America. Chronic or episodic acidity is still a threat to stream habitats
despite some signs of recovéKowalik et al.2007; Ormerod & Durance 2009)
Acidity can affect the breakdown of organic material: leaf litter was shown to
decompose up to 2brtes slower in acid than in circumneutral stregBesngleset al.
2004) an effect partially due to reduced decomposer aciiBigngles & GuZrold

1998, 2001; Krausst al.2011; Pye, Vaughan & Ormerod 201R)is important to
understand how acidification might affect the process of woody decomposition and
whether the effects are altered by the changing composition of the atmosphere.

Theaim of this study wat compare the chemical composition and breakdown of
woodydebrisBproduced under ambient and eleva@@, Bon a woodland floor, and
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in headwater streams of contrasting pH. The following hypotheses were tested: (1)
elevated CO, will alter twig chemical composition, resulting in lower quality
compared to ambient-CO, twigs (i.e. the C/N ratio and lignin concentration will be
reduced), (2) the proportion of twig mass remaining at the end of each experiment
will be lower for ambient-CO, twigs as a result of higher quality, and (3) twigs

exposed to acid streams will decompose more slowly than in circumneutral streams.

6.3 Materials and Methods

6.3.1 Twig litter production

The trees used in this study were the same as those used for the studies reported in
Chapters 4 and 5. Two batches of 100 Betula pendula Roth (silver birch) trees were
grown over separate seven-month growing periods (March—October 2011 and 2012)
in a growth facility at Cardiff University, UK (see Section 4.3.2 for details). Trees
were all a year-old and measured up to 60 cm in height (2011, Carmarthenshire Tree
Nursery, Carmarthen, UK; 2012, Chew Valley Trees, Bristol, UK), and were potted
(diameter 13 cm, depth 11 cm) in John Innes Potting Compost Number 2. Half of the
saplings were produced under ambient CO; concentrations (2011, 407 + 4 ppm; 2012,
404 £+ 1 ppm) and half under elevated CO, concentrations (2011, 956 &+ 16 ppm; 2012,
857 + 8 ppm). At the end of the growing season, aboveground woody material was
harvested, cut into ‘twigs’ (10 cm long; 3—6 mm diameter), oven-dried (50°C for 48
hrs), and stored prior to experimental use. Twigs produced in 2011 were used in the

aquatic study and those from 2012 were used in the terrestrial study.

6.3.2 Study area

Terrestrial decomposition of twigs took place at Nantrhydifor, Carmarthenshire, UK
(52°05°52” N, 3°48°57” W), a temperate deciduous broadleaf forest classed as W17b
woodland (National Vegetation Classification; Hall ez al. 2004). Sessile oak

Quercus ,patraea (Matt.) Liebl., is the dominant species, with intermittent downy

birch, Betula pubescens Ehrh., and the fern Dryopteris dilatata (Hoffm.) A. Gray. The
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underlying bedrock is Silurian shale and the soil below the litter layer is acidic, and
comprises of clayey to silty loam. Mean rainfall is 166 mm month™ (1990-2000) with
a mean temperature of 5.1°C (1984-2000) during the months of study (November—
April) at Gwenffrwd-Dinas, <3.5 km from Nantrhydifor (pers. comm. D. Anning,
Royal Society for the Protection of Birds).

Aquatic decomposition of twigs took place in six streams at Llyn Brianne, mid-Wales,
UK (52°08’ N, 3°45” W). This location is home to one of the longest running
investigations into freshwater acid deposition (see Durance & Ormerod 2007;

Ormerod & Durance 2009). Three circumneutral streams were used (pH > 6.9; G2,
52°06°09” N, 3°51°20” W; L6, 52°07°57” N, 3°43°18” W; and L7 52°07°41” N,
3°43°40” W), along with three acidic streams (pH 4.9-5.4; L1, 52°09°48” N, 3°44°32”
W; L3, 52°08°31” N, 3°44°00” W; and L8, 52°07°29.61” N, 3°44°48” W).

6.3.3 Litter bag construction

Two randomly-selected twigs from the same year (2011 or 2012) and same CO,
treatment (ambient or elevated CO;) were inserted into 15 x 5 cm mesh bags (1 x 1
mm aperture), along with an embossed plastic identification label. One twig per bag
was weighed (£ 0.01 g) and marked by tying a short piece of fishing line around it.
This was used to determine dry-mass loss over the course of the experiment. The

remaining twig was used for chemical analyses.

For the terrestrial decomposition experiment, 24 twig bags of each CO, treatment
were constructed. One bag of each CO, treatment was attached 20 cm apart along
nylon threads (0.25 mm diameter, 3.5 kg tensile strength; Maxima Fishing Lines,
Germany), tied to 0.5 m steel rods (as for Chapter 4) and placed on the surface of the
litter layer The experiment ran from 02 November 2012 to 01 May 2013 (182 days).

For the aquatic experiment, 48 twig bags of each CO; treatment were constructed.
Four twig bags — two of each CO, treatment — were attached to metal cages (32.5 x
10.5 x 8.5 cm, aperture 2 x 2 cm) with plastic cable ties. Four of these cages were

submerged and secured with 0.5 m steel rods along 10 m reaches in each of the six
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study streams. Bag positions were randomised within each cage. The experiment ran

from 8 August 2012 to 01 May 2013 (268 days).

