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Abstract

Storage of atmospheric carbon in northern peatlands imparts a cooling effect upon
global climate. Climate change may alter peatland carbon cycling, accelerating both
decomposition and plant productivity, potentially driving positive or negative climate
feedbacks. Experimental and palaeoecological methods are commonly used to
investigate peatland responses to climate change, but results are often in disagreement.
Whether positive or negative climate feedbacks will dominate in the future is uncertain.
This tresis links experimental and palaeoecological approaches on a raised bog in Wales
(Cors Fochno), testing the effects of tgears of warming and increased drought
frequency upon ecosystem functioning, and comparing climate responses with those

that have ocarred in the bog during the past ~1500 years.

In the experimental plots, warming reduced both carbon accumulation and methane
emissions, and when combined with drought caused the bog to become a net carbon
emitter. Shrub abundance increased with warminghich was also seen in the
palaeoecological recordSphagnumabundance did not respond to experimental
manipulations. During the past ~1500 years, changes in carbon accumulation
corresponded with vegetational succession. Sustained water table drawdown and
wildfires resulted in more decagsilient plant communities. Climate manipulation
altered the stabilisation of organic matter with depth. Temperature increases similar to
those in the past millennium did not affect decay rates in the plots. Decay dureng t
last ~1500 years resulted from vegetation changes, rather than from temperature

changes.

Climate change may cause positive feedbacks to dominate in the short term, but long
term shifts towards more decay resistant plant species may offset emissions and
contribute to climate cooling. The climatic sensitivity of peatland palaeoecological
proxies should be tested in modern settings before they are used to test climate models.
As a result of anthropogenic disturbance, palaeoecological records are no kbbgged

analogue for contemporary and future peatland functioning.



Tableof Contents

Y 013 = Lo TP P PP PPPPPPPPPON 2
Table Of CONENTS. ..o e e e as 3
LISt Of TADIES. ... 13
LiSt Of FIQUIES .. .ueei e 16
List Of EQUALIONS. ......uiiiieeie it 20
ACKNOWIEAGMENTS. ... 21
D L=Tol I T 1 o] o FO T PP PP PP PRUPPPPRPPPPPIN 23
Chapter LIntrodUCHiON.......ccooieiii e 25
00 I 1Y o 1AV Z= Ui [o ] o TP PP PPPPPPR TP 25
1.2. Aims, objectives and hypotheses..........ccoooiiiiiiiiiiiieee e 29
1.3, TRESIS SIIUCTULE ....ceiiiieieeieie ettt e e e e e e e e e 32
1.4, LILEIature FEVIEWN.......uuueeiiieieeeeee e ettt e e e e e e e ettt e e e e e e e e e e e s s e e e e e eaeeas 36
1.4.1. ClIMALE CRANGE. ... ..uuiiiiiiiiiee it 36
1.4.2. What are peatlandsS?.............oeiiiiiiiiiiiiiiii e 37
1.4.3. Peatland formation, classification, ashelvelopment.............ccccceeiiiiiiiiiennnnnn. 38
1.4.4. Peat accumulation, carbon cycling and storage.................cccoovvvviiiiiinnnnnn 41
1.4.5. Methane production, emission, and oxidation..................ccccceeeeeeieeeennn.... 45
1.4.6. Hydrological carbon fluxes from peatlands...............ccccciiiiiiiiiiiiiinienn. 48
L1.4.7. NITTOUS OXIOR.....euteeiiiieeeeeisi ettt e e e e e e e e e r e e e e e e e e e e 51
1.4.8. Effects of anthropogendisturbance on peatland carbon cycling................ 51
1.4.9. The role of peatlands in the future climate system..........cccccceeeveeeveeiiinnnnn. 52
1.4.10. Vegetation change and associated feedbacks...............ccccvviiiiiiiiinnnnn, 58



1.4.11. Addressing this problem using palaeoecological and experimental apps@dche

L SUMIMIAIY. ettt 75
1.6. REIEIENCES . ...eiiiiiiieee et e e e e e e e 76
Chapter 2: Methodology.........coooeiiiiii e 117
2.1. General INtrOUCTION..........uuiiiiiiiiee et 117
2.2, STUAY SI. .t 117
2.3. EXPEriMental SEIUD......cuuiiiieiiiiiiiiiiitee et 121
2.3.1. Experimental site history and pUrPOSE...........euueueuiiiiiiiiiiiiieeeeee e eee e 121
2.3.2. Experimental climat@anipulations...........cccoeeeiiiiiiiiiiieeieieeeeeeeeeeeeeeeeeee, 123
2.3.3. Measurement of environmental conditiQns............ccoocoveeeeiiiiiiieee e, 125
WA N o = g o ot 1o o TN 127
2.5. Field measurements of carbon fluXxes............ccoveeiiiiiii i 128
2.5.1. Greenhouse gas flux measurementS........cccooeeeeieeiiiieeiiie e, 128
2.5.2. Measurements of pore water dissolved orga@ion...............ccceevvvvvnnnnn. 132
2.6. VEQELAtION SUIMNVEYS.......uuiiiiiiiiieeeeeeaaaaaiiitb ettt e e e e e e s s s r e e e e e e e e e e e annnnenees 133
2.7. Litterbag decomposition eXPeriment..........covvviiiiiiiiieieeee e 134
2.8. Laboratory methods...........ccuuiiiiiiii e 138
2.8.1. Core description and sBampling..........ccccciiiiiiiien 138
2.8.2. Core dating MethodS...........uuuiiiiiiiiiiiiiei e 138
2.8.2.1. RadiocarbON datilg ........ceeiieeeiiiiiiiiiiieiiee e 138
2.8.2.2.21%D dating of recently accumulated peat...........cccccoeeveeieeiiieeiieeneenne. 140
2.8.2.3. Spheroidal Carbonaceous PartiCles............cccccvvvviiiiiiiiiiiiii e, 140
2.8.2.4. TephroChronNOlOgY.........oiiiiiiiiiiiie e 141



2.8.2.5. MACIOCNAICOAL....... e 144

2.8.3. PalacoecologiCal PrOXIES........ccc.uvriiriiiiieeeee et 144
2.8.3.1. Plant macrofossil analySiS...........ccoouiiiiiiiiiiiic e 144
2.8.3.2. Peat NUMIfICALION ........uuiiiiiiiiei e 146
PR S TG TG JO o 1T 3 T g IN To T1To (1 1 ) PP 148
2.8.3.4. C/N TALIOS ... eeeeeeeeieeeeeie ettt e e e e e e e e e e r e e e e e e e e e 148
2.8.3.5. Testate amOeDhaE. .........ooviiiiiiiiie e 1549
2.9. Statistical MEtNOAS. ........uuiiiiiiiiieee e 150
2.9.1. Net ecosystem carbon budget modelling..............cooooeeeeeeii, 150
2.9.2. Dupont Hydrological INdeX..........cccooeiiiiiiiiiiieeeeeeeeeveeeae 153

2.9.3. Analysis of changes in vegetation community composition through timel 54

2.9.4. Agedepth MOdelliNg..........uuuureiiiiccrr e 155
2.9.5. Long term apparent rate of carbon accumula@ic@RCA).......................... 156
2.9.6. Apparent rate of carbon accumulati@CAR)..........cccoeeviiiiiiiiiiiiieiieeeeeeeee 157
2.9.7. Comparing lontgrm carbon accumulation with hydroclimatic change.....158
2.9.8. Statistical methods for the analysis of plant macrofossil.data................. 159
2.9.9. Comparing vegetatiaesponses to climate change............ccccceevvvvvvvvvnnnns 160

2.9.10. Comparing lorgrm carbon accumulation with net ecosystem carbon budgets

2.9.11. Comparing the sensitivity and effectiveness of palaeoecological decomposition

010 (=T PP TP PUPPPPPPPPPPR 163
2.00. SYNOPSIS . uutttteteiet et e et e e e e e r e e e e e e e e e 164
2. 1L REIEIENCES. ..o e 165



Chapter 3: Plant community responses to experimental climate manipulation in a

Welsh ombrotrophic peatland and their palaeoenvironmental context.............. 187
3L ADSIIACE. ... et e 189
3.2, INTFOTAUCTION. ...t e e e e e s 190
3.3. Study site, methods, amdaterials..............ccoovvviiiiiiiieieie e 195
R Tt ] (010 |V = PP 195
3.3.2. EXPeriMental SBIP.......ccooiiiiiiiiiiiiii e 196
3.3.3. Vegetation survey within experimental plotS.........ccccccovviiiiiiiiiiiiieieennnn, 199
3.3.4. Core collection and StOrage.............uuvrrrrrrmiiumnriiiiirssss e 199
GG TR T 4 o] (0] o ][0T N /A0S 200
3.3.6. Palae@egetation..............uuuuiiuiiiiiiiiiiiers s e e e e e e e e e e e e e e e e 201
3.3.7. Testat@mOoeDbDae...........ccuuiiiiii 203
3.3.8. Statistical aNAIYSES........ccoviiiiiiieieiieei 204
B4 RESUIES ... 206
3.4. 1. Alr tEMPEIATUIE.....ceeeeeeeeieeieeeeeeee s e e e e e e e e e e e e e e e e e aaaaaaaaaaaaas 206
3.4.2. SOIl LEMPEIALUIE. ...ttt e e e e e 207
3.4.3. Water table depth.........oooiiii e 207
3.4.4. Vegetation changes in the-§8ar experimental study...............cccceevinnnnee. 209
3.4.5. COr&NIONOIOGY....ccciiiiiiiiiiti ettt e e e e 211
3.4.6. Plant MacrofOSSIIS..........cocuuuiiiiiiiiiieee et 216
3.4.7. TeState amMOEBDAR.......cciii it 219

3.4.8. Comparing experimental vegetation composition and palaeoecological 2iia
G TR TR B 1S o] U 11 o 1 PO SRPPPIPPR 223

3.5.1. Effect of experimental warming and drought up@atland vegetation....... 223



3.5.2. Vegetation changes in the palaeoecological record............ccccvvvvvvvnrnnnns 227

3.5.3. Comparing past and future vegetation responses to climate change.....229
3.6. CONCIUSIONS. ....ceiiiieieeei ittt e e e e e e e 237
3.7. ACKNOWIEAQEMENLS.....oeiiiiiiiiee e 239
3.8. RETEIENCES ... .o 240

Chapter 4: Carbon cycle responses to experimental drought and warming in a Welsh

ombrotrophic peatland in the context of late Holocene carbon accumulatian.. 268

AL ADSIFACL. ...ceiiiiiteie et eas 270
O [ 11 {0 o |8 [ox 1 o] o OO P PPPRPR PP 271
4.3, MEENOAS. ...t e e 275
4.3.1. Study site ancoring location..............coooeeeeieeiiiie e, 275
4.3.2. Agedepth model improvement..........cooooeeieiiiee e, 278
4.3.2.1250PD dALING....cciiviieiciiee e 278
4.3.2.2. Tephrochronological analySiS.............uueuvrrriiimmiimiieeeee e eee e 278
4.3.2.3. Ageepth modelling.........coooiiiiiiiii e 279
4.4. Corederived carbon accumulation rates..............veeeiiiiiiiiiiiieeeeeee e 279
4.4.1. Peat phySIiCRIOPEITIES.......uuiiiiiiiee ittt 279
4.4.2. Long term apparent rate of carbon accumulatioc®@RCA)............cccveeeeeeeen. 280
4.4.3. Apparent rates of carbon accumulati@TCARY).............c.eeveeeiieiiiiiiiiiiiiiieee, 280
4.4.4. Palaeoenvironmental reCONSIIUCTIONS. .........coveeiiiiiiiiiiiiiiiieceee e 281
4.5. EXperimental @nalySES.........coouiiiiiiiiiiiieieee ettt 281
4.5.1. EXperimentalesign............cooooiiiiiiiiii e 281
4.5.2. Greenhouse gas fesxand dissolved organic carboreasurements............ 282



4.5.3. Flux modelling of greenhouse gases.........cccceevveei e, 286

4.5.4. Environmental controls affecting aCAR...........ooviiiiiiiiiiiiiieeeeeee 290
4.6, RESUIS...c i a e e 290
4.6.1. Tephrochronologyi°Pb and improved agdepth model.............c...coeeeeee. 290
4.6.2. Long term apparent rate of carbon accumulafio®RCA)..............eevvvvvnnns 293
4.6.3. aCAR and palaeoenvironmental reCONStruCtion...................evvvuveeeeneennnnn. 293
4.6.4. Correlation with environmental conditiQns...............veeeiiiiiiiniiiiiiieeeeen. 295
4.6.5. Environmental variables and experimental treatment effects................. 297
4.6.6. Measured components of the peatland carbon budget........................... 299

4.6.7.Modelling of C@and CH fluxesXX X XXX X X X X X. XXX X X X X RO X ©
4.68. Modelled greenhouse gas fluxes amthual budgets.............ccccevvvviiiviinnnnns 304
4.6.9. Methane, methaneCQ equivalent emissions and annual net carbon

budgetsXX X X X X X X X X X X X X X X X X X X X X X X X X X X X X XK X X X X X X X X X

AT IS CUSSION .. e ittt e e e e e e et e e e e e e e e e e e aaens 308

4.7.1. Explaining the discrepancy between contemporary and core derived carbon

ACCUMUIBLION. ...ttt e e e e e e e e et e e e e e e e e e e e e aanas 308
4.7.2. Comparing aCAR and net ecosystem carbon budgets................ccuueeee 315
4.7.3. Future carbon dynamics with climate change......................cccc 320
4.8. CONCIUSIONS. ...ttt e e e e e e e e e e s 324
4.9. ACKNOWIEAGEMENLS.....cvviiiii e eaeaaaes 328
4.10. REFEIBNCES. ....eeiiieeeeee ittt e e e e e e 330



Chapter 5: Testing the sensitivity of palaeoecological decay proxies and litter

decomposition to experimental warming and drought in a Welsh ombrotrophic

peatland: Implications for peatlanghalaeoecological studies XX X XX ® ¥ X 3855 P

ST I [0 .4 =TV PRSP 357
5.2, INTFOAUCTION. .....eeiiieiiieie et e e 358
5.3, MEINOAS. ... 361
IR Tt I o 1= ] =T ] r= L] = 361
5.3.2. Experimental deSign..........coooeieiiiiie i 362
R TC J =T = 7= To T 0T [P 364
5.3.4. DECOMPOSITION PrOXIES. . .uvvvrrrrerrunirnnsinniiiisssaseaaseeassaeaeeaaaeeaaaaaaaaaaaeasseeaens 367
5.3.4.1. Colorimetric % light transmittan@mumification analysis)........................ 367
5.3.4.2. C/N TALIQ. c.ceieeeei ittt e e e e e e e e 368
5.3.4.3. LOSS ON IGNITIALL.....etiiiiiiiieeeeeeiiiiiiie e e e e e e e e e 369
5.3.5. Coring methods and palaeoecological analysis............ccccccceeiiiiiiiiiinnee. 369
5.3.6. Statistical @nalySES........c.uuuiiiiiiiiiie e 370
5.4, RESUIS ... 371

541./ t AYF OGS YFyALdzZ FGA2y STTSOGEX XX

5.4.2. VegetatiOn.......ccooe i e 373
5.4.3. Tea bag index; Decomposition rékeand stabilisation factofy.................. 374
5.4.4. Peat deCOmMpPOSItION PrOXIES......cccoiiiiiiiiiiieeeeeeeeiie s e e e 374

5.4.5. Variance gbalaeoecological proxy values explained by decomposition..375

5.4.6. Core derived proxXy reCONSIUCTION..........oveieeiiiiiiiicee e eee e 376
5.5, DISCUSSIOM ...ttt 378
5.5.1. Effects of experimental treatments upon palaeoecological proxies........ 378

Sy @A



5.5.2. Treatment effects upon tea baglex parameters...........ccccceeevevviiiiieeneennn. 384

5.6. ACKNOWIEAGEMENIS. ....ooiiiiiiiiiieiit e 389
5.7, RETEIENCES ... .. 390
Chapter 6: DISCUSSIONL. ......cciiiiiiiiiiie ittt e e e e e e e e e e 408
6.1. Core findings of this study and their implicatians..............ccccceieeieeeernnnnns 408
6.1.1. Effects of experimental warming upon carbon cycling...........ccccccceeviunns 408
6.1.2. Effect ofvarming on methane production...............cooecvviiiieeeiieeeenniccinee 411

6.1.3. Effect of increased drought frequency upon carbon fluxes and vegetatidh3

6.1.4. Effects of warming upon peatland vegetation..............c..cevvvvvvvvviiivvnnnnnnnns 416
6.1.5. Treatment effects upon Sphagnum abundance...........cccccceeeveieeennnnnnn.n. 418
6.1.6.Comparing aCAR with net ecosystem carbon budgets............................ 420
6.1.7. Drivers of lonterm carbon accumulation rates............ccccceeeveiiiiieeieieeeeenn. 422

6.1.8. Effects of the experimental manipulations upon organic matter stabilisatR$

6.1.9. Issues with inferring futurpeatland responses from palaeoecological resord

........................................................................................................................... 425
6.1.10. Sensitivity of palaeoecological proxies to climate change....................427
6.2. Limitations of this study and recommendations for future research..........428
6.2.1. Limitations of thpalaeoecological analyses.............cccoovviiiriieineneenn.... 428
6.2.2. Limitations of the experimental Site..............eeeeviiiiiiiiiiee s 429
6.2.3. Representation of different peatland types..........cccccvviiiiiiiiniiiiinee, 432

6.2.4. Inability to fully explain the underlying mechanisms driving changes seen in the

EXPENMENTARIEALMENTS. .. .. e e e e 433

10



6.2.5. Limitations of the tea bag decomposition experiment and testing of climate

010X (L= PP PP PPPPPPPPPPPPPPPPP 434
6.3. RETEIENCES ... .o 437
Chapter 7: CONCIUSIONS. .........uuiiiiiiiiiee e 461
7.1. Response to project ODJECHIVES..........uuviiiiiiiiiii e 461
7.1.1. Calculate modern carb@udgets for the experimental treatments............ 461

7.1.2. Relate the lonterm context of carbon accumulation to the modern carbon
DUAQELS. ... ————————— 462

7.1.3. Test the sensitivity and effectiveness of palaeoenvironmental proxies to simulated
warming and droUGNL.............oooiiiiiiii s 462

7.1.4. Compare responses in the experiment with responses to real climatic change in
TN PASK. ... ——————————————————_ 463

7.2. GENETAl SUMIMIAIY. ... uuuueiieieeee e e ee e e eee e e e e e e e e e e e e e e e e e e e e e e e e e aaaaaeeaaeeeaeeeeeerereeeeeeeens 463

Appendix |: Chapter 3 appendices’lant community responses to experimental
climate manipulation in a Welsh ombrotrophic peatland and their

palaeoenvironmental CONEXL.............cooviiiiieriiiiiee e AO6

Appendix II: Chapter 4 appendice€arbon cycle responses to experimental drought

and warming in a Welsh ombrotrophic peatland in the context of late Holocene carbon

F= Todo1 U1 0 0101 =1 1T o FEUTUR RO 494

11



Appendix Ill: Chapter 5 appendice$esting the sensitivity of palaeoecological decay
proxies and litter decomposition to experimental warming and drought in a Welsh
ombrotrophic  peatland: Implications  for  peatland palaeoecological

StUdIEX X X X X X X X X XXX XXX XXX XXX XX XXX XXX XOBROX X X X X XXX X D

Appendix IV. Testate amoebae as nopollen palynomorphs in pollen slides:
usefulness and application in palaeoenvironmental reconstruction.................. 526

NOM®D® ! 0AGNI OGXXXXXXXXXXXXXXXXXXXXXERKXXXXXXXXX

4.2. Testate amOEDAE........uuuiiiiie e 528
4.3.Testate amoebae in palaeoecolagy............cccevvvviiiiiiiiiieiiiiiieas 530
4.4. Testate amoebae as ngollen palynomorphs in palynological slides.......... 531

4.5. Limitatiodd X X X X X X X X X X X X X X X X X X X X X X X X X X X B3 XX XX X X X X X
4.5.1. Differential preservation due to chemical preparatimathodsX X X X X X58X &

4.5.2. Lack of taxonomic detaX X X X X X X X X X X X X X X X X X X X X58X X X X X X X X X
4.6. ConClusSioEX X X X X X X X X X X X X X X X XX XX XXX XXX BHXXXXXXXXX)
4.7. AcknowledgementE X X X X X X X X X X X X X X X X X X X X X X X BBBE X X X X X X X X &

4.8. Referencefr appendix I X X X X X X X XXX XX X X X X X XXX PP D

12



List of Tables
Tablel.1. Tabledetailingpeatland climate manipulation experimensx X X X.X.70
Table 3.1. Experimental treatmentsof the Cors Fochno climate manipulation
AAKEXXXXXXXXXXXXXXXXXXXXXXXXXXXX XX X X XX
Table 3.2.Results of the statistical tests for vegetati@mmange over time in the
SELISNRAYSY Gl LI 208 XX XHORK KKK O XK KKK XKD D
Table 3.3Table of AMS*C dates from cor8017 Cors Fochno..........................214
Table 4.1 Averageminimum and maximum climatic conditions at Cors Fochno over the
period 29/04/2010cHY K T MK HA M P X X X X X X X X XRRKRK BK XK XK B XX P HCy
Table 42. Table showing the number and timing of greenhouse gas flux measurements
0 KNRdzZAK2dzi UGKS XKE RSN XXX X X X X8 X X ®DH
Table 43. Table showing the number and timing of dissal organic carbon
YSIFAdINBYSY T aXXXXXXXXXXXXXXXXXXXXXX28XXXXX
Table 4.4.Summary of generalised mixed effects lineawdel treatment effects upon
environmental conditionbetween2011-2018X X X X X X X X X XXX XK XXR2 9B

Table4.5. R values for models chosen for NER and GPP 9a@DCHT f dzEXSpadb o n

Table 5.1Climatic conditions during the experimental incubation period on Eochino
(09/19¢C 12/IPK X X X X X X X X X X X X X X 2XOOMKX X XXX X X X.X372
Table 5.2 Vegetationgroups assigned to plots by cluster analysis.................... F3
Supplementary Table 1. 5unmed vegetation/taxa counts from the experimental plots
frOM 2000- 2021 ... ettt e e e e e e aernanaa 472
Supplementary Table 1.2Testate amoebae relative abundance dater core

S MT XXX XXX XXX XXX XXX XXX XXX XX X XOOOMBBIDAX X X .

13



Supplementary Table 1.3Plant macrofossil datafrom core BO17(main peat
componentsrelative % abUNdanCe)..........ceeeeuiiiiiieieeieiiiiiiieeiiivit e 81
Supplementary Table 1.4lant macrofossil dataom core BO1{Macrocharcoal, seeds
=Yg lo o1 g (=T g =ToTo] = Tod K= TSR 86
Supplementary Table 1.Radiocarbon data from core BOLK X X X X X X X 29X X X
Supplementary Table 2. Rlant abundance data used to calculate Dupont Hydrological
INOEX SCOIES. ..ttt eeereeer e et e e et e e e e e e e e e e e e e a s e e e e e bne e e e s s e 496
Supplementary Table 2.Radiogenic lead?{®Pb) activity data............................ 500
Supplementary Table 2.3Additional chronological data used in the generation of the
agedepth model for Core BOLT............ouvverummmmmreeeeniiiiieeeeeeeeeeeeeeeeesaannnnnee e ens 501
Supplementary Table 2.42oncentrations of porevater dissolved organic carbon (DOC)
measured from withirthe experimentaplots............ccccoveeiiiiiieniiic e, 503
Supplementary Table 2.5Agedepth model peat accumulation rate, soil physical
properties and carbon accumulation rate data for core BO17.......................... 504
Supplementary Table 2.6Modelled annual carbon fluxes and net ecosystem carbon
budgets foreach experimental PlOt.............ooooiiiriiii e 508
Supplementary Table 2.Estimates of the generalised mixed effects linear models for
each greenhouSe gas flUX.........e e eeeeuiiiiiiiiiiiiiiiiiee et 513
Supplementary Table 2.8&stimates and significance of the fixed effects in the linear
mixed effect models for each component of the modelled carbon budget....... 515
Supplementary Table 2.9Basal radiocarbon ages and depths for the long cores BO18
(=0 < TSROSO 517
Supplementary Table 2.10Calculation of lorterm average apparent rate of carbon

accumulation for each long cofBO181¢BO180 0 X X X X X X X P X X X XHK X X X X X ®

14



Supplementary Table 3.1.Data used for all analysis of tea bag index and
palaeoecological deCOMPOSILIGITOXIES.........uueriiiiieeiiiiiiiiieiee e 520

Supplementary Table 3.2Description of the stratigraphy of core BO17.............525

15



List of Figures

Figure 1.1Simple model of the global carbon cycle showing its main componeB®
Figure 1.2Simple model of the peatland carbon cycle.............cccciiiiiiiis 44
Figure 13. Diagram illustrating methane production pathways in peatlatds X X.45
Figure 14. Figure illustrating how midange climate projections will affect areas with

existing peatland climate changeX X X X X X X X X X X X X X X X X X XXX X X X X X

Figure 2.1Location of the experimental SIte................uvvvviviiiiiiiiiiiiereeeee e, 118
Figure 2.2View from the central portion of Cors Fochno............................ 120
Figure 2.3Photograph ofSphagnum pulchrum...........cccccovvvviiiiiiiiiiiiiies 120

Figure 2.4 Experimental design schematic, showing the position of each experimental
plot along the boardwalk...............o e 122
Figure 2.5Photos ofinside of plotsshowing plot furniture and design................ 125

Figure 2.6 Photograph showing a typical gas flux measurement being taken..131

Figure 2.7Photograph of inside of flux chamber...............ccoo 132
Figure 2.8Tephra shards identified from Cors Fochno..............ccccceevinienennnnnn 143
Figure 3.1Satellite image of Cors Fochno, Ceredigion, West Wales................ 196
Figure 3.2Cors Fochno Experiment climate manipulation plots....................... 198

Figure 3.3Temperature variations between treatments for the year 2019........ 208

Figure 3.4Difference in water table depth@VTD) between pumped and not punmge

Figure 3.5 Responses of shrubs to treatments relative to controls over thgekh
L L=T ] 41T L RSP 211
Figure 3.6 Probability distribution functions of radiocarbon dates from core BO17

plotted against the INTCALZ20 calibration cfe¢ X X X X X X X X X X X X X.X1IX X X X X

16



Figure 3.7.Spheroidal carbonaceous partic(8CP) concentration profile for Cors
FOChNO COre BOLT.. ..ot 215

Figure 38. Age depth model for core BO17, based on integrated radiocarbon,

macrocharcoal and spheroidal carbonaceous parti(@€aPs)............ccevvvvevevvrnnnne 216
Figure 39. Plant macrofossil diagram for core BOL7............oooveviiiiieeeieeeennnnnnnns 218
Figure 310. Testate amoebadnferred water table depthreconstruction.............. 220

Figure 311. Relative changes in plant functional types and total number of close modern
analogues of vegetation community compositi@MAs) for each sampling interval

FrOM COME BOLT ... ettt e s 222

Figure 4.1Location of the experimental A { SXXXMX X X X X X X X X . @77

Figure 4.2Major element biplots showing tephra shard glass chemistry from the BO17

1, BO172 and BO1®B layers from core BOK/ X XX X X X X X X X X X X.X.X.200 & ®
Figure 4.3Agedepth model for core BO17 plotted using rplum........................ 292

Figure 4.4 Apparent rate of carbon accumulatiqaCAR) from core BO17, compared

WIth Other PrOXi€S....ccoooeei i 294

Figure 4.5.Results of ss correlationanalysis,showing timelagged correlations

between apparent rates of carbon accumulatio(aCAR)from core BO17 and
instrumentaltemperature datasets............ceeeiiiiriiiiiiiiiiii e 296

Figure 4.6 Logarithmic relationships between hydrological proxies and carbon
accumulatig/y X X X X X X X X X X X X X X X X X X X X X X X X X X P X 20K X X X X .
Figure 4.7.Biplot comparing observed and measured net ecosystem respiration

NJF S & XXXXXXXEKEKIKEEKKXXXXXXXXXXXXXXXZ®X XXX
Figure 48. Exponential models used to estimate £dhd gross primary productivity

(7= LTS RT 302

17



Figure 49. Timeline comparisons of predicted and modelled emissions........... 303
Figure 410. Timeline comparisons of predicted and modelled gross primary
PIOAUCTIVITY. .. eteeeeeeet ettt e et e e e e e e e e e bbb e e e e e e e aeee e e 303

Figure 411. Timeline comparisons of predicted and modelled net ecosystspiration

Figure 412. Box plots of modelled annual carbon budget flux components, displaying
differencesbetween experimentalreatMentsS.............uveeiiiieeiriniiiiiiiiiiiee e 308