6.3.4 Chemical analyses

Along with the experimental twigs dedicated for chemical analysis, three twigs of
each CO, treatment were set aside for assessment of initial chemical values, and
stored at —80 °C until the end of the experimental period. At this time, all twig
samples were individually immersed in liquid nitrogen and ground coarsely using a
pestle and mortar. Fine powder was then produced by ball-milling the samples (120 s
at 50 beats s™' in a Pulverisette 23 ball mill, Fritsch GmbH, Idar-Oberstein, Germany).
The percentage dry mass (% DM) of carbon and nitrogen were determined
simultaneously by flash combustion and chromatographic separation of
approximately 1.5 mg of twig powder, calibrated against a standard (C,sH26N20,S)
using an elemental analyser (Elemental Combustion System 4010 CHNS-O Analyzer,
Costech Analytical Technologies, Inc., Milan, Italy). Lignin content was expressed as
the percentage of acetyl-bromide-soluble lignin in the Dry Cell Walls (% DCW) of
each twig, following the acetyl bromide spectrophotometric method of Foster ef al.

(2010). C/N and lignin/N ratios were calculated.

6.3.5 Mass loss

All twigs allocated for mass loss analysis were rinsed with deionised water before
being dried (50°C for 48 hrs) and weighed (+ 0.01 g). The proportion of mass
remaining was calculated as 1-[(M—M,)/M,] and the decay rate constant (k) per year
was calculated using the exponential decay model (Petersen & Cummins 1974), 365(—
In(M/M,)/t), where M is the initial mass (g) and M, is the mass (g) at time 7 (days).
The biological half-life (¢,; time to 50% mass loss) was calculated as In(2)/k.
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6.3.6 Data analysis

All analyses were uredtaken usingr version 3.0.1 (R Development Core Team
2013). All models were checked graphically for normality and homogeneity of
variance(Crawley 2007)and were minimised following a stepwise deletion procedure
of nonsignificant termsk < 0.05) to obtain a minimum adequate model. Planned
comparison®f leastsquare meand.SM; Ismeans function, Ismeans package, Lenth
2013)were performed between the levels of each significant term rergamihe

models.

In the terrestrial experiment, separate linear models were fitted for the response
variables of carbon, nitrogen and lignin concentrations, and C/N ratio, with
atmospheric treatment, days of exposure, and their interaction as explanatory
variables. In the aquatic experiment, separate general linear mixed effects models
(GLMM; Ime function, nlme package, Pinherbal.2013)were fitted for carbon and
nitrogen concentrations, and C/N ratio, with fixed main atetactive effects of
atmospheric treatment, days of exposure and stream pH, and a random effect of
stream identity. Initial lignin concentrations were compared using -ddiaul t-test,

and lignin concentrations after 268 days were compared usshd/id with
atmospheric treatment and stream pH as firegtactiveeffects, and stream identity

as a random effect.

The proportion of mass lost in the terrestegperiment was analysed usinGBMM
with atmospheric treatment as a fixed effect and rod nungsted within block as

the random effect structure.LMM was also fitted to the proportion of mass lost in
the aquatic experiment, using atmospheric treatment and stream pH as fixed
interactiveeffects and cage identity nested within stream identith@sandom effect

structure.
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6.4 Results

6.4.1 Chemical composition

In the terrestrial study, the initial carbon concentration of twigeasedfter 182
days of exposurerf 10=9.72,P = 0.011; Fig. 6.1a). The lignin concentration of
elevatedCO, twigs was 156 higher than ambier@0O, twigs (15 = 12.81,P = 0.007;
Fig. 6.1b),but this effect was diminished through tiffg¢ s = 12.38,P = 0.008; Fig.
6.1b): elevatedCO, twigs had a higher initial lignin concentration thembientCO,
twigs (LSM = 4.36, P = 0.005; Fig. 6.1b), but no other pair of atmospheric
treatments and time periods differed in lignin concentratfon @.05). In the aquatic
study, the initial lignin concentration of elevat€®, twigs was 656 higher than
ambientCO, twigs (4 = 2.94,P = 0.042; Fig. 6.2d). Twig carborir{gs= 50.39,P <
0.001; Fig. 6.2a) and nitrogeRi(ss = 4.31,P = 0.042; Fig. 6.2b) concentrations were
higher after 268 days of exposure compared to initial values, and the C/N ratio was
lower (F165= 7.18,P = 0.009; Fig. 6.2c).

6.4.2 Mass loss

Decay ratesk) were 0.080.091 yedr in the terrestrial study and 0.1®1277 year

in the aquatic study, resulting in biological hiaes of approximately 814 and 3

years, respectively (Table 6. 8BmbientCO, twigs had a greater proportion of mass
remaining after 182 days of decomposition on the forest floor compared to elevated
CO, twigs (F123=28.13,P <0.001; Fig. 6.3b). The proportion of mass remaining
after 268 days of stream exposure was also higher for ar®@ntompared to
elevatedCO, twigs (F1,65= 18.65,P < 0.001; Fig. 6.3a), with no effect of stream pH
(F14=4.71,P = 0.096).
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Fig. 6.1. Effect of CO, treatment on twig chemical composition following exposure to a

temperate deciduous forest floor. Plots show the responses of (a) carbon, (b) nitrogen, and (c)

lignin concentrations, and (d) the C/N ratio (DM = Dry Mass, DCW = Dry Cell Wall). An

asterisk indicates a significant difference (P < 0.05) between time periods within a CO,

treatment.
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Fig. 6.2. The effect of CO, concentration on chemical composition of twig litter exposed to
streams of differing pH. Plots show the responses of (a) carbon, (b) nitrogen, and (c) lignin

concentrations, and (d) the C/N ratio (DM = Dry Mass, DCW = Dry Cell Wall).