Figure 413. Apparent rates of carbon accumulation for core BO17 compared with

modelled net ecosystem carbon budgets for all treatments.............................. 320
Figure 5.1Location of the experimental Site.................uvveiviiriiiiiiiiiciiieeeeeeeen, 362
Figure 5.2Photographs of the treatment plots in Cors Fochno.............c.cceeve. 364

Figure 5.3 Average éhourly time serieof environmental conditiongor Cors Fochno
during experimental incubation Period...............coovvvviiiiiieiiiiiiii s 371
Figure 5.4Differences in soil temperatures between treatment........................ 373
Figure 5.5Box plots showing the variation in the tea bag index paranssted palaee
proxy data between treatments and surface and buried tea bags..................... 375
Figure 5.6 Loss on Ignition (LOI), C/N ratios, residual % transmission, testate amoeba
inferred water table depttandvegetation community compositiochanges throughout
core BOL7X X X X X X X X X X X XEX X X X X X X XXX X........ X X X X7®
Supplementary Figure 1.1Differences in plant functional types betweaarmedand
CONtrol PlOtSOVET tIME .......uiiiiiiiiieiiii e . AD8
Supplementary Figure 1.Differences in plant functional types between pumped and

control Plots WIth tIME..........uuiiii e 469

18



Supplementary Figuréd.3. Differences in plant functional types between all treatments
WIEN BIMIE. ettt e e e e e e e e e 469
Supplementary Figure 1.4Differences in species responses betweearmed and
coNntrol PIOtS WIth TIMe..........ee e 470
Supplementary Figure 1.Differences in species responsesweéen pumped plots and
CONLIOIS WIth TIMIE...cciiiie e 470
Supplementary Figure 1.6Differences in species responses between all treatments
WIEN TIMIE e e e e e e e e e e 371
Supplementary Figure 1.7 estate amoebae stratigraphic diagram for BO17....377
Supplementary Figure 1.8\gedepth model performance graphs....................... 491
Supplementary Figure 2.MMean average air and sdilO cm) temperature and water
table data 201GH TH A X XX X XXX X XXX XXX XXX XXX XX XPK X X X X
Supplementary Figure 2.21%b results compared with other chronohorizons from the
surface 30 €M Of COMe BOLT.........uuuiiiiiiiiiiee et 502
Supplementary Figure 2.Zarbon content throughout cores BO1& 0 X X X X& X
Supplementary Figure 3.1Cluster analysis plots showing differences between
vegetation communities among the experimental plots during 2019................ 523
Supplementary Figure 3.2.Redundancy analysi®rdination plot showing the
relationships between palaeoecological proxies and tea bag index parameters for
surface(a) and buriedb) sampleX X X X X X X X X X X X X XXX XK XK K 4b24
Appendix Figure 4.1Testate amoebae schemafcX X X X X X X X XXHXXXXX529

Appendix Figure 4.2micro-photographs of selected testate amoeb& XX X XX529

19



List of Equations

Equationl: Equation for calculation of gas flux@3osseet al.,2015X X X X X.....130
Equation2: Equation to calculatdecomposition ratek for tea bag indexKeuskampet
alPz HAMO U XX X X XOOOROMOMNIHDK RO X XK XK X X3P
Equation 3 Equation to calculatstabilisation factorSfor tea bag indeXKeuskamp et

al.,, 20I3KX X X X X X X X X X X XXOQOMPHUPX X KK X X X X X X X XLZ7X X @
Equation 4 Equation for calculating density of spheroidal carbonaceous particles
(Swindles20I0XX X X X X X X X X X X X X X X X X X X X.X X X X X % XK ¥
Equation 5 Equation for calculating long term apparent rate of carbon accumulation

(Korholaet al,, 1995 KX EBE X X X X X X X X X X X X X X X X X X X X X X EZX X X X X X X

20



Acknowledgments

I would like to thank my supervisoRichard PayneSimon CapornJames Rowsaon
Nancy DiseRoland Gehrelsaind Ed Garrett for their guidancesupport,and patience
throughout this PhDiForRoland GehrelandEd Garretf | am especially thankftor you
both taking on supervisor duties for nairing avery turbulent timel would also like to
thank Katherine Selbyfor her help keeping me on traclas the chair of my TAP
committee. | thank the Leverhulme Trust for thesupport in fundinghis project and

my PhD

The help of my cauthors has been greatly appreciated. Thanks isidygarticularto
Maria Gehrels Michael Beckwith Eleanor Bartonand Martin Kay. Your comments

have madegreatcontributions towards the quality of these manuscripts

| amsincerey grateful forthe assistance dlatural Resources Walesho allowed me
access to thdield site andgrantedpermission to take samplem particulat | wish to
thankJustin LyongndMichael Baileywho haveboth been fonts oknowledgerelating
to Cors FochnoAdditionally, | wish to extend sincere thanksGoaeme SwindlesNeil
Rose Sarah DaviesRichard LindsayRichard Clymoand Andy Bairdfor their kindness
and willingness to offeassistance and advicas well aso JackLaceyGeoffMillward,

Alex Taylorand Chris Haywardor their contributions

| amindebtedto the many people who were kind enoughteke time out of theitbusy
schedules to assishe duringfieldwork campaignsin no particular orderl extend my
sincerethanks toAnna KeightleyRuochan MaAbby Mycroft, Alexandra Burkitt Chris
Cook Eleanor Barton Geoff RichardsEvelyn Greaved.ucy McMahon Steve Blake

Will Barropand Christine Gemmell

21



Huge tanks to the laboratory technicianblike Beckwith, Maria GehrelsMatt
Pickering Anthony JonesRebecca SuttonDeborah Sharpand Dave Hay as well as

to allthe administrative staff who have always been wonderful

Tremendoughanks to all my PhBohortandto the early careeresearchelcommunity
in general.l have beenextremelyfortunate during my time at York to haveet and
worked alongsideso manyinteresting and intelligent peoplelhe last few years have
been made all the more enjoyable Inaving such a dependable support netwoltk.
particular, | wishto thank Sophie Williamswho has beenminextinguishablesource of
positivity throughout and hasnspiredendless hilarity and joyAlso,to William Barrop,
for our sharedexperiences during fieldwork in Western Sibewiaich | will never forget
(no matter how hard I try)andto Tom Sinclairwho ensured that | remainedotivated

and healthyat times when | might not have been.

Last but not least, | would like to thank myehds and family. Especially my parents
who occasionallyfet me stay in their field free of charge during fieldwork campaigns.
Huge thanks tdohnand Janeat the YHA in Borth for their many weeks of hospitality.
Special thanks td@udur JonesArwyn Jones Andrew Edwardsand Will Hector for
always being therdor me. Massive hanks toAshley Simpsomwho, after over a year
and many failed attemptdjnally taught meto drive a carlt isimpossible to overstate
the impact this has had on my researdife, and carbon footprint Thanks toCary
Numan for being dependablegconomic,and spaciousl wish to thankZhe Guofor

looking after me.

This thesis is dedicated to the memoryRithard Payngwho passed away on the 26

May 2019 whilstlimbingNanda Devi in the Himalayas. He is sorely missed.

22



Declaration

| declare that this thesis is a presentation of origiwatk and that | am the sole author.
This work has not previously been presented for an award at this, or any other
university. All sources are acknowledged as referenths. ceauthors of the papers
presented in this thesis can affirm that they are subsitzely the work of the PhD

candidate, L. Andrews.

Primary data collectior{fbetween 2017¢ 2020) was planned and executed by Luke
Andrews. Field work was carried out by L. Andrews with assistance from R. Payne, J.
Rowson, S. Caporn, NsB®iand others aakowledged in the individual paperBetween
2010to 2017, fieldwork was conducted by R. PayheRowson, S. Caporn, NsdDwith

M. Kayjoiningbetween 2014; 2017. Laboratory work was conducted by L. Andrews and

M. Gehres. M. Gehrels analysed macrocharcoal and prepared samples for
tephrochronological datingcontributing todata for chapter four Microprobe analysis

of prepared tephra samples was carried out byHayward while analysis of'%Pb
activity was carried out by G. Millward and A. Tayhdt papers were written by the

candidate with ceauthors contributing edits and guidance.

A version of chapter three was published in Global Change Biology, submittdue

19th of Aug 2021 Thiswas published on th20th ofNov 2021. The full reference is:

Andrews,L.O., Rowson, J.G., Caporn, S.J., Dise, N.B., Barton, E., Garrett, E., Roland.
Gehrels, W., Gehrels, M., Kay, M. and Payne, R.J., 2021c&iamiunity responses to
experimental climate manipulation in a Welsh ombrotrophic peatland and their

palaeoenvironmental contexGlobal Change Biology

23



A version of chaptefour wassubmittedto the journalGlobal and Planetary Change
the 239 of Nov 2@1 and at the time of writing is under reviewhe editor is Fabienne

Marret-Davies.

A version of chapter five has been prepared and is ready for submission to the journal

Mires and Peat.

L. Andrews was invited to submit a papeviewing the usefulness of testate amoebae
in pollen slides as indicators of palaeohydrological chafoga special issuabout non
pollen palynomorphgublished bythe Geological Society of London. This was submitted
on the 20" Feb 2020 and was published on th& Blar 2021 and is included in the

appendicegAppendix V). The full reference is:

Andrews, L.O., Payn®.J.,and Swindles, G.T., 2021. Testate amoebae aspotian
palynomorphs in pollen slides: usefulness and application in palaeoenvironmental

reconstruction.Geological Society, London, Special Publicatidri$l), 153158.

24



Chapter 1 Introduction
1.1. Motivation
In 2015, global average atmospheric carbon dioxide concentrations exceeded 400 ppm
for the first time in recorded history. As of 2021, average rates exceed 415ppmaeand ar
increasing (NOAA, 2021). The past six years have seen record breaking global
temperatures, with 2020 and 2016 the warmest years since records b@gawsen,

2021).

azaild 2F GKS ¢g2NIRQa SOz2aedaisSvya | NBanétFTTFSOI
al., 2018). These impacts may affect ecosystem functions such as carbon cycling in
terrestrial ecosystems, potentially imptingfeedback mechanisms that may ametite

or intensify climate warminFieldet al.,2007). One such ecosystem is peatlands, which
store around 600 billion tonnes of carbon in their sffls, 2011). This has accumulated
throughout the past c. 10,000 years due to an imbalance between prodiycand
decay(Gorham, 1991; MacDonakt al.,2006). Peat initiation mainly occurs in cooler,
wetter ecosystems such as those that occuhigher latitudegLimpenset al.,2008; Xu

et al.,2018).While ropicaland Southern Hemisphempeatlandsalsorepresent globally
significant carbon storeand are alsaesponsive to the effects of climate change (Leng

et al, 2019) the focus of this thesis is on Northern Hemispheric peatlahadshe
NorthernHemispherethe biggest future changes in temperatures and precipitation are
projected to occur due to climate chan@eeeet al.,2021). These changes may disrupt

the carbon balance of peatlandBelyea, 2009; Frolkirgt al.,2011).
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Peatland ecosstems are complex and climate change may impact on a number of
' dzi23SyAO FyR Fff23SyA0 LINRPOSaasSa (KI G
stressors(Frolkinget al., 2009; Waddingtoret al., 2015). Peatlands influence climate
primarily through exchanges of two important greenhouse gases with the atmosphere:
carbon dioxide(CQ) and methane(CH) (Blodau, 2002; Bridgharet al., 2006). The
former is more abundant, but the latter has a more pateffect upon radiative forcing
(Forster et al., 2021). C@is mainly produced in aerobic conditions whereass CH
production occurs under anaerobic conditions beneath the water table, and peatlands
absorb C@by photosynthesis of plants and microbes livorgtheir surfacgBubieret

al., 1995; Wu and Roulet, 2014). Currently, pristine peatlands are considered to be net
carbon sinks, cooling global clima&orholg 1995; Frolking and Roulet, 2007).
However, the effects of climate change are likely to dffee proportion in which these
gases are emitted to the atmosphere from peatlands: warming may increase plant
productivity, increasing Giptake, but may also increase the rate of decay resulting in
increased C@production (Fenner and Freeman, 2001; &l and Yu, 2013). Likewise,
CH emissions may increase with rising temperatures but soil drying may reduce CH
production (Couwenburg, 2009; Huargt al., 2021). Climate change is also likely to
influence plant community composition in peatlands, whick &amdamental for peat
growth and ecosystem functionir(gvalkeret al.,2016; Dielemaret al.,2015). Changes

in peatland vegetation may influence carbon accumulation, decomposition rates and
CH emissiongWardet al.,2013; 2015; Beé#t al.,2018) Peatsoils aremainly composed
from the remains ofleadvegetation The character of theverlyingplant community
thereforedirectly influencerates ofcarbon accumulatioand decompositioriDieleman

et al.,2015;Walkeret al., 201§.Sphagnummossesare an important peat forming moss
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which function asecosystem enginesr maintainng peatland ecosystem functioning
(van Breemen, 1995Changes isphagnuntover and replacement by other vegetation
types €.9.,vascular plants such as shrubs or sejlgesy drive substantial changes in
soil biogeochemistryhydrology, plant productivityand decanposition (Ward et al.,
2013 Norby et al., 2019, resulting in changes in carbon cycling UK peatlands, a
particularly abundanshrub species i€alluna vulgariéWalkeret al., 2015).Thisspecies
forms associationswith ericoid mycorrhizal fungi in the $pallowing them toacquire
additional resources from the nutriersparse peti(Readet al, 2004).While sirubs
such agGallunavulgarisare able togrow rapidly, sequestering relatively largenounts
of carbon relative tslower growingSphagnummosses (Walkeet al., 2015) they also
produce oot exudateswhich may prime decompositionof belowground peat,
enhancing CPemissiongWalkeret al., 2016).Sedges are another type of vegetation
that commonly inhabit peatlandsn northern peatlandsthe most widespreadgedges
are thoseof the genusCarexand the speciesEriophorum vaginatunfRobroeket al.,
2017).Sedgesexhibitboth highproductivityratesandrapid biomass turnover, meaning
that they may contribute little to carbon accumulatig but like shrubs they can
stimulate peat decay byincreasing the supplgf readily decomposegblant litter and
root exudatesnto the subsoil(Marinieret al.,2004).Furthermore, sedges can increase
emissions of CHowingto some species possessisgecialisedellsin their rootscalled
aerenchymahat canfacilitate methane transportrom deep pea{Greenupet al.,200Q

Stracket al., 20063.

It is currently unclear how peatlands will respond to projected climate changes in the

future. Two different approaches are generally used to investigate this issue:
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Experimental and palaeoecological studies. Experimental studies manipulate changes in
envionmental conditions(e.g., temperature, precipitation) in laboratory or field
settings and monitor how peatland ecosystem functions and processes respond to these
changege.g., Warckt al., 2013, Dielemart al.,2015; Jassegt al.,2015; Wilsoret al.,

2016; Liet al, 2021). Palaeoenvironmental studies investigatew longterm
accumulation of carbon by peatlands, inferred from peat cores, changes in response to
climate over both space and tinfslauquoyet al.,2002; Gallegéalaet al.,2018). Both
approaches have specific advantages and limitations: Experimental studies can be highly
detailed and allow for control of climate variables, but are typically small scale, short
lived and are subject to experimental artefagt$§pdegraffet al.,2001; Johnsort al.,
2013). Palaeoecological studies allow for consideration of peatland responses to real
climate change events over tingeriods far longer than are possible with experimental
studies(multi-decadal to millennid), but do not allow for mechanisms dfi@nge to be
explored at the same level of detail as is possible with experimental st(d&squoy

and Yeloff, 2008). Additionally, carbon accumulation rates derived from peat cores are
subject to artefacts relating to differences in the degree of decontjosthat has taken

place through timeas well as by removal of peathich may occuas a result of wildfire
lossvia hydrological pathwaysrosion,or peatextraction Holden, 2005Ratcliffeet al.,

2018) Corederivedcarbon accumulation rates cannejuantify carbon lossefsom the
system(Younget al., 2019; 2020). Both methods are complimentary and could be
applied together for the same sit&his mayallow for a better understanihg of the
results of experimental studies in the contextlof & lorig&eamistory and to better
understand the mechasims that influence both shorand longterm processege.g,

carbon accumulationin peatlandgLamentowiczt al.,2016).
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However, these approaches are rarely applied together. The results of both approaches
are often very different. For example, experimental research in peatlands suggests that
climate warming may result in the rapid loss of ancient, deep carbdmarcingclimate
warming (Dorrepaal et al., 2009; Walkeret al., 2016). By contrast, much of the
palaeoecological research suggests the opposite: peatlands accumulate greater
quantities of carbon under warmer climatic conditiofMauquoyet al.,2002; Charman

et al.,2013; Gallegsaleet al.,2018).

The aim of this thesis is to understand how climate chamgeming and droughtinay
affect northern peatlands in an interdisciplinary studycombiningexperimental and

palaeoecological approaches to identify which result is closest to reality.

1.2. Aims, objectives and hypotheses

The objectivesof this thesisare addressed using a loterm climate manipulation
experiment that integrates passive experimental warming with simulated periods of
episodic, seasonal water table drawdown to determine the effects of climate warming
and drought upon ecosystem functiomsnorthern ombrotrophic peatland®roughts,

as defined in this study, refer to reduced precipitation resulting in low streamflow in
rivers and low water levels in lakes and groundwdi@n Loon, 2015PRalaeoecological
reconstructions are generated ugj a peat core taken from the sameatland adjacent

to the experimental site. The overarching aim of this thesis is to integrate

palaeoecological and experimental studies to better understand peatland ecosystem
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function and climate feedback responsesdiimate warming and increased drought

severity.

This thesis tests the following primary hypothesiZeatlands will impart a net positive
climate feedbackn response tprojected warming andhcreased drought frequencipe
to anthropogenicclimate changeThis will be accomplished by addressing four general

objectives:

1. Calculate modern carbon budgets for the experimental treatments

This study will measure G@nd CHfluxes and porewater DOC concentratidingem
experimentally manipulated plots oan ombrotrophic peat bog and assess how each
carbon flux differs in response to experimental warming, drought and combined
warming and drought. Functional relationships wil balculated between measured
carbon fluxes and environmental variables, and models used to estimate-yealti
annual carbon budgets fall measured carbon fluxesithin each plot, using logged
environmental conditions for each experimental treatment.e¥t multi year carbon
budgets will then be assessed to test the effects of each climate manipulations upon

annual carbon accumulation rates.

2. Relate the longterm context of carbon accumulation to the modern carbon budgets

This study will create a record of Late Holocene peat accumulation for the site where
the experiment is located, as well as letegm (Holocene) average apparent rates of

carbon accumulation. Averagg@parentcarbon accumulation ratgslerived from a peat
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core)will be calculated for known periods of climate change during the Late Holocene.
These results will be compared with the modernltiryear carbon budgets for each
experimental treatment, toassesswhere the carbon budgets for thalifferent
manipulationsfall within the late Holocene envelope. Finally, possible reasons for the
general disagreement between coderived carbon accumutian rates and estimated

net ecosystem carbon budgets will be explored.

3. Test the sensitivity and effectiveness of palaeoenvironmental proxies to simulated

warming and drought

This study will assess how organic matter decomposition rates and commady us
palaeoecological proxies for decomposition are affected by warming, drought and
combined warming and drought within the experimental site. The climatic sensitivity of
each palaeoenvironmental proxy to changes in temperatwighin the experimental
plotswill be tested. The chang@stemperature imparted by the experimental warming
are comparable to those that have occurred during the Late Holoc@&ne magnitude

and direction of changes observed within the experiment will be compared with changes
in each proxy reconstructed from the Late Holocene record, in order to see how

faithfully these proxies reflect climate change effects seen in the experiment.

4. Compae responses in thexperimentwith responsego real climatic changen the

past

This study will compare peatland responses to warming and drought seen in the

experiment with responses to real climate change that the site has experienced during
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the Late HoloceneBy correlating Late Holocene carboncamulation rates at Cors
Fochno with longerm (> 350 year)instrumental measurements of environmental
conditionsfor central Englangand reconstruded average temperature anomalidsr

the Northern Hemisphere relationships between longerm drivers of carbon
accumulationmay be explored. The drivers of losigrm carbon accumulation will be
compared with those governing contemporary carbon fluxes in the expatah@lots.
Furthermore, changes in vegetation community composition and carbon accumulation
rates between known periods of climate change: the Medieval Climate AnqiMal;

c. 950¢ 1250 CE) and the Little Ice A@4A; c. 135@ 1850 CEjMann et al.,2009)will

be compared with the annual carbon budgets from the experimental plots, to determine
whether the experiment realistically reflects the magnitude and direction of change

seen following climatic changes in the past.

Together, these objectives meet the overarching aim of uncovering the reasons
underlying the apparent disparity between the results of experimental and
palaeoecologicadtudies andwill reduce uncertainty as to how peatlands may respond
to future anthropogenic climate changedetermining their future role in the global

climate system.

1.3.Thesis structure

This thesis is presented as a sequence of three standalone papers, applying a novel suite
of interdisciplinary methods to address the above set of objectives. The first chapter
provides a general introduction, setting the motivation, aims and objectivethef

thesis. This is followed by a literature review summarising the background and rationale
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behind the project. The second chapter provides a comprehensive methodology for the
thesis, detailing how the objectives will be met using a radiftciplinary famework,
applying asuite of field, laboratory,and statistical methods. The third chapter assesses
whether changes in vegetation community seen in the experimental treatments are
represented by the longerm palaecvegetation record during past periodswéarming

and watertable drawdown.

In thisthesis,the following hypotheses are tested:

1. The experimental sitat Cors Fochnmnparts a significantreatment effect upon
air temperature and water table depth comparable to futyrejected climate
changedor the region

2. Ten years of xperimental warming drought and combined warming and
drought drives significant changes in plant community composition aor
experimental site

3. The effects of experimental warmingnd drought upon plant community
composition areamplified in the plots where these treatments are applied in
combination.

4. Changes in plant community compositioseen inthe experimental plots
resemblethose that occurred in the longerm vegetationrecord within the

samesite over the past c. 1500 yedrsresponse t@astwarming and drought.

In chapterfour, measured carbon fluxes and muear annual carbon budgets are

compared with corederived longterm carbon accumulation rates from the same site,
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and reasons for the apparent disparity between palaeo and experimental studies are

explored.This chapterésts the following hypothees:

1. Experimental varming droughtand combined warming and drought cause a net
reduction incarbon accumulatiomates within the experimental plots.

2. Experimental werming drought and combined warming and drougiricrease
the rate ofnet carbondioxide emissionfrom the experimental plots.

3. Experimental varming droughtand combined warming and drought reduce the
productivity rate of vegetation within the experimental plots.

4. Experimental varming droughtand combined warming and drougiicrease
the rate ofmethane emissionwithin the experimental plots

5. Experimental warming, drought and combined warming and droulgtriease
the production rateof dissolved organic carbasithin the experimental plots

6. Experimental warming, drought and combined warming and drowglse the
peatland to switch from a netirsk to a net source of carbon.

7. The effectsof warming and droughtipon eachcomponent of thecarbon cyat
areamplifiedwithin the combinedtreatment plots.

8. The main environmentaldrivers governingcarbon accumulatiorrates in the
experimental plotsresemble those that have controlledlongterm carbon
accumulatiorratesfor the same site.

9. Longterm carbon accumulation ratederived from peat coreare comparable
to carbon budget®stimated for the experimental plots.

10.Changes in arbon accumulation rates seen in the experimentally manipulated
plots resemble those seen duringvarmer and/or drier periods in the

palaeoecological recordf the same site
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Finally, the effects of experimental warming and drought upon organic matter
decomposition and stabilisation and the sensitivity of three palaeoecological
decomposition proxies are testesh chapter five This chapter tests the following

hypotheses:

1. Increased temperatures and drought frequency increthserate of
decompositiorfor below and aboveground litter.

2. Thesechanges are driven hgifferences in environmental conditionsuch as
temperature, water table depth and vegetation community composition, within
the experimental plots.

3. (Changesn decomposition and litter stabilisation ratese reflected by changes
in the palaeoecologicgbroxies.

4. The danges seen in the palaeoecological proxies in responsggderimentally
simulated warming and droughéflect those seen in the palaeoecological
record in terms of magnitude and directiamresponse® past climate

warming and/ordrying

Chapter sisynthesises the results of teethree chapters andliscussesheir overall
implications fitting them into the context of the existing literaturanddiscussgthe
implicationsof these findings fopeatlands in the UK arfdr northern peatlands as a
whole. A final concluding chapter describes how, when taken together, the chapters
meet the aims and objectives of thisesis andvhether wecanaccept the primary

hypothesis.
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1.4.Literature review

1.4.1.Climate change

¢KS EBROKY y3ISQ R SaadsNdktters &harfges yiiatal, regional, or
global temperature and weather patternst K N2 dz3 K2 dzi 91 NI KQ&
greenhouse gasoncentrationshaveinfluenad globalclimate (MacDonaldet al.,2006;
Haywoodet al., 2011). For examp#, the transition between the generally warmer
Medieval Climate AnomalMCA; c. 95@ 1250 CE) to the cooler Little Ice AgeA; c.
1350 ¢ 1850 CE) was associated lwiteduced atmospheric C®concentrationsof

between 7¢ 10 ppmv(Lamb, 1965; Manet al.,2008; 2009).

The global carbon cycldescribesthe movement of carbon between the ocean,
atmosphere,and terrestrial biosphergIPCC, 2021Figure 1.). The carbonbased
greenhousegases Cgand CHareimportant componentsof thiscycle(Friedlingsteiret
al., 2020. Sincel750, atmospheric concentrations of €dhd CH have riserby 47%
and 156 % respectivelymainly as a consequence @nthropogenic activities such as
fossil fuel combustioand land use changéd?CC, 2021). This haarmedglobal mean
surface temperatures, such that 2001 2020 was the warmest 2@ear periodin
recorded historywith temperatureshigherby c.1°Crelative t01850¢ 1900 baselines
(IPCC, 2021)Prnjections of future climate changeindicate that global mean
temperatures will continue to increase throughout thes2dentury (Loweet al.,2018;
IPCC 2021Eventhe most optimistic projectionsndicate that global temperatures will
increaseby at least 1.5 °@y 2100(IPCC2021) Climate warming iprojected toaffect
global weather patternschangeregional precipitationrates, and may increa® the

frequency and intensity of drougbin some regiongLeeet al.,2021).
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Figurel.l. Simple model of the global carbon cycle showing its main comporfeigis.e
adapted from IPCC, 2021.

Terrestrial ecosystems such as peatlaads important contributors tahe biological
carbon cycle, exchanging £&ahd CH with the atmosphere and storingast quantities
of organic carbon in their soi{§&orham, 1991; Clymet al.,1998; Davidson and Jasss,
2006; Nichols and Peteet, 2019her ability to sequester and storearbondepends
upon prevalentlimatic conditionghat govern the balance between carbon uptake and
microbial decayHarendaet al.,2018). Future climate change threatens to disruptith
balance, potentially releasing ancient, storetbon into the atmospheréChapiret al.,
2006 Dorrepaal et al.,, 2009. Ths potential for climate feedbackmeans that
understanding how peatlands will respond to future climate changesn important

research priorityWilsonet al.,2016; Hopplest al.,2020).

1.4.2. What are peatlands?

Peatlands are terrestrial wetland ecosystems characterisatidiyanoxicwaterlogged
soils which arecomposed mostly of organic mater{g60 %)Joosten and Clarke, 2002;
Chambers and Charman, 200Bgatlands differ from other terrestrial wetlands due to

their shallow water tableand anoxic biogeochemistryhat facilitates their highly
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efficient carbon store functiofCharman, 2002)lheyare important habitats fomany
specialised species pfantsand animals and provida wealth ofecosystem services
that areof importanceto society,such agirinking water provision, flood mitigation and

carbon sequestratiofiGorham, 19916 aoet al.,2016;Fenneret al.,2021).

Peatlands covermproximately4.2 million kn¥ of terrestrial land roughly equivalent to
the areacovered byall EU member statgqXuet al.,2018) Theydevelopwhereclimatic
and topographic conditionallow fororganic matterto accumulate more quickly thah
can decay(Clymoet al., 1998. These conditions are most prevalent the Northern
Hemisphergbetween 45¢ 75 N), wherec. 80% of albeatlands reside, with the largest
concentrations found ilRussiaCanadaand theUnited States of AmericiLimpenset
al., 2008 Xuet al.,2018). In these regions large proportionof peatlandsare underlain

by permafrost(Hugeliuset al.,2020).