6.5 Discussion

Woody litter is an important carbon and nutrient store in woodlands and adjacent
streams, and provides a resource for many organisms. These roles could be disrupted
via altered chemical composition and decay caused by atmospheric change and
acidification. This study showed that elevated CO, increased lignin concentration,
that stream pH influenced the change in nitrogen concentration through time, and that
mass loss was greater in elevated-CO; small woody debris (SWD). These findings

suggest that the process of SWD breakdown could be affected by changing
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atmospheric composition, and that local habitat conditions could also result in

changes to nutrient dynamics.

Table 6.1. Breakdown characteristics of experimental twig litter, including the exponential

decay constant (k) and time to 50% mass loss (¢1/2).

Habitat Factors Levels k (year™") t12 (years)
Terrestrial CO, Ambient 0.050 13.81
Elevated 0.091 7.66
Aquatic CO, Ambient 0.216 3.21
Elevated 0.277 2.5
pH Acid 0.227 3.05
Circumneutral 0.260 2.66
pH x CO; Acid x Ambient 0.194 3.56
Acid x Elevated 0.265 2.62
Circumneutral X Ambient  0.234 2.96
Circumneutral x Elevated  0.286 2.42

Atmospheric CO, treatment altered twig nutritional quality by increasing lignin
concentrations, providing some support for Hypothesis 1. Initial lignin concentration
was greater in elevated- than ambient-CO; twigs, although values were above the
normal range for woody stems (16-32%; Chave et al. 2009). Increased lignin
concentration is typical for woody plants, according to a meta-analysis by Norby ef al.
(2001), although Cotrufo and Ineson (2000) found a 12% drop in the lignin
concentration of Fagus sylvatica L. twigs. The extra lignification of elevated-CO,
twigs could have been related to carbon availability — as it was in in a study by Richet
et al. (2012) — although carbon concentrations were unaffected in the current
experiment. The difference in initial lignin concentration between ambient- and
elevated-CO, twigs was lost by the end of both experiments, unlike a study by Diez et
al. (2002), which found that the disparity remained for Q. robur L., Alnus glutinosa
(L.) Gaertn. and Pinus radiata D. Don branches after three years of stream exposure.
Conversely to lignin, carbon and nitrogen concentrations were unaffected by CO,
treatment in the current study. Similarly, the woody carbon concentration of Populus
tremuloides Michx. and B. papyrifera Marshall was unaffected by CO, treatment

(Kostiainen et al. 2008), as was nitrogen in a study of six deciduous species (Williams
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et al. 1986), although nitrogen concentration was reduced in the stems of Castanea
sativa Mill. seedlings (El Kohen, Rouhier & Mousseau 1992). Effects may not have
been observed due to the limited duration of the experiments. For example, twigs may
have been expected to gain nitrogen due to incorporation of microbial tissues into the
chemical analyses (Dangles et al. 2004; Krauss et al. 2011), but there may have been

insufficient time for differences in colonisation to emerge.
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Fig. 6.3.Effect of CO, treatment on mass loss of twigs exposed to (a) a temperate deciduous

woodland floor for 182 days and (b) to headwater stream environments of contrasting pH for
268 days.

The proportion of mass remaining was greater in ambient- than elevated-CO; twigs,
which was the opposite result to that predicted by Hypothesis 2. This is unusual, as a
greater lignin concentration tends to result in slower decay of organic material
(Freschet, Aerts & Cornelissen 2012). For example, a study of wood-chips in large
streams found that higher lignin concentrations reduced the breakdown rate, while
high lignin/N ratios slowed decay in low order streams (Melillo ez al. 1983). Despite
this, CO,-induced chemical changes do not always result in altered decomposition
rates; the study by Cotrufo and Ineson (2000) found that the nitrogen and lignin
content of F. sylvatica twigs was reduced under elevated CO,, but mass loss on a
woodland floor was unaffected. In contrast to the effect of CO, treatment on mass loss,
stream acidity had no effect and provided no support for Hypothesis 3. Organic

material has, however, been shown to break down slowly in acidified streams: F.
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sylvaticaleaves, for example, broke down as much as 20 times slower in acidified
than in circumneutral strear@@angleset al.2004) It is possible that the effects of
stream acidification may not take effect until beyond the émideocurrent study,

when only approximatel§7% of mass had been lost.

Decay rates in the terrestrial study weoenparable to coniferous twig decay ratgs
of 0.0590.062year" in Colorado, USATayloret al. 1991) but lower than rates of
0.1480.24year" in Washington, USAEdmonds 1987)suggesting that intesite
differences may be more importantinfluencing breakdowthan CQ treatment
Aquatic decay rate) were within the typical range of 0.02 to Oykaf" for woody
debris,as reviewed by SpSnhoff and Mey2004) Notably, twigs in the current
study broke down faster than SWD with low surfaceato-volume ratios,

supporting SpSnhoff and Meye(@B04)assertiorthat greater surfacareato-volume
ratiosequates to faster decay. Aquatic decay rates arecgder of magnitudiager
than for terrestrial decomposition, regardless of €€atment; this may be a result of
increased abrasion and leaching in stream environr(igreslin & Zimmer 2012)
Slower decay of twigs in both aquatic and terrestrial ecosystems under elevated
atmospheric C@could increase residence time of SWD in forests and streams. This
could result in extended substrate and nutrient availability to s@eedciated biota
(Andersoret al. 1978; Harmoret al. 1986; Tedersoet al.2003; Berg &
McClaugherty 2008and may increase the role of SWD in habitat modification
(Harmonet al.1986; Florest al.2011; Xu, Liu & Sayer 2013nd nutrient retention
(Bilby & Likens 1980; Bilby 19811984; Webster & Tank 2000; Xu, Liu & Sayer
2013)