1.4.3. Peatlandformation, classificationand development

Modern peatland initiationin the Northern Hemispherebeganfollowing the end of the
last Glacial Periadlhe oldest sites develaalin icefree portions of North America and
Asiac. 16 ¢ 14 kyr BP (thousand yeardefore present: 195QCH followed by more
widespread initiation as glacial ice recededith the highest rats of peat initiation
occurringbetween12 and 8kyr BP(MacDonaldet al.,2006). Peatnitiation occurs by
three pathways: lterrestrialisation where organic matter fills a lake or depression until
peatland vegetation establishes; @rimary peat formation on exposed mineral soils

where peat develops without an aquatic phadbleet al.,1984; van Breemen, 1995)
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and 3. paludification, where peat expands laterally from its site of initigf@rholaet

al., 1996; Andersoret al.,2003).

Methods for the classification of peatlds differ regionally and between disciplines
(Lindsay, 2016)Peatlands are mostly described in terms of their hydrology
example, onbrotrophic(rain-fed) bogs depend upon precipitation for their hydrological
and mineral inputs, whereas minerotrophierfs are fed by ground or surface water and
thus their soils are relatively enriched by nutrients and minef@lkeeler and Proctor,
2000; Bridghanet al.,2008). Fens can be further classified by the relative richness of
their mineralogical supply, rangirfigom relatively nutrient poofoligotrophic) to heavily
enriched(eutrophic) sitegLindsay, 2016). Fens may also be differentiated by their water
source: some are fed primarily by ground wai@pogenous) while others by overland

water flow (soligenousfWheeler, 1984).

Followinginitiation, peatlands undergo gradual vegetational sgsionsresulting in
ecological transitiorin response to changes in their hydrology and nutrient supply over

time (Granathet al.,2010). For example, a fen may transition into a relatively nutrient
RSTAOASY (G WLR2NI FSyQ 2 N vedcalpyadacdunfulatdry 6 NP (
separateshe surface peat from its groundwater supplyngram, 1982; Belyea, 2009).
Transitions intambrotrophicbogsonly occurin areas where precipitation ratexceed

those of evapotranspiration and rwoff, allowing apostive water balance to be
maintained(Lindsay, 2016). Ombrotrophic bogs often difiemn one-anotherin terms

of their continental setting oceanic bogs receavincreased supplies of nutrients and

ionsfrom seawatethan continental siteand thus often exhibit differing vegetation and
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ecosystem functiongSparlinget al., 1967). Large differencesin pore waterchemistry,
litter quality, trace gas flles carbon accumulation rates and water table leveds
occur between sites ofdiffering trophic status(Bridghamet al., 1996; 1998; 2008;
Chapinet al., 2004).Differences imutrient supplyoften mean peatlands exhibit large
variation in plant community compositionvith fens typicallyhavingmore abundant
sedgesand limited shrubcover, while ombrotrophic bogs are mostly dominated by
mosses(Lindsay, 2016)These differences in vegetation may explain tlaiation in
ecosystem functioningpetween fens and bogs, since plant community composition in
peatlandsare key drivers behind many ecosystem functiGh&ard et al., 2013; Kuiper

et al.,2014; Robroelet al.,2015 2017.

The waterloggedacidic,and nutrient deficient conditioacharacteristic opeatlandsoils
are hostile to many types ofvegetation thus northern peatlandsare botanically simple
ecosystemgRodwell, 1991 )Northern peatlandsretypically dominated by bryophytes,
particularly in the case of ombrotrophic bofi®ydin and Jeglum 2006) Mossesof the
family Sphagnaceaare characteristic of northern peatlands and are widebnsidered
to be the most important peaforming vegetationin the world (van Breemen, 1995).
Sphagnummossesgrow vertically from their terminal apexthe capitulum). They
feature multiple branches that radiate from a central stem, coveredsibglecelled
leaves featuring two distinctive cell types Onetype of cellis enlarged, porous and
thickened facilitatingwater storage anderticaltransportto the growing parts of the
plant (hyaline cells) The other cell type is smaller and enclosed, facilitating
photosynthesigchlorophyllosecelly (Clymoand Haywargd 19&8). Sphagnummosses

are fundamental to the stability and resilience mdrthern peatlandqTuretskyet al.,
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2012) produdng decayresistant litter (Dorrepaalet al., 2005; Wardet al., 2009)
antimicrobial compounds that inhibit demposition(vanBreemen, 1995; Opetit al.,
2007) andcontributing to the water-holding capacityof peat, whilst simultaneously
creating their own ecological niche at the expense of other vegetdtian Breemen,

1995).

Despite the adverse growing conditions createdSphagnunmossesother vegetation
alsofrequently co-occurin peatlands(Dorrepaalet al.,2005; Kuipeet al.,2014). These
includevascular plants such as sedges, forbs, graseesbs,and trees The latter two
often occur asstunted, dwarfed formsdue to the nutrient deficient and waterlogged
conditions in which they growvan Breemen, 1995)The distribution of peatland
vegetationvaries within sitesacross ecological gradientglatingto spatialvariationin
nutrient availability and hydrologfAndersenet al.,2011). Thes spatial differentiation
results inthe development oinundulating microtopographgcross peatland surfaces
Within this heterogenous landscapéhe distribution of competing speciedepends
upon their ecological preferencéfnderseret al.,2011).Dry-tolerant speciesnayform
raised hummocksvhile others occupy hollowsor lawnswhich areclose to the water

table (Clymo and Pearce, 1995; Andersral.,2011).

1.4.4. Peat accumulationcarbon cycling and storage

Peatgrowsover thousands of years as vegetative material accumulates vertically over
time. Decomposition ignhibited by the anaerobic and cool conditioms the subsoil

(Yavittet al.,1997; Billetet al.,2010).Organic carbon stored within thisuried organic
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matter may be storedfor thousands of yearsinder these conditiongDavidson and
Jassens, 200@elyea, 200P Thesteady accumulation of peaver thousands of years
has resulted innorthern peatlandsstoring more carbon than any other terrestrial
ecosystemegestimated at around 612 billion tonnes of carb(@t C)(Yu 2011)despite
their relativelysmall extent(c. 3 % of terrestrial landover) (Gorham, 1991Xuet al.,
2018. Thisconstitutes around one third of all terrestrial soil stock§&orham, 1991
Waddingtonet al.,2015), while some estimatesuggest thathe peatland carborstore
is higher thanl000 Gt GNichols and Peteet, 2020)he continuous sequestration and
storage of atmospheric carbon by peatlands since their initiatsoastimated to have
cooled global temperatures by :50°C throughout the Holocer{Korholaet al.,1995;
Frolking and Roulet, 2007eatlands do not alwaykave acooling effect upon global
climate (MacDonaldet al., 2006). Peat soilsanalsobe sources ofjreenhouse gases,
emitted in the form of C@and CH, which are producedis end products of decay

processesn the peat(Blodau, 2002; Bridghaet al.,2006).

A sinplified version of the peatland carbon cycle is shown by Figj2é>eatland carbon
balances are governed loyfferent processesccuring within twaoseparate stratigraphic
zones, dferentiated byaerated(oxic) and permanently waterloggédnoxic)conditions
(Frolkinget al., 2009). The uppermostzoneg representing recently accumulated peat
above the water table is termed the acrotel(mgram, 1978). This zone is typically
between20 ¢ 30 cm thick and isharacterised by fluctuatingoil moisture leveldiving
vascular plantoots anda large supplyf labile (readily decomposedyrganic maerial
(Lindsay, 1968; Limpenset al.,2008). In the acrotelm, peat is relatively uncompacted,

allowing forwater to flow both lateraly and verticaly (Reeveet al.,2000; Jenningst
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al., 2020). Here, amospheric C@ is sequestered byautotrophs (vegetation and
photosynthetic microbesin the uppermost surface(Jasseyet al., 2015). Northern
peatlands typically sequester €4 a rate of between 20 to 60 g €QCm2y?* (Wu and
Roulet, 2014), with productivity rategvernedby the availability ofight, temperature,
soil moisture andhe composition of theoverlyingvegetation communityFrolkinget
al.,1998; Bubieet al.,1999; Dinsmoret al.,2013; Peichét al.,2018).Within this zone,
aerobic conditions allow heterotrophic microbes to use oxygen in their metabolic
processesproducing mainly C{as a byprodud of the decayof organic méer (Clymo
and Hayward1982). Thehighabundance of labil¢eadily decayedprganicmaterialin
the acrotelmmeans that c. 996 of all the carbontered in this zonas promptly returned

to the atmosphergGorham, 1995).

Decay ratesdecline as temperatures fall and recalcitrafitecay resistantjorganic
matter concentratiorsincrease with depthihroughout the peat profil§Gorham, 1995;
Moore, 2002).Remainingburied organic materiakeventuallyentersthe zone of peat
permanently beneath the wateiable, termed the catoteln(ingram, 1978 This zones
characterised by reduced hydraulic conductivity, lower soil temperatures thed
presence omethanogensorganisms of the kingdom Euryarchae@@@main Archaea
These nethanogengroduce CH as the finalproductin the decay obrganic maerial.

In the catotelm, therate of decay is greatly reduced and organic carbon entering this
zone may be stored for timescales from centuriesntdlennia (Wilsonet al., 2016).
Radiocarbon analysis of £&hd CQemissions from peat suggests that most trace gas
emissions derive from recently deposited material rather than older caf@arman

et al., 1999; Chasaet al, 2000; Wilson et al., 2016) This suggests that most €H
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production is notentirely derived from the older accumulation of peat buried at depth
(Chasaet al.,2000. Therefore, although decay processes do continue at depth, carbon

storedwithin the catotelm is moreor-less stable.

Because thelepth of each zone is defined by tieightof the water table hydrological
changedeterminethe volume & substrateavailablefor aerobicand anaerobiacecay
to occur (Rowsonet al., 2013). Lowered water tablesresulting from drought or
anthropogenic disturbangencreasethe depth of the acrotelmgenerallyfacilitating
increasel CQ emissions and redueg CH emissiongTuretskyet al.,2008; Frolkinget
al.,2011). Such changemn causendividual peatlands to switch from being net carbon

sinks to source@Moore and Roulet, 199&AImet al.,1999).
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1.4.5. Methane production, emission,and oxidation

CH production (methanogenesispccurs under anaerobic conditionsand is mainly
driven by soil moisture andvater table depth(Moore and Roulet, 1993ubieret al.,
1995. Other important controls also includeplant community composition
temperature the character of thenicrobial communityandthe chemical propertiesf
the soil(Turetskyet al.,2008 Wardet al.,2013) Due to thenumber offactors that can
influence methanogenesighe rate of CH production can show greatspatial and
temporalvariation(Moore et al., 1990) In peatlands, acetlastic methanogerssand
CQ reductionare the most common pathways f@H generation(Conrad, 1999%igure
1.3). In fens with a high abundance Gfarexsedgesthe supply ofhigh-quality root
exudates has been shown téavour CH promotion by acetate fermentationGalandet
al., 2005; Keller and Bridgham 2Q0Woyceet al., 2014 whereas in Sphagnum
dominated peatbogs more methane is produced by the reduction dfssolvedCQ
(Kellyet al.,1992).

Figurel.3. Diagramillustratingmethaneproduction pathwagin peatlands (Based upon

CO,
Autotrophs fix CO,

from atmosphere by photosynthesis

Oxic zone

Anoxic zone

Kotsyurbenkeet al., 2019).
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In general CH productionratesincrea® along with increasing temperatures and fall
with increased water table deptfTuretskyet al.,2008; Frolkinget al.,2011) Methane
productionrates are alsonfluenced by theabundance of other microorganisntisat
compete with archaeafor metabolic substrates(Kotsyurbenkoet al., 2019) such as
sulphate or iron reducing bacteria and acetogens (Huregex.,2015) A large portion
of the CH produced by peatlands is oxidised into A methanotrophic organismm
the oxic layemabove the water tabl¢Smemo and Yauvitt, 2011; Gumtal.,2012; Boon
et al., 2014) The balance between GHproduction (methanogenesis) and oxidation
(methanotrophy) determiesthe rate at whichCH is emitted from peatlands into the
atmosphere(Couwenburg, 2009 5ome methanotrophs are symbiotic wiBphagnum
meaning thatthe presence oSphagnunmay limit the amount of CH releasedfrom

peatlands(Hornibrooket al.,2009;Kipet al.,2010;Nicholset al., 2014)

CH istransported through the peainto the atmosphereby three pathways: diffusion
through the soil ebullition (bubbling) andvia plant mediated transport channelled
through gas conduitiermed aerenchyma, preseirt the rootsof vascular plant species
mostly sedgdype vegetation (Bubier and Moore, 1994; Joabssat al., 1999;
Couwenburg, 2009; Greenuwg al., 2000). Aerenchymare an adaptation thagallow
species possessitigem to surwe in waterlogged soilsy providing aroute for oxygen
to reach ther growing rootgKelker and Chanton, 1997)ansportof CH eitherthrough
aerenchymaor by ebullitionmeansCH canbypasshe methanotrophiclayerat the peat
surface and thushigh sedge abundance can lead to large @HissiongSegers, 1998;

Bridghamet al.,2013; Couwenberg, 200Because sedgeasdten develop roots that can
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be tens oftentimetresdeep, the presence athesevegetation mayreatlyenhanceCH

production and transportgreatly increasing Glgmissions (La2009).

Ebulliton is anothermajor pathway for methane emissions from peatlands (Rangtez
al., 2015). Ebullition is the process wherel3H is emitted to the atmosphere as
bubbleswhichform when pore waters becomsupersaturaied with CH, (Chanton and
Whiting, 1995)These bubbles accumulatathin the porespaces in the peandtravel
through the peat column as more ¢id prodwced(Ramirezt al.,2015) If these bubbles
are emitted slowlymuch of this CHmay be consumed by methanotrophlsowever
abrupt emissions can occlirthis gas is suddenly released allbaice, either the result
of agas pressure thresholoeingcrossed, ofollowing disturbance(Lai, 2009 Ramirez

et al.,2015).