This study has shown that elevated,@@d stream acidification can influence
concentrations of lignin and nitrogen in SWD, while mass loss appears to be linked to
CO, treatment alone. Such effects mhbe considered alongside other factors

implicated in woody decomposition, including tree spe(i®ez et al.2002;

SpSnhoff & Meyer 2004water chemistryGulis et al.2004) and stream order

(Melillo et d. 1983) as well as other global change factors, such as increased
anthropogenic activityAristi et al.2012) Research in this area is crucial, as the
process of SWD decomposition is important todteeage and cycling of carbon and

nutrients, and the organisms that use this material as a resource. As such, alterations
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to woody debris functioning could result in unpredictable consequences for ecological
interactions in both terrestrial and aquatic diand environments.
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7. General discussion

7.1 Synthesis

7.1.1 Overview

Studies in this thesis fulfilled trmsto investigatg(i) the effects of elevated GO

and urban pollutiomn the chemistry of both leé&Chapters 3, 4 and and woody
(Chapterb) litter, (ii) the responses of terrestrial and aquiatvertebrate detritivores

to COs-treated leaf litter¢Chapter 3)and (iii) the decomposition of these litters in
terrestrial(Chapters 4 and @&nd aquatic woodland environmef{@hapters 5 and 6)

An attempt has been made to fill wider knowledge gaps as identified by the literature
review (Chapter 2). This includes a greater understanding of (i) the effects of rural
and urban locations on litter chemistry and subsequent decomposition (Chaptérs 4 an
5), (ii) effects of acidification in combination with effects of atmospheric pollution on
litter chemical composition and decomposition (Chapters 5 and 6), (iii) a more
comprehensive study of invertebrate feeding responses to litter with chemical
composiion altered by elevated GQChapter 3), and (iv) the effect of elevated,CO

on the chemical composition and decomposition of small woody debris in terrestrial
and aquatic habitats (Chapter 6). Although complex, the findings expand on our
current understading of multiple environmental stressors on litter chemical

composition andhe key ecosystem function décompositn.

7.1.2 Chemical composition and dynamics

Changes tditter chemical composition were recorded in each experinbenthe
direction d these responses was not consisteot exampleurban litter was of
higher quality (i.e. lower ®l) than rural litter in Chapter, $ut the opposite was true
of Chapter 5 (Table 7.1£0O, enrichment generally reduced qualigs found in a
metaanalyss by Norbyer al. (2001) Bbut this was not true oflnus glutinosa (L.)
Gaertnleaf litter or Betula pendula Rothtwig litter. This suggests that both intand
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intra-speciesspecific effects may be more important in defining litter chemical
composition than atmospheric @®@Vhile differences in chemical composition
occurred, the response ofceachemical variable was not always consistent between
experiments. For example, the carbon concentration of rural litter was higher than
urban litter in the terrestrial leaf decomposition study (Chapter 4), but there was no
difference in the aquatic ledecomposition study (Chapter 5). Urban litter in these
two chapters was sourced from separate locations (Cardiff and London), implying that
inter-site differencesould beresponsible (e.g. different pollution levels, climate, etc.).
As a further examplditter nitrogen concentration was higher in ambi¢nan
elevatedCO; leaf litter in the leaf decomposition studies (Chapters 4 and 5), but the
opposite was true of twig material (Chapter 6). This suggests that the chemical
composition of litter from di#rent plant tissues is affected differentially by tree
growth conditions. Unlike the effects of growth condition, changes to chemical
composition through time were relatively consistent across experiments: nitrogen
concentration increased, and C/N ratid @hosphorus concentration decreased
(Table 7.1). Overall, this work shows that ongoing,@@richment and urban

pollution can alter the nutritional quality of leaf litter and Small Woody Debris
(SWD).

7.1.3 Mass loss

Litter mass was lost through tinmeall experiments, but different experimental
conditions varied in their effects on this process. For leaf material, there was little
difference in the Aslirree Dry Mass (AFDM) of ambienand elevatedC O, litters

through time, whereas urban litters losdss faster than rural litters (Table 7.2).
Chemical composition appeared to be related to differences in breakdown, as found
previously inboth terrestria{Freschet, Aerts & Cornelissen 20H2)d aquatic

(Ostrofsky 1997pystems. This was, however, not true of leaf litter in the aquatic
experment (Chapter 5), as differences in chemical composition did not result appear
to affect mass loss. For twig litter, @@nrichment altered chemical composition by
increasing lignin concentration and resulted in faster breakdown. This was unexpected,
as hgher ligninconcentrations generally indicate greater resistance to breakdown
(Melillo et al. 1983; Cornwelkt al. 2008; Freschet, Aerts & Cornelissen 2012)
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Results for twig litters must, however, be interpreted with caution given the short
nature of the study. It is perhaps surprising that an effect of CO, treatment was
actually found for twigs, given that so much mass remained (96-97% in the aquatic
study and 81-86% in the terrestrial study). This study did show that, at least in the
short-term, CO;-enriched twig litter breaks down faster than ambient-CO, twigs.
These results indicate that differences in growth condition can result in changes to
mass loss, and that the relationship between litter chemistry and breakdown is highly

variable.

Table 7.1. Summary of changes to litter chemical composition in response to growth
condition (GC), conditioning type (CT), stream pH (pH) and time period (T, days). All litter
was composed of Betula pendula, or Alnus glutinosa where marked with . Litter was
composed of leaves (Chapters 3—5) and twigs (Chapter 6). Litters produced in the Controlled
Environment Facility (CEF) and Free-Air Carbon Enrichment facility (FACE) were
composed of ambient- and elevated-CO, material; litters produced in situ were composed of
rural and urban material. For chapter 6 results, superscripts indicate the experiment location
(Te = terrestrial, Aq = aquatic). Asterisks indicate the level of significance (*P < 0.05, **P <
0.01, ***P < 0.001). Non-significant responses are excluded for brevity. Where a factor has

more than two levels, planned contrasts took place (marked with asterisks where significant).