Greenhouse gases have differing radiation absorption efficiency and atmospheric
residency timestherefore their effect upon climatds oftendisproportionate totheir

total emissionsPeatlands are one of the biggest natural sources of atmospherc CH
emitting almost as much GHannually as is produced by human activiiyikaloff-
Fletcheret al., 2004; Frolkinget al., 2011). ChWis an important greenhouse gas,
contributing c. 20% of all radiative forcingated to greenhouse gassasd contributes

the most to climate change after GQ@espite constituting only a minute fractigo. 1 %

on amol/mol basis)of total atmospheric cdron (Abdallaet al., 2016). The elative
contributions of greenhouse gasare oftencompared using an index known as Global
Warming Potentiagf GWP) This indexaccounsfor differences irthe radiative properties

and atmospheric lifetimesf different greenhouse gase®lative to CQ (Stokeret al.,
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2013). Most studies follow the Kyoto Protodot estimating GWPwhich usesa 100
year time horizon and only considedirect radiative effectof greenhouse gapulse
emissiongGrubbet al., 1999; Roulet, 2000)The IPCConsides CH to have a GWPc.
27.2 times higher than C®over a 100year horizon(Forsteret al., 2021). By this
protocol, the combinedcontributions of C@and CH from peatlandsare frequently
consideredo act asnet sources of atmospheric greenhouse gasasl thus contribute
towards climate warmingver short timescale§/NVhiting and Chanton, 200 Frolking
and Roulet2007). However, oved 00 yeas, the warming effect ofCH, which has an
atmospheric haHife of c. 8.6 yeargjiminishes(Muller and Muller, 2017)By thistime
the warming effect ofhe remainingCH isovercome by the net sequestration of €14y
peatlands,and they areconsiderednet greenhouse gasinks imparting a net cooling
effect upon global climaté-rolkinget al.,2006; WhitingandChanton 2001; Frolking and
Roulet, 2007)However,GWPestimatesare highly uncertaindue to their reliance on
several doubtfulassumptions e.g., that atmospheric concentrationf greenhouse
gasesare unchanging over tim@Roulet, 2000Lashof, 2000Theymay be misleading,
because thesestimates are based upon single puésaissionsand donot considerthe
cumulativeeffects of changes i@H emissionover time(Allenet al., 2018;Lynchet al,

2020).

1.4.6. Hydrologicalcarbon fuxesfrom peatlands

Another important yet often overlookeacomponentof peatland soicarbonfluxes are
those lost via hydrological pathways the form of particulate and dissolved organic
carbon (POC and DO@ys well as dissolved inorganic carb@C) (Freemanet al.,

2004a; Dawsonet al., 2004; Stracket al., 2008; Dinsmoreet al.,2013. DOCincludes
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organic carbon smaller thab45um (Thurman, 1985andis comprised of a mixture of
simple organic acids and complex molecules such as humic and fulvic acids, principally
derived from plant exudates and soil organic matt@oore and Dalva, 2001;

2 A012YANR] A | y).Btudiek df aggadic|caron fluxieampeatiandgend

to focus onDOC because the other fluxes typicallgpresenta relatively insignificant
portion of peatland carbon lossegarticularlyin pristine siteswhere peat erosion is
minimal(Lindsay2010;Dinsmoreet al.,2013) although a certain amount of DIC can be

added in the form of dilute carbonic adidrainfall andas dissolved GQLindsay, 2010)

Fluxes of both POC and CAf@ generallyconsidered to bedw from acidic peat soils
although both have the potential teepresentimportant carbon fluxegrom peatland
systemgDavidson and Janssens, 199Rese fluxes @ commonlyignoredin peatland
carbon budgeting studies (Ryder al., 2014) with the exception of d&ew studiesfor

upland peat catchmentm the UK(e.g.,Worrallet al.,2003; 2007).

DOCcan bequantified both in terms of itsin-situ production and exporfrom a site
(Stracket al., 2008). Porewvater DOC concentrationgary widely betweensites with
valuesranging from3 to 400 mg-t, although valuesypically averag around 30 mg#
(Stracket al.,2008). DOC productidmas beerinked to several physical and hydrological
factors including soil properties andascularplant productivity, with increased root
exudate supply promoting DOC productiioore and Dalva, 2001; Freema al.,
2004g; Dinsmoreet al.,2013). Reduced saihoisture has been shown to increase pore
water DOC production bgnhancing the rate opeat erosion(Holden, 2005). Other

factors include changes inatmospheric CQ concentration, higher air and soll
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temperatures,changes immicrobial and enzymactivity andsoil chemistryWorrall and
Burt, 2008; Freemast al.,2001a; 2004; Monteith et al.,2007; Oulehlest al., 2013;
Kanget al., 2018). DOC concentratisnn waterwayshave increased inpeatland
dominated catchmentthroughout the past few decadgSchlunz and Schneider, 2000;

Freemaret al.,2001; Worralket al.,2003 Evanst al.,2012).

While future changesn water table depth vegetation,and droughtsdue to climate
change may enhance D@@oduction (Freemanet al., 2004a; Tanget al., 2013) the
increasel DOQproduction seen in recent years has been attributedctmngingDOC
solubility following recoveryafter acidification(Kanget al., 2018) Theexport of peat
DOCis controlled byhydrologyand is greater in peatlands with higher discharge rates
(Pastoret al.,2003; Freemaret al.,2001). Large hydrological carboriluxescanoccur
followingextreme flow eventsuch as storméHintonet al.,1997 Austne<et al.,2010),
especially followingperiods of prolonged drought,as biogeochemicaland physical
changegpromote decomposition and erosion of pg@reemaret al.,2001;Worrall and
Burt, 2004;Worrall et al.,2006;Ryderet al., 2014) DOC fluxe$ollowing storm events
tend to behighestduring the summer and autunmelative tothoseoccurringduring the
winter and springdue to therapidflushing of DO@roduced duingthe warmer months

following thefirst heavy rainfall evengKohleret al., 2009;Jenning®t al., 2020.

Rates of DO@fflux from intact peatlandgypically rangebetween 10¢ 20 g C rhfyr> ™

(Frolkinget al.,2009) butcanbe as high as 2§ 40 g C m*yr> Yrom degraded sites

(Billett et al.,2004; Dinsmoret al.,2010; Strack and Zuback, 201Byerefore DOC can
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representanimportant carbon fluxsufficiently large tacausea peatlando switchfrom

being a net sink to a net source when considered in annual carbon budgets

1.4.7.Nitrous oxide

In addition to C@ and CH, peatlands contributethe greenhouse ga#\.O to the
atmosphere. MO hasa GWP 23 times greater than C{bver a 106year time-period
(Forsteret al.,2021). However, fluxe®f this gasare negligible from intact peatlands
whichcontribute less than 0.2% dbtal N>O emissions from natural sourcéSrolkinget
al., 2011) Although these relatively small emissions have the potemtialmpart a
significant climate forcing affect considering their GWED is not a component of the
carbon cycleof peatlands Forthese reasonsve do not consider pO emissionsn this

study.

1.4.8. Effects of anthropogenic dsturbanceon peatland carbon cycling

Althoughnatural peatlandsire considereaverallnet sinksand storesof carbon these
ecosystem functiondave been negativelympactedby anthropogenic disturbancia
recent centuriegTuretsky and St.ouis, 200% Approximately 156 ofall peatlandshave
been degradedby human activities such adrainage, land conversion for agriculture,
grazingburningand depositbn of atmospheric pollutants such as nitrogen and sulphur
(Turetsky and St.ouis, 2006Payne 2014;Meyeret al.,2015;Joosten, 2016 In Europe,
this disturbancehasdisrupted peatland hydrologgver the past c. 300 yearsuch that
only c. 50% of the estimated c. 600,000 %af existing peatlands arestill actively

accumulating peafTannenbergeeet al., 2017 Swindleset al., 2019. These changes
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have caused mangegradedpeatlands to become net carbon sourqg@airetskyet al.,
2002) despite a net reduction ilCH emissionsfollowing water table drawdown
(Drosleret al.,2008; Swindle®t al., 2019; Frolking and Roulet, 2007; Turetskyal.,
2012).Even in relatively pristiner restoredsites, peatlandunctioningmay be affected

by past disturbances or atmospheric pollutigralbotet al., 2014; Swindlest al.,2016).
Anthropogenic disturbance can alatier the vegetation composition in peatland$his
may begradual in responsdo changes in environmental conditiofi3ageet al.,2016),

or abrupt, resulting fromchance eventssuch aswildfire (Shiller et al., 2014)
Anthropogenic pollution, such as increased inputs of atmospheric nutrients, also drives
local or regional extinction of key specisach as the case f@phagnum austiniwhich
was aformerly comma speciesn northern peatlands prior to its widespread decline
over the past c. 2000 yearSwindleset al., 2015 Schillereffet al., 2021). Changesin
peatland vegetation compositiohave been shown tanfluencecarbon accumulation
rates and greenhouseagemissiongMalmer and Wallén2004;Wardet al.,2013;Gatis

et al., 2016; Swindleset al.,2019) Changes in thestoichiometryof phosphorous and
nitrogen in peat soilsdue to human activities can also influence decomposition rates
and carbon accumulation rates, which miaytially stimulate peataccumulation,but
also higher rates of decay once certain ecological thresholds are cr{f3ceitiereffet

al., 2021).Peatlands argetherefore, susceptible to become carbon sources as a direct

result of human activities.

1.4.9.The role of peatlands in the future climate system
In recentyears, there has been growiragvareness of theotential vulnerability ofthe

peatlandcarbonbalanceand store to anthropogenicclimate changeimpacts(Millar et
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al.,2018). Processes that increase the rate of carbon emissions to the atmosphere could
amplify climate warmin@Belyea, 2009; Frolkirgg al.,2011).Climate change is expected

to transform the ecology and ecosystem functioning of peatlandsodifying
decompositionrates, hydrology,and vegetation communitieBuet al.,2011) Climate
change driven increases in land surface temperatures and changes in precipitation rates
are projected be greatest in the northern latitudes where most peatlands rg3idet

al., 2018; Leeet al., 2021)(Figurel.4). Thestability of thevastcarbon poolstored by
northern peatlandsmay be vulnerabléo such changeswhich threaten to disrupt the
hydroclimatic balance favouring peat accumulation above degagh oncern ishased

on severalstudieswhere warmer and drier conditions & to enhanceddecayrates

from peatlandgIseet al.,2008; Dorrepaatt al.,2009; Fenner and Freemg011).Drier
conditions may promote CG(production in peatlands but also suppressis@hhissions
(Huanget al.,2021). These two competing responsesfound attempts to determine

the magnitude and direction of future climate feedbacks from peatlands in response to

warming(Losielet al.,2021;Huanget al.,2021).
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Figurel.4. Figure illustrating how midange climate projections will affect areas with
existing peatland climatehangea. PEATMAP, showing global distribution of peatlands.
The horizontal dashed line reflects the position of the garfallel. All peatlands north

of this line are northern peatlands. Figure from &fual. (2018). b.Projected anual
mean temperature changdsr the period 20812100relative to 18561900 baselines at
2°C global warming. c. annual mean changes in precipitébiothe period 20812100
relative to 1850; 1900 baselinesPaneld andc are adapted fromPCC(2021).

On one handwarmer temperaturesre likely toenhance decay rateand promote CQ@
emissionssufficient to alter the carbon sink capacafmany peatlandglseet al.,2008;
Bridghamet al., 2008; Dorrepaaét al.,2009; Huanget al., 2021).Such a change may
lead to substantial losses of deep, ancient pgarrepaalet al.,2009).Changes in soil
moisture and thermal regimes magxposeformerly waterlogged peato oxygen

increasingates ofaerobic deay(Blodauet al.,2004; Roulett al., 2007; Bridghanet
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al.,2008; Walkeet al.,2016) Increased patland carbon emissions may be triggered by
the ¥nzymic latcmechanism(Fenner and Freeman, 2001; Freemetnal., 2004).
Waterlogged conditions inhibit pheh oxidase activity an enzyme that degrades
phenolic compoundghat limit organic matter decompositioim peat. Increased phenol
oxidase activity may occur as peat is oxygenated following drought or increased
evapotranspiration(Fenner and Freeman, 2001). This magrea® CQ and CH
emissiongand promoe the production ofDOChy removing theconstraints thatusually
inhibit decay(Fenner and Freeman, 20; Freemaret al., 2004; Huanget al., 2021).
Warming in northern regions is also likely to promgtermafrost thaw resulting in
increased decomposition and greenhouse gas emisdiamm affected sites driving
positive feedbacksupon global climate(Christensenet al., 2004; Heimann and
Reichstein, 2008). Permafrost thaw may also expose formerly frozen labile organic
material to aerobic conditions whilst simultaneouslychangng the structure and
hydrological conductivity of peafacilitating lower water tables andincreasedsoil
aeration. This mayaccelerate CQ production further, enhandng positive climate
feedbacks(Frolkinget al., 2011; Wisseet al., 2011). Future climate projectionglso
indicate that some regions will experience an increase in the datgtion,and severity

of droughts (Stockeret al.,2013; IPCC, 2028easonalirought can shifpeatlandsfrom
functioning as carbon sinks to becoming significant sou(Eesemanet al., 2001)
although the severity of thisepends upon many factors includinghe water-holding
capacity of the sojthe sensitivity of overlying vegetation to droughhe durationand
severity of the droughaind the time of year in which the drought occiieimann and
Reichstein, 2008Lundet al.,2012 Goodrichet al.,2017). While the effects of single

drought events and sustained water table drawdohave beerrelatively well studied
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in recent yearge.g, Rnneet al.,2020), few studiehaveexamiredthe longterm effects

that may occur du¢o increased droughoccurrence In addition to drought, increased
shrub-abundance and drier conditions may promote the frequency and severity of
wildfires. These indirect climate change impacts may further exacerbate carbon losses
from peatlands in affected region$logget al., 1992; Tiretskyet al., 2011a; 2011p

BourgeauChavezt al.,2020).