Chemical Factors Sig. Direction of difference Origin  Chapter
Carbon GC **%*  Rural > Urban In situ 4
CT * Aquatic > Terrestrial FACE 3
pH * Acid > Circumneutral Ex situ 5
T * 28>0 CEF 4
¥k 28>0 In situ 4
¥k 0>28 Ex situ 5
* 182>0 Ex situ 6™
#EE 268 >0 Exsitu 6"
pH! T * 0 > 28 (Circumneutral**), Acid >  Exsitu 5
Circumneutral (28*%*%*)
GC! pH! T * 0 > 28 (Urban, Acid**) In situ 5
Nitrogen GC **%  Ambient > Elevated CO, FACE 3
**%*  Rural > Urban In situ 4
* Ambient > Elevated CO, Ex situ 5
***  Urban > Rural In situ 5
**  Elevated > Ambient CO, Ex situ 6™
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Table 7.1 (continued)

Chemical Factors Sig. Direction of difference Origin  Chapter
CT **%  Terrestrial > Aquatic FACE 3
pH **  Acid > Circumneutral Ex situ 5
T ¥k 28>0 Ex situ 4
* 28>0 In situ 4
kxR 28>0 Ex situ 5
kxR 28>0 In situ 5
* 0 268>0 Exsitu 6"
GC! CT ***  Ambient > Elevated CO, FACE 3
(Aquatic***, Terrestrial***)
* Elevated > Ambient CO, FACE 3%
(Terrestrial*)
GC! pH * Acid > Circumneutral (Urban**) In situ 5
GC! T * Urban > Rural (0***, 28***); 28 > [nsitu 5
0 (Rural*, Urban***)
#*% (0> 182 (Elevated CO,*), Elevated  Ex situ 6™
> Ambient CO, (0*%*)
Phosphorus  GC ***  Urban > Rural In situ 4
**%  Flevated > Ambient CO, Ex situ 5
T ¥EE S (0>28 Exsitu 5
¥EE S (0>28 In situ 5
* 0>28 Ex situ 4
¥EE S (0>28 In situ 4
GC! T **  Urban > Rural (0***, 28*%*) (0 > Insitu 4
28 (Rural*, Urban***)
Lignin GC * Elevated >Ambient CO, FACE 3
T * 0>28 Insitu 4
¥k 0>28 Ex situ 5
* 0>28 In situ 5
GC!T * Elevated > Ambient CO, (0%*) Ex situ 6
* 0> 28 (Ambient CO,**) Ex situ 4
C/N GC ***  Elevated >Ambient CO, FACE 3
* Urban > Rural In situ 4
*k Elevated > Ambient CO, Ex situ 5
**%  Rural > Urban In situ 5
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Table 7.1 (continued)

Chemical Factors Sig. Direction of difference Origin  Chapter

CT ***  Aquatic> Terrestrial FACE 3
T * 28>0 Ex situ 4

* 0>28 Insitu 4

% 0>28 Ex situ 5

% 0>28 Insitu 5

*  0>268 Ex situ 6™
GCxCT * Ambient > Elevated (Aquatic***, FACE 3

Terrestrial***)

GCx pH * Rural > Urban (Circumneutral**, [Insitu 5
Acid***), Acid > Circumneutral
(Rural*)

GCxT * Urban > Rural (0**), 0 > 28 In situ 4
(Urban**)

GCxpHxT * 0 > 28(Ambient CQ, Acid***), 0 Exsitu 5
> 28(Elevated CQ, Acid***),
Elevated > Ambien€O; (28,
Acid***), Elevated > Ambient
CGO; (O, Circumneutral***), 0 > 28

(Elevated CQ, Circumneutral***)

7.1.4 Invertebrates

Invertebrate responses to litter growth conditions were complex, both in terms of
feeding (Chapter 3; Table 7.3) and the composition of the assemblage (Chapters 4 and
5; Table 7.3). Prior terrestriét.g. Cotrufo, Briones & Ineson 1998)d aquatige.g.
Ferreiraet al. 2010)studies have shown that invertebrate feeding is affected by

altered litter chemical composition. This only occurred for someiap@ the

invertebrate feeding study (Chapter 3), with little effect on invertebrate assemblages
during breakdown on a forest floor (Chapter 4) and in headwater streams (Chapter 5).
These results suggest some scipendency in both terrestrial and agubabitats:

effects at the invertebrate species level may not scale up to the community level. It
may also be due to the dominaméanicrofauna in the littebag studiessompared to

the use of macroinvertebrates of the laboratory experiment. Theflacommmunity

100



level effect may also be the result of the presence of species from non-detritivore
guilds, which were less affected by changes to litter chemical composition. Beyond
effects of CO, and urban pollution, consumption of litter was dependent on tree and
invertebrate species, along with the habitat of origin (terrestrial and aquatic) of each
invertebrate species (Chapter 3). In addition, litter breakdown in streams may be more
affected by stream pH than effects of CO, and urban pollution on chemical

composition (Chapter 5).

Table 7.2. Summary of litter ash-free dry mass changes in response to growth condition (GC)
and time period (T, days). All litter is from Betula pendula. Litter was composed of leaves
(Chapters 3-5) and twigs (Chapter 6). For Chapter 6 results, superscripts indicate the
experiment location (Te = terrestrial, Aq = aquatic). Asterisks indicate the level of

significance (*P < 0.05, **P < 0.01, ***P < 0.001). Non-significant responses are excluded

for brevity.