On the other hand,peatland carbon accumulation may benefit from increased
temperatures, longer growing seasons and increased atmosphercdDentrations
(Lund et al., 2010; Charmaret al., 2013). Warmer conditionsmay promote plant
productivity in areas where moisture levelee unchanged or enhancday runoff from
permafrost thaw increasedsnowmelt, or changes in precipitationDavidsonand
Janssens, 2006; Strack and Waddington, 2007; Maugtiay., 2002; 2008; Yet al.,
2011; Loisel and Yu, 2013; Charnetnal., 2013. This ncreasedproductivity may
compensate for increasen demmposition The notion thatcarbon accumulation may
increase in northernmost regions supported byevidence from peat cores, where
carbonaccumulation ratefhiaveaccelerated throughout the last centuacrossboreal
regions (Hinzmanet al., 2005; Kleinet al., 2013; Loisel and Yu, 2013j)varmer
temperatures may also permit peatlands to expand beyond their current climatic range
(Clymoet al.,1998; Limpenst al.,2008; Yiet al.,2011; Frolkingt al.,2011; Dieleman

et al.,2015).However, there may be topogphical limits to this expansiqAndersonet

al., 2003)as well as temperature thresholds that limit the amount of warming that can
be withstood by peatland vegetatiojiallegeSalaet al.,2018). Rduced soil moisture

due to enhancedevapotranspirationand changing precipitatiormay reduce CH
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emissionrates, asdrier conditionsinhibit CH production, compensating for increased

CQ emissions in the shotterm (Stracket al.,2004; Huanget al.,2021)

Peatlands exhibit aumber of autogenic (internal) feedbact®at are mainly governed
by the position of thewater table (Waddingtonet al., 2015) Thesefeedbacks are
complex and interact over a range of spatial and temporal scales, making intggrat
peatlands into globalltnate models challenging (Frolkiegal., 2009).The response of
the carbon cycle to these feedbackanbe both positiveand negative (Waddingtonet

al., 2015) Autogenic feedbackesegulate peatland responses to external influeneesl
may in some casa®nferto them someresistance gainstchanges in climatéHeimann
andReichstein, 2008; Dise, 2009; Belyea, 200addingtoret al.,2015. For example,
peatlandsurfacesare able toadjust in response t@éhangingsoil moisture,rising and
falling along with fluctuations inhe water table. Thisfeedbackhelps peatlands to
maintaina relatively constant water levgleducing the effectsf changes in water table
depth upon water availability forSphagnum(Dise, 2009 Waddingtonet al., 2015).
Accelerated peat growtimayresult in the accumulation of loose, poorly decomposed
peat,enhanangits water holding capacityDise, 2009; Iset al.,2008. This allowshe
water table to rise along with the growing peat surfaggpromoting further growth
(Waddingtonet al., 2015) Converselythis may alsancreasethe rate at which water
flows laterally through the surface peapotentially increasng water loses that drive
increases inpeat humification Increased peat decay caredue hydrological
conductivity allowingmore water to be retainedPriceet al.,2008).Encroachment of
vascular plantsn response ta lowering of thewater tablemay increase transpiration

and interception rates, causingadditional increases irwater table depth whilst
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promoting further encroachmentoy vascular plantéWeltzinet al., 2015, Waddington
et al.,2015). Howeverincreased vascular plant covecreases the amount of shading
which mayreduce evapotranspiratiorrates (Ketteridgeet al.,2013).When cessicated
Sphagnuntapitulabecome lighter in coloufWaddingtonet al., 2015).Thisbleaching
causesvapotranspiratiorrates to declineas water is no longer drawn up Bphagnum
from the water tableto the peatland surfacéThompson and Waddington, 2008his
bleachingmayincrea® surface albedpreflecting heat andnaintaining cool conditions

beneath the surfacéKetteridge and Baird, 2008).

Within autogenic systemaegative feedbacksgypically outweigh positive feedbacks
however, the strengtts of these feedbacksgaryby site dependingn environmental and
site-specific conditionsuch as climatic setting and trophic status, withgs and poor
fens incontinentalareasshowinga greater propensity towards positive feedbacks than
fens or bogs and poor fens itpastalareas (Waddingtonet al., 2015). Therefore,
autogenic feedbacks aloneannot be relied upon to prevent ecosystem changes

following changes in climate or environmental conditions

1.4.10.Vegetation change and associated feedbacks

An important additionafeedback mechanism relates to changes in peatland vegetation
resulting fromchanges in climateAlthough peatland plant communities are generally
stable through time andreresilient to changes in clima{Backus, 1972Belyea, 2009;

Churchillet al.,2015), abrupt changesay occur, oftenin response to relatively small
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changes in hydrology or temperatu(@elyea and Malmer, 2004; Yu, 2006; Belyea 2009
Mauquoyet al.,2002; Magnaret al.,2019). Such abrupt shifts arfrequently seen in
peatland palaeoecological recordahere rapid changesn vegetationcan occur in
response torelatively graduakchanges in climatéKleinet al., 2013; Magnaret al.,
2019).Vegetation composition is fundamental to peatland carbon cycling and carbon
storage (Ward et al., 2013; 2015); therefore, the response of peatlands talimate
changeis intrinsically linked to the response of their overlying vegetation communities
(Vitt, 2006; Ward et al., 2013; 2015; Walker et al., 2016; Dielemanet al., 2015.
Vegetation responses to climate change stressors can differ between species, making
future changes difficult to predidWeltzinet al.,2000)and studies linking vegetation
responses to greenhouse gas fluxes and carbon accumulation rates are limited, and

often of short duration(e.g., Warcet al.,2013).

Of all peatland vegetationSphagnums the most vital fomaintainng the stability and
resilience of peatlands to environmental charagelupholdskey ecosystem functiang
includingcarbonsequestration and storag@ uretskyet al.,2012; van Breemen, 1995
Kuiperet al., 2014). Sphagnumproductivity is sensitive to changes in soil moisture
(Gunnarsson, 20Q5Robroeket al.,2007a; 2007h as these mossesonduct waterto
their growing parts(capituld via capillary actiofThompson and Waddington., 2008).
How Sphagnummosseswill respond to warmings less cleain somecasesSphagnum
productivity has been shown tacrea® alongside risingemperature(Pakarinen, 1978;
Johansson and Linder, 1980indholm and Vasander 1990; Gerdolet al., 1998

Dorrepaalet al.,2004; Robroelet al.,2007), while in other casesvarmingeither has
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no effect (Weltzin et al., 2000 2003; Walkeret al., 2006) or reducesproductivity
(Dorrepaalet al., 2004; Breeuweret al., 2008). A critical temperature folSphagnum
decline appears to existith productivity fallingwhen Sphagnumis exposedto
temperature increases.5°Cabove ambient conditionielemanret al.,2015; Bragazza

et al.,2016; Norbyet al.,2019).

Changes in peatland plant community composition that redSgdhagnumcover in
favour of other vascular plants maignificantly altepeatland carbon cyclin@ieleman

et al.,2015;2016; Norbyet al.,2019).Increased temperaturesyater tabledepths and
elevated atmospheric GQ&oncentrationshave been shown to favour vascular plant
expansion at the expense 8phagnumsincevascular plants are often better adapted
to cope with drier condition§Weltzinet al.,2000, Straclet al.,2006a; GallegeSala and
Prentice, 2012; Pearsoet al., 2013; Dielemaret al., 2015. This has been seen in
permafrost areas, where increased theskarst lake development and peat subsidence
has facilitated plant succession resulting in a shifttowards non-peat forming
communities(Christenseret al.,2004; Swindlest al.,2015).Warminghas been shown
to drive increases in the abundance of ericaceous shf\itedtzinet al.,2003; Buttleret
al., 2015; Malhotraet al.,2020) which can increase soil respiration ra(g¢ardet al.,
2013) Increased vascular plant expansion aBghagnumdedine may stimulate
microbial activity, asncreasedsupply ofreadily decomposedhigh quality) litter and
root exudatescoincide with a reduced supply wihibitory polyphenol compoundsom
Sphagnun(Crow and Wieder, 2005; Fennand Freeman, 2011; Bragaz#aal., 2013
Bellet al.,2018). Taller vegetation may also shade dotv-lying vegetatiorand drive a

reduction in soil moisturenegatively impactingphagnumproductivity (Norby et al.,
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2019).Sphagnundecline is not unanimously reported with warmi(egg., Dorrepaagt
al., 2004), and in areas where warming increaSghagnunproductivity, Sphagnum
mosses may be able to maintain their competitive advantage over other plants,
stabilising peatland vegetmin against change(Keuper et al., 2011). Increased
graminoid cover due to climate chan¢geg.,Dielemanret al.,2015) may drive increases
in both CQ and CH emissionsas aerenchymapresent in the roots of these plants
facilitates the transport of oxygen intpreviously anoxi@eats, whilesimultaneously
providing a conduit for CkHemissiongo travel unimpeded through the peafGreenup
et al., 2000; Straclet al., 2006; Hardieet al., 2009).Increased graminoid covenay
also increase evapotranspiratiomates, leading to reduced soil moistureand
accelerating C®production (Admiral and Lafleur, 20@7 20071 although thiseffect

may alsanhibit CH production(Abdallaet al.,2016).

Increased vascular plant cover does not always nedgtigpact carbon accumulation
rates Calluna vulgarisitter (a commonly occurring shrub type specikay been shown
to suppres microbialactivity where it falls lowering soil respiration rategReadet al.,

2004; Wardet al., 2009; 2015) Vascular plant expansionan alsoincrease primary
productivity rates insome casesas these plantypesare typicallyfaster growing than

Sphagnun{Pearsoret al.,2013).

1.4.11. Addressing thiproblem usingpalaeoecological and experimental approaches
It is important to determine whether positive or negative feedback mechanisms will
dominate when assessing the future role of peatlands in the global climate system

(Limpenset al.,2008). It is considered that terrestrial ecosystems will provide mostly
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positive feedbacks under climate warmin@harmanet al., 2013; Heimannand
Reichstein, 2008) and expert assessment suggests that peatlands will undergo net losses
in their carbon storegLoiselet al., 2021) with recent developments suggesting that
projected drier conditions will cause a net increase in.@Ad reduction of CH
emissions from peatlands, causing a net warming effect on future cli(rlatenget al.,

2021; Evanst al.,2021).However, confidence in these projectioisdow (Loiselet al.,
2021). Because of these uncertainties, and the complexity and variation of peatland
responses to climate change, peatlands are rarely included in global terrestrial models
(IPCC, 2021) and ¥Yayet to be incorporated into any Earth system modketsselet al.,
2021). This is despite their proven role in driving changes in global climate throughout
the Holoceng(MacDonaldet al.,2006) and the potential for large positive feedbacks

should ther carbon store be compromisgtimpenset al.,2008).

Two approacheare in common usag® addressthe issueof whether peatlands will
intensify or ameliorate future climatehange experimental climate manipulation and
palaeoecologicamethods Climate manipulatiorstudies, which can beeither field
basedor undertakenin vitro using peat mesocosmsmulate climaticchemical,and
hydrological changes in peatlande measure ecosystem responses to changing
environmental conditionge.g.,Bridghamet al., 2008; Dorrepaaét al.,2009; Ward et

al., 2013, Dielemaret al.,2015; Jassesgt al.,2015; Wilsoret al.,2016 Liet al.,2021).
Over the past c. 20 years, sustudies have beernncreasinglyused to probe the
responses of carbon cyclifBorrepaalet al.,2009; Zhangt al.,2021) decomposition
(Bellet al.,2018;Goreckiet al.,2021) and vegetation communitieeuperet al.,2011;

Wardet al.,2013; Walkeet al.,2016; Malhotraet al.,2020) to changes inemperature,
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water table depthsand a number of other environmental stressors peatlands
(Updegraffet al., 2001; Strack and Waddington, 200Chiverset al., 2009. Climate
manipulation studies generally report increased greenhouse gas emisstoaswith
warming(e.g., Turetsket al.,2008; Sampsost al.,2018)andincreased C@emissions
but reduced CHemissionsoccurfollowing water table drawdowrfDenget al.,2015).
However, studies also repoxtarying effectsof warming and water table drawdown
upon plant productivity and net carbon accumulatiorates, which are sometimes
influenced by the methods used to achieverming (Erikssoret al.,2010s; Pearsoret
al., 2015 Gonget al.,2020. Insomecases, certairstudiesproduce resultghat are in
stark contrast withthose ofother studies promoting further uncertaintyfLaihq 2006;
Erikssoret al.,2010gs; 2010h. Toresolvethe often-contrasting results of these studies,
Gong et al. (2020) analysed the results ofultiple field climate manipulation
experiments in northern peatlands a metaanalysis Theyfound that most studies
indicate that warmingsignificantly increased GQemissions, productivity and GH
emissions from peat, overall resulting in reduced carbon accumulation. re@sever,
these results were based on a limited number of studi#. Huanget al. (2021)were
able to compile a muclarger data sef96 publications) to test the effects of water table
drawdownupon greenhouse gas fluxeSheyprojected these findings onteestimated
future water table conditiondor global peatlandsunder highrange climate change
emission scenarigdinding that water table drawdown due to climate change and
human activities will increase C@emissions by approximately 1.1 Gt'ywhereas Ckl

CQ-equivalent emissions will decrease by 0.26 Gt. yirhus, experimental studies

indicate that future projected changes in climate are likely to increase net carbon

emissions and exert a positive climate feedback.
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Climate manipulatiorstudiesare frequently shodived, rarely exceeding five growing
seasongUpdegraffet al., 2001; Lafleuret al., 2005 see Table 1.1). Therefore, these
studies are of limited use for probing lotgrm responses to sustained climate change
asthesecanoccur over longr time periods(Belyea, 2009 Gonget al. (2020 report
that CQ and CH emissionrates are higher where warming has been sustained for
longer periods although only two longterm studies wereused to draw these
conclusioms. Experimental studiegan also baffected by experimental artefactiue to
disturbance during establishment or by taking repeated measuremeatsnBal drying
by infrared lamps, and substantial differences betwette results oflaboratory and
field experimentscan also artificially influence resul{&ennedy, 1995; yling and
Beier, 2013;Johnsonet al., 2013; Freiet al., 2020 Gong et al, 2020 Experimental
manipulation studiesare also biasd towards the study of festype ecosystems, with
ombrotrophic sites relatively underrepresented in the literat&onget al.,2020,see
Table 1.1). Additionally many regions argoorly represented by gbal datasets. In
particular, there is a lack afata fromRussia peatlandsdespite this regiortontainng

> 30 % ofglobal peatlandsvithin the higher latitudesvhere the greatestchanges in
temperature andprecipitation are projectedto occur(Xuet al., 2018 Fewsteret al.,
2022. Theseissues limit the usefulness and reliability of such studiesdpturingthe
longterm response®f peatlands to future projected climate chaneorrepaalet al.,

2009)

Peatlands record a sensitive archive of environmental and climatic chartgen their

stratigraphic profiles tracing environmental change ovelecadal to millennial
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timescales (Barber, 1993; Chambers and Charman, 2003lae@nvironmental
conditionscanbe inferred from biologicalchemical,or physical proxieshroughout a
peat core using methods such testate amoebae(Mitchell et al., 2008 and peat
humificationanalysigPayne andlackford,2008), allowingfor detailedreconstructions
of palaeoenvironmental change through timeat profiles can belated using a suite
of methods, allowing foa high level othronological contrgloften within sub-decadal
resolution(Turetskyet al.,2004; Piotrowskat al.,2011;Swindles, 201Bwindle<t al.,
2010). These studiesllow for the examination of longerm peatland responsesto
climatic and environmentathange for examplechanges in carbon accumulation rates
can be derived from peat coreand related to changes or spatial differences in
environmental conditios (Beilmanet al.,2009; Charmaet al.,2013;2015;Holmquist

et al.,2014; 2016GallegeSalaet al.,2018;Magnanet al.,2019. Records covering the
past millennium are particularly useftdr assesmg peatland contributions to global
carbon cycling, since climatic conditions during this relatively recent-piered are

well-known for many regionfGallegeSalaet al.,2016)

Palaeoecological studies aimited by the difficulty of discerning climatic effects from
anthropogenic impacts in some instanc@aurneret al., 2014) as well asby issues
relating todating uncertainties antphonomic effects influencinthe preservation of
biologicalproxiesthroughout a cor§Mauquoy and Yeloff, 2008Yhese factorseduce

the precision with whichmechanisms of changean be probedising these methods
(Kuhry and Turunen2006, Mauquoy and Yeloff, 2008; Swindkgsal., 2020). Past
changesin climate may be poor analogies for future climate changes due to

anthropogenic emissionsjncemostprojectedincreases itemperaturedue to climate
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changeexceedhe variationseenthroughout the Holocen@Mauquoy and Yeloff, ZIB).