Factors Sig. Levels Origin  Chapter

GC * Ambient > Elevated CO, Ex situ 4
**%  Rural > Urban Insitu 4
**%  Rural > Urban In situ 5
**%  Ambient > Elevated CO, Ex situ  6'°
**%  Ambient > Elevated CO, Ex situ 6™

T FEE (> 28%F* DR > SO*FE 56> | 2%** Ex situ 4
K (> 28%*%* 28> 56%* 56> 112%* Insitu 4
REE (> 28%F* DR > SO*FE 56> | 2%** Ex situ 5
¥EE Q> 14%*%* 14 > 28% 28> 56% Insitu 5

GC xT *** Rural > Urban (28%**, 56%** 1]12%%*%*) Insitu 4
*¥*%  Rural > Urban (14%%* 28%%** S5@*** ]]12%%*%) Insitu 5
* Elevated > Ambient CO, (14**), Ambient > Elevated Ex situ 5

CO, (112%)
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7.1.5 Habitat differences

Studies in this thesis considered decay rates in both terrestrial and aquatic
environments, although there were no formal comparisons of the two. While
similarities exist in the breakdown of litter in these realms (Sinsabaugh et al. 1992;
Wagener, Oswood & Schimel 1998; Treplin & Zimmer 2012) differences emerge as a
result of the influence of stream flow and abrasive action of water, which can speed
up the decay process (dos Santos Fonseca et al. 2013). Observations in Chapters 4
and 5 reinforced this idea for leaf litter and those of Chapter 6 for SWD, as decay
rates were faster in aquatic than terrestrial habitats. Regardless of breakdown habitat,
rural litter had the slowest decay rate, followed by urban litter and then ambient- and
elevated-CO; litters together. Chemical composition also appeared to be affected by
the decay habitat. For example, leaf litter chemical composition responded similarly
to 28 days’ exposure in terrestrial and aquatic habitats in both Chapters 4 and 5 (Table
7.1). Twig chemical composition changed through time in both chapters, but the
nature of these changes was dependent on the habitat: nitrogen increased and C/N
ratio was reduced through time in the terrestrial study only. This may, however, be a
result of differences in the duration of exposure in the terrestrial (182 days) and
aquatic (268 days) locations. In Chapter 3 microbial conditioning was shown to affect
leaf litter chemical composition differently depending on whether it was exposed to
terrestrial or aquatic conditions. Invertebrate feeding responses to this material also
seemed to be related to habitat, as aquatic species preferred ambient- to elevated-CO,
birch discs, but there was no response from terrestrial invertebrate species. Ultimately,
repercussions for chemical cycling and invertebrate assemblages may differ between

habitat types, but mass loss could remain unaffected.

7.1.6 Litter production site

Leaf litters used in the decomposition studies (Chapters 4 and 5) were collected from
trees growing under rural and urban conditions in situ, and from ex sifu trees growing
under ambient and elevated atmospheric CO; in Cardiff University’s Controlled
Environment Facility (CEF). Litters produced in situ and ex situ were not formally

compared, but differences in chemical composition, mass loss and invertebrate
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assemblages were apparent. These differences may be due to a more optimal growth
condition for ex situ than in situ litters, as the use of potting soil, and a regular
watering regime made nutrients and water less limiting in the CEF. Ontogenic factors
may also have also played a role, given that litter was collected from mature trees in
situ, but from saplings ex situ. Age and size in temperate deciduous trees can affect
not only morphology and phenology (Thomas & Winner 2002; Augspurger & Bartlett
2003; Thomas 2010), but also chemistry. For example, a study of trees ranging from
1-100 cm in diameter by Thomas (2010) found that, in Tilia americana L., leaf
carbon concentration increases linearly with tree diameter, while nitrogen
concentration peaks, and C/N ratio is at its lowest point, at a diameter of
approximately 5 cm in B. alleghaniensis Britt. and T. americana. Although not
analysed statistically in the studies contained in this thesis, nitrogen concentrations of
mature trees (in situ) were lower and C/N ratios higher in comparison with saplings
(ex situ), and carbon concentrations were higher in rural trees than in both of the ex
situ treatments. The lower nutritional quality of in situ trees may have influenced
breakdown, as the remaining AFDM of ex situ litters was lower than for in situ litters
at all time points in both Chapters 4 and 5, indicating consistently faster breakdown of

ambient- and elevated-CO; litters compared to rural and urban litters.

These findings highlight the need for care when interpreting the results of studies
using litter grown under ‘artificial’ conditions (e.g. greenhouses and closed-top
chambers). Alternatives to this method exist, but have their own challenges. In
particular, CO; can be introduced to trees in situ, but there are geographical and
financial constraints. For example, some studies make use of litter collected from
trees growing near natural CO; springs (e.g. Héttenschwiler ef al. 1997), but these
only exist in certain locations and the concentration of gases cannot be controlled.
Free-air carbon enrichment facilities (Hendrey & Miglietta 2006) are perhaps the best
solution, as they allow for large-scale control of CO, inputs to otherwise naturally-
growing trees, but they also require a great amount of space and investment (Saxe,
Ellsworth & Heath 1998). Financial and practical limitations will likely result in the
continuation of ‘artificial’ conditions in small-scale investigations requiring the
control of atmospheric conditions, but the limitations of this approach must be

appreciated.
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Table 7.3. Summary of invertebrate assemblage responses to growth condition (GC), stream
pH (pH) and time period (T, days). Litter was composed of Betula pendula leaves (Chapters
3-5) and twigs (Chapter 6). Asterisks indicate the level of significance (*P < 0.05, **P <
0.01, ***P < 0.001). Non-significant responses are excluded for brevity. Note that

community analysis does not provide a direction of response, only that there is a difference or

not.
Measure Factors  Sig. Levels Origin  Chapter
Abundance  pH * Circumneutral > Acid In situ 5
T * 56 >28* Ex situ 4
¥ 28> 112%** 56> 112%* Insitu 4
¥ 14> 112%,28 > 112%%* Exsitu 5
¥R 14> 112%,28 > 112%*%* 56 > 112%%* In situ 5
Richness GC **%*  Elevated > Ambient CO, Ex situ 4
T * 56> 112%%* Ex situ 4
* 28 > 112%* Insitu 4
* 14> 112%,28 > 112%* Exsitu 5
¥R 14> 112%% 28 > [ 12%** In situ 5
Diversity GC **  Elevated > Ambient CO, Ex situ 4
T * 28 > 112%* Exsitu 4
GCxT * Urban > Rural (112 **) In situ 5
Community  pH **  Circumneutral-Acid In situ 5
T AR DB 12%F* 561 12%** Exsitu 4
T *EE O DBS56%, 28-112%** 56 —112%** Insitu 4
T * 14-56%* 14 —112%** Exsitu 5
T HEE Q41 12%F* 28-112%** 56-112%* In situ 5

7.2 Implications

The results of the studies reported in this thesis have several implications for the
decomposition of litter following changes to atmospheric conditions and stream pH.
For example, expansion of urban areas could result in litter that is susceptible to faster
decay, given that urban litter decayed faster than rural litter (Chapters 4 and 5).
Conversely, there was little difference in the mass loss of ambient- and elevated-CO;
leaf litters in either terrestrial (Chapter 4) or aquatic (Chapter 5) locations, suggesting

little change to decomposition rates under future CO; regimes. Regardless, elevated
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atmospheric C@can boost woody plant producti¢@urtis & Wang 1998; Ainsworth

& Long 2005) which could result i greater amount of leaves. The subsequent
build-up of litter on the forest floor could affect several physical factors, such as
increased temperature and reduced soil moigKueLiu & Sayer 2013)Litter

stocks could also aggregate in streams, creating anoxic conditiohs ttued

disrupting the decay proce&uild-ups could also reduce stream flow and encourage
habitat formatior{Abbe & Montgomery 1996; Beechie & Sibley 199This scenario
would result in increased carbon and nutrient storage in both terrestrial and aquatic

realms.

Invertebrate species composition may also be altered as a result of changes to litter
growth conditions andutritionalquality. For example, in the invertebrate feeding
study (Chapter 3), differences in the responses of macroinvertebrate species to
elevatedCO; litter were highlighted. Those responding positively to elev&iéd

litter (e.g Gammarus pulek. andOdontocerum albicorn&copolifed A. glutinosa

could outcompete those that show a neutral or negative response, altering their
relative abundances. Generalist species, such as the freshwater anGlplacx

(Moog 2002) may also be able to take advantage of additional food sources.
Sympatric species, such as the woodRoecellio scabet atreille andOniscus

asellusL., are able to perate in similar niches with slight differences in their dietary
needgZimmer & Topp 2000)changedo litter nutritionalquality could therefore

affect the relationship between these organisms. These changes to invertebrate
assemblage structure can influence decay, as greater species richness of invertebrate
leaf consumies is linked to increased litter processing rates in freshw@ensson &
Malmqvist 2000)

Given the importance of litter as the base of food wWhmreet al.2004; Hageret

al. 2012) alteratons to chemical composition and availability could affect multiple
trophic levels in both terrestrial and aquatic habitats. This includes microbial
decomposers, such as fungi and baci{éizelho 2001; Berg & McClaugherty 2008)
which in turn can influence invertebrate assemblages-dioedder invertebrates in
streams will also be affected blganges to the quantity and decay of litter. For
example, filtering invertebrates depend on fine particulate organic matter, which
could reduce in quantity with reduced decay rates. Altered invertebrate assemblages
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in both terrestrial and aquatic locaticmuld affect the wider food web, as thes
organisms are important pré&y fish, birds and small mammals on woodland floors

and in streams.

7.3 Limitations

Litter accumulationsary greatlyin structure and contenhaking it difficult totrace
thefate of a given litter sample through timatter bags resolve this problem by
enclosingmaterialof known mass and composition, while being easy to produce and
inexpensive. The littdnag approach is an established metffdaklho 2001,

Kampichler & Bruckner 2009hnaving been pioneered in terrestrial systems in the
1950s and 19608ocock & Gilbert 1957; Shanks & Olson 1961; Crossley &
Hoglund 1962)and aquatic habitats in the 197Bssher & Likens 1973; Petersen &
Cummins 1974)Criticisms of the approach highlight that litteags can create an
artificially stablemicroclimateand provide invertebrates with expeotection from
predators(Crossley & Hoglund 1962yeducing invertebrate migratigBraioni,

Gumiero & Salmoiraghi 2001Yhe choice of mesh size can also have an effect
(Crossley & Hoglund 1962; Stewart & Davies 1989; Bradlfetral. 2002) small
apertures may limit the establishment of larger inverteb(Retersen & Cummins
1974) but abko reduce losses due to physical action (wind or stream flow) that might
confound detritivoredriven losseslnvertebratesound inlitter bags maylsonot

reflect invertebrate composition in the surrounding hafidaSabatincet al.2014)

Most litter bag studies are shaderm. For exampleg metaanalysis by Kampichler

and Bucknef2009)showed that terrestrial litter bag studies generally last for a year
or less. Aquatic litter bag studies generally last less than gAdeelho 2001)

reflecting faster breakdown of leaaterial in aquatic conditior{(§insabaugtet al.