In addition, many commonly used proxies are qualitative and have not been tested
experimentally. Wiile reconstructions based upon biological proxjgest commonly
testate amoebae in ombrotrophic peatlands) have been validated and refimed
experimental and compati&ve studies(e.g., Charmart al., 2009; Payneet al., 2011,
Swindleset al., 2015; 2020),several commonly used qualitative climate proxies
measuring changes iecompositionrates through time(e.g., peat humification, C/N
ratios) have rarely been tested experimentall¥acconeet al., 2018). The validity of
these methodsfor faithfully reconstructing paleoclimat signalshas been criticised
(Yeloff and Mauquoy, 2006; Payne and Blackford, 20@88yever, they remain
frequently usel in recent peatbased palaeoenvironmental reconstructiofesg, Zhang

et al.,2021; Tsyganov et al, 2021; Babeskkal.,2021).

Our understanding of peatland responses to future climate chamtgess short and long
timescalescould be improved byncorporating both climate manipulation studies and
centennial or millenniakcale proxy recordsRull 2010; Seddoret al., 2014,
Lamentavicz et al., 2016) Both methods are complementary, and could be applied
together for the same site, permitting comparison between skertm (experimental)
changes with longerm changes in response to warmer and/or drier conditions, and
comparison betwer short and longerm drivers of changéRull 2010; Seddoret al.,
2014; Lamentowicazt al., 2016). The use of palaeoecology alongside experimental
studies may alsallow for presentday responses to beonsideed inthe context of its

longterm history(Williset al.,2010; Lamentowicet al.,2016).
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Palaeoecological and experimentudies arerarely applied togethe (Frolkinget al.,
2014;Lamentowiczt al.,2016) Both methodften producecontrastingresults For
instance whilethere is a great deal of variation in the resultseafperimentalstudies
examining the effects of warming and drought upon peatlarf@iable 1.1), they
generally indicatehat climate warmingwill lead to rapid loss oblder, formerly stored
carbon resulting inpositive feedback$o climate changédlseet al.,2008; Bridghanet

al., 2008; Dorrepaaét al., 2009 Walkeret al., 2016 Huanget al.,2021). In contrast,
many palaeoecologicastudiessuggestthat peatlandshaveaccumulatel more carbon

in the pastunderwarmer climaic conditions(van Belleret al.,2011; Charmaret al.,
2013; Turneret al., 2014 van der Linderet al.,2014). For example, van Bellest al.
(2020)took cores from seven sites around Northern Alberta in Canada, finding that the
highest rates of carbon accumulation occurred around c. 1100 CE and the lowest rates
were around c. 1750 CE, during the MCA Baidespectively. Other studies have found
simiar results Malmer and Wallén2004) analysed carbon accumulation rates and
environmental conditions from Swedish peatlands, finding that southern sites
accumulated more carbon during the MCa&nd both southern and northern sites
accumulated less carborudng the LIALarge global compilations of peat accumulation
rates have been related t@patial variation in environmental and climatic conditions
(Charmaret al.,2013;GallegeSalaet al.,2018).Charmaret al. (2013)found evidence

to supportthe notion thatwarmerclimaticconditions will enhance carbon accumulation
rates Gallegp-Salaet al. (2018)found that the length of the growing season was the
dominant factor governing carbon accumulation in northern peatlands and wiaite
rising temper&ures may drive increased carbon accumulation, a temperattureshold

may be met by 2100 CE theduld reverse this trend, causing peatlandswatch from
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exertinganegativeclimatefeedback taa positiveone.Both gudiessuggest thatlimatic
variables governingroductivity ratesare the dominantcontrolsinfluencing longerm
carbon accumulation rateover hydrological conditions that govern de¢@parmaret

al., 2013 GallegeSala et al., 2018. However, studies of carboraccumulation rates
based upon individual coresrequently show a relationship between carbon
accumulation rates anthe botanical composition of the pegMalmer and Wallén
2004; Mauquoy et al., 2002; Loisel and Garneau, 201@nthropogenic disturbances
such aswildfires and nitrogenpollution have also had great impacts upon apparent
carbon accumulation rates in peatlands in recent years, even in relatively pristine sites

(Shilleret al.,2014; Lamentowicet al.,2016).

Another factor thatcomplicatesthe integration of experimental and palaeoecological
methods is that carbon accumulation rates derived framntemporarygreenhouse gas
measurements from peatland ecosystems often faitbmverge with long term carbon
accumulatiorrates derivel from peat coregFrolkinget al.,2014; Ratcliffeet al.,2018)
This has been related to known artefact that affects palaeoecological estimates of
carbon accumulation. Losses of carbitmough time cannot bequantified by these
methods and negative Vviaes are impossibleresulting in an apparent reduction of
carbon accumulation ratesluring periods of carbon los&lymo, 1984; Yu, 2011;
Frolkinget al.,2014; Youngpt al.,2019; 2021). In addition, carbon accumulation rates
derived from recently accuntated peat are often higher than in the deeper peats, due
to the incomplete decomposition of labile organic material at the peat surtdceing

et al.,2019; 2021)These artefacts mean that carbon accumulation rates derived from

a peat core do not accuraly reflect the amount of carbon accumulated at the time of
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deposition, but instead reflect the amount of carbon retained after initial captGrene
studies haveelated changes in recently accumulated carbatesto land management
practices(Heinemeyeret al., 2018; Marrset al., 2019, howeverthese rates are not

directly comparable téhose fromdeeperpeat(Younget al., 2019)

Despite these issueduslies that linkpalaeo and experimental approachesy improve

our understanding of how future climate change will affect peatland ecosystem
functioning over different timescalegLamentowiczet al., 2016). Interdisciplinary
studies that link both approaches and reseamtmmunities are necessary to work

towards generating a common understanding of peatland carbon dynamics and drivers.
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Tablel.1. Table of geatland climate manipulation experiments and their resuigperimental treatment effects are gives reported in the cited
paperwhere availake. Site names are given except when they are not reported, insttai® names or nearbjocationsare given.Increasesn
temperature andwater table depths ee indicated by a plus sign. The study by Rowetoal. (2012) indicatedoy anasterisk relates to this study,
reporting on the early results of the experimental climate manipulation experiment used in this the&ds not a comphensive list of all climate
manipulation experiments that have been conducted in peatlands.

Source Years Dates Experiment Location Peatland Measured Experimental treatments Results
type type fluxes
Balantyne et al., 2 20092010 Field Seney National Fen CQ, CH Longterm (>80 years) Inundation decreased GC
2014 Wildlife Refuge water table drawdown of respiration and productivity, but
peatland, Michigan + 15 cm and inundation b’ increased CHemissions. Reduce!
USA 10 cm water tables increased GC

respiration and productivity but
decreased CHemissions.

Bragazzaet al., 3 2011¢ 2013 Transplantation Hoscrajen and Bog o{e] Warming (+5°C) and Soil respiration increased and pe
2016 (climate Lormoos bogs, reduced precipitation-60 accumulation fell by 30 % i
gradient) Swizerland %) transplanted mesocosms.
Bridgham et al., 7 1994¢ 2002 Mesocosm Alborn, Minnesota, Fen and Soil Warming by infrared Bog: Initial increase in carbo
2008 USA Bog carbon lamps between 1.§4.1°C accumulation, greatest with highe

balance and increased water table water tables, but levels off after :
(changes depth(+3, +16+25 cm)  years. Fen: losses in carbon or

in  mean change, with the greatest losse
surface occurring in the drier and warme
height) mesocosms.
Chivers et al. 2 2005-2006  Field Alaska Peatlanc Fen CQ Warming(0.7 °C) by OTC Lowered water tables reduce:
2009 Experiment (APEX), and increase@+5¢ +8 cm) productivity,  weakening, ol
Alaska, USA and reduced-9 ¢ -11 cm) reversing the carbon sink functior
water table depths. Flooded plots were greater GC
sinks due to increasel

productivity. Warmirg increased
bothn CQ emissions and
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Denget al., 2015

Dorrepaal et al.,

2009
Eriksson et
201
Eriksson et
2010a
Hanson et
2020
Hopple et
2020
Johnson et
2013

al.,
al.,

al.,

al.,

al.,

(e¢]

12

2004¢ 2006

2000¢ 2007

2005¢ 2006

1996¢ 2007

2016¢ 2018

2015¢ 2018

2009-2010

Field

Field

Field
Mesocosm

Whole
ecosystem

Whole
ecosystem

Field

Alaska Peatlanc
Experiment (APEX),
Alaska, USA

Abisko, north Sweder
Degerd Stormyr,
Sweden

Degerdo Stormyr,
Sweden

S1 Bog, Minnesota
USA

S1 Bog, Minnesota,
USA

Site in Michigan, USA

Fen

Blanket
bog

Mixed
mire
Mixed
mire
Bog

Bog

Fen

71

CQ,CH

Co

CH

CH

CQ, CH

CQ, CH

CQ, CH

Warming (+0.7°C, 0.9°C
and 0.6°C by OTCs, al
increased (+8.1cm) and
decreased-20 cm) water
table depths.

Warming(OTC) c. +1° C

Warming(OTC) +1.5°C
Warming(OTCs +~3.6°C

Warming(+2.3°C, #4.5°C,

+ 6.8°C, +> 9°C) by
propane fired furnaces
and increased

atmospheric C&(+ 800 ¢
900 ppmv)

Warming(+2.3°C, 4.5°C,
+ 6.8°C, +> 9°C) by
propane fired furnaces
and increased
atmospheric C® (+ 500
ppmv) for last 3 years
Warming by OTCs(nho
significant warming
effect) and Infrared heai
lamps of +1.4 1.9°C

productivity, and thus did nof
affect carbon balances.

CQ uptake was reduced in botl
very cold or very warm condition
and increased with increased sc
moisture. Cklemissions increases
with increasing temperatres and
higher water tables.

CQ emissions increased due t
warming, with the emission:
traced isotopically as being fror
deep, ancient peat.

CH emissions were reduced b
warming by 30 % on average
Warming decreased GF
production by 34%.

Increased COand CH emissions
with increased warming
accelerating carbon losses by 4
to 18 times relative to historica
accumulation rates. No effect c
increased atmospheric GC
concentrations.

Warming increases Gtand CQ
emissions, while increase
atmospheric C® has no
discernible effect on gas fluxes.

Warming with infrared lamps
increased productivity, while OTC
had no effect on CO fluxes.
Warming from both OTCs an



Juszczaket al, 1 2015

2016

Laineet al.,2019 3 2011¢ 2013
Liet al., 2021 2 20182020
Munir and 3 2011¢ 2013
Strack, 2014

Munir et al., 3 2011-2013

2014

Field

Field

Mesocosm

Field

Field

Rzecin
Poland

Sites near Siikajaki Fens

Finland

peatland Fen

La Guette peatland Fen

France

Wandering
Canada

Wandering
Canada

River, Bog

River, Bog

72

Ccao

CQ, CH

CQ, CH

CH

Ccao

Reduced precipitatiorf35
%) and warming of ai
temperatures (0.4°C)
using heat lamps

Warming by OTCs an
land use differences
resulting in water table
differences of ~ 20 cm.

Warming of air
temperature (0.9°C) using
OTCs

Warming by OTCs~1°C)
and increased water table
depth (+ 38, +74 and +
120 cm)

Warming (~1°C) by OTC
and increased water table

Infra-red lamps increased Gt
emissions however.

Warming increased C@missions
and productivity, drought reducec
productivity and for combinec
warming and drought CO
emissions were reduced.
Warming increased productivit
rates for all land use types
Reduced water table depth an
temperature increases increase
CH only slightly since these site
were already dry.

Increased C© uptake with
warming. Respiration, carbo
balances and Ghhot effected.
Water table drawdown reducec
Ch emissions differently
depending on the age of drainag
(emissions were higher in aree
that had been drained for longer)
Warming increased GHlux, which
also increased with water tabli
drawdown. In hummocks, the
opposite happened. GHmissions
were reduced by warming anc
declined further with as watel
table depths fell. Combinec
warming and drought effects ol
CH were overall negative but no
significant.

CQ accumulation increased witt
warming, showing an interactiol



Olefeldt et
2017
Pearson et
2015
Rowson et
2012*
Strack et
2004
Strack et
2006

al.,

al.,

al.,

al.,

2005¢ 2013

2008¢ 2010

2010¢ 2012

2001¢ 2003

2001¢ 2002

Field

Field

Field

Mesocosm

Field

Alaska Peatlanc Fen
Experiment (APEX),
Alaska, USA

Lakkasuo, Narhinnev Fens

and Lompolojankka,
sites in Finland.

CorsFochno, Wales Bog

St. Charlesle- Fen
Bellachasse, Quebei
Canada

St. Charlesle- Fen
Bellachasse, Quebe:
Canada
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CQ, CH

CQ, CH

Ccao

CH

Cca

depth (+ 38, +74 and +
120 cm) over long ant
short terms.

Warming by OTC.7°C,
0.9°C and 0.6°C for
control), and increasec
and lowered water table
depth (+8.1,-20 cm)
Warming by oTC
between +0.2; 2.0°C) and
longterm water table
drawdown(+5-10 cm and
+10- 30 cm)
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1.5. Summary

Northern peatlands contain a vastore of carbon and are important components of the
global carbon cycle. Anthropogenic climate change threatens to disrupt the ecosystem
functioning ofpeatlands and may cause this carbon to be returned to the atmosphere,
potentially imparting large posite feedbacks, amplifying climate warming. However,
the future response of peatlands to climate change is unclear, and they are not currently
included in Earth System Models, despite their significance in the global climate system.
An important impedimentin resolving this uncertainty is the disconnect between
different approaches used by experimental ecologists and palaeoecologists. By
combining both palaeoecological and experimental approaches using an- inter
disciplinary approach, this project aims to readubstantive progress towards reducing