1992; Treplin & Zimmer 2012; dos Santos Fomseical. 2013) The duration of
decomposition experiments in the studies reported in this thesis were limited by
necessity, given the time constraints inherent in a study of this type (e.g. growing
trees, performing multiple experiments). The 112 day period did, howmese to

be a suitable timescale for observing the decd. genduldeaf material in the
locations selected: ter lost up to approximately %0 of AFDM on the woodland

106



floor (Chapter 4), while some littéwags in the aquatic study were almost empty b

the end of the experimental period (Chapter 5). While the majority of mass remained
at the end of the twig experiments (Chapter 6), the study was still able to provide
information on the early decay of this matereadifferences in litter chemical
conposition and proportion of AFDM remaining were already apparent after the short

exposure periods.

7.4 Future directions

Experimental studies reported in this thesis considered single spactstrees and
invertebrate®in isolation. This simplicity has allowed for broad underlying
principles to be investigated. Future work should seek to expand the number of
species usd to better mimic natural situations. For example, despite the use of
multiple invertebrate and trees species reported in Chapter 3, individuals of each
invertebrate species were fed litter of one tree species in isolatiod {&/gs

aquaticus fed A. glutinosa separately t®. pendula). Given the potential for
competition between species for litter resources, it would be more realistic to
investigate how altering invertebrate abundance and species diversity might affect,
and be affected by, litter mixtess of differing tree species. In addition, leaf litter
decomposition of just one speciés pendula) was investigated in Chapters 4 and 5,
yet litters on forest floors and stream beds are often composed of a multitude of
species. There is evidence tha tlecomposition of litter mixtures can be complex
and noradditive(HSttenschwiler, Tiunov & Scheu 2005; Taylor, Mallaley & Cairns
2007; Lecerkt al. 2007; Berglund & sgren 2012and influenced by invertebrate
diversity (Swan & Palmer 2006a; Sanpetalbet, Lecerf & Chauvet 2009naking it

harder to predict effects of multiple stressors on litter decomposition.

Pairs of contrasting growth conditioBambient and elevated atmospheric,C&ahd

rural and urba®were used to simulate the effects of environmental change on litter
chemical corposition in Chapters 3 to 6. Responses may vary along gradients of
these environmental variables, so future studies should include a greater number of
values to increase the resolution of our understanding. For example, CO

concentrations could take anylwa on the continuum from current (approximately
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400 ppm) to future concentrations, with projections suggesting that concentrations
could approach 1000 ppm by the end of the century (Collins et al.2013). Emissions
of pollutant gases also exist on a gradient from urban to rural areas (Lovett et al.

2000).

Microbial biofilms are important contributors to the functioning of headwater streams
(Battin et al.2003) and can influence leaf litter breakdown (Rier, Kuehn & Francoeur
2007; Danger et al.2013). It is important to understand how changes to litter
chemical composition and stream acidity might affect the ability of biofilms to
colonise and develop on this substrate. An attempt to investigate this relationship is
reported in Chapter 5, but the study was hampered by methodological problems. For
example, in a few cases, biofilms grew on the litter bag surfaces rather than leaf
surfaces. The use of loosely bound leaf packs could be used to overcome this issue in
future, where no material is used to encase the leaves, but rather a thread is used to

hold them together.

The Intergovernmental Panel on Climate Change (IPCC) has predicted reduced
precipitation and increased temperatures, along with increased frequency of extreme
events (IPCC 2013). These changes are likely to affect litter chemistry and
decomposition, and should be considered in future studies. For example, Graga and
Poquet (2014) found that changes to water availability and soil nutrients resulted in
species-specific changes to leaf litter chemistry, with knock-on effects for stream
decay. Beyond chemistry-mediated effects, climate influences the breakdown process
directly: a global experiment by Boyero et al (2011) found that warm water
temperatures resulted in a switch from detritivores to microbes as the main
contributor to leaf litter decomposition, increasing CO; production and reducing the
breakdown of large recalcitrant litter particles. Climate is also an important
determinant of invertebrate-mediated decomposition (Wall et al.2008). For example,
saprophagous terrestrial macroinvertebrates, such as millipedes and woodlice, could
increase in abundance in response to increased temperatures, but the effect could be
negated by drought at low latitudes (David & Handa 2010). Increased temperatures
influenced feeding preference, growth rate and mortality of the larval form of the

caddis fly Sericostoma personatuKirby & Spence, and may have been a better
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determinant of invertebrate performance than changes to litter nutritional quality

(Ferreira et al. 2010).

7.5 Conclusion

The various studies reported in this thesis investigated multiple stressors — CO,
enrichment, urban pollution and stream acidification — and their effects on the
chemical composition and decomposition of leaf and twig litter. Results were
dependent on growth conditions (ambient or elevated CO,, and rural or urban), time
periods, stream pH (acidified or circumneutral), invertebrate species (from both
terrestrial and aquatic environments), tree species (4. glutinosa or B. pendula), plant
tissues (leaf or twig litter), and habitats (terrestrial or aquatic). This work furthers
current understanding on litter decomposition, but more research is required on a
wider range of species (invertebrates and trees); on the effects of gradients of
environmental variables on chemical composition and decay; the role of biofilms in
the decomposition of litters of differing quality; and interacting effects of atmospheric
growth conditions and other climate change factors (e.g. temperature and moisture). It
is important to anticipate how human-induced global change processes will affect
ecosystem functioning in woodlands and headwater streams, given potential impacts
to nutrient cycling and the support of food webs. This will allow for a better
understanding of how humans may mitigate or cope with future perturbations to

ecosystem service provision.
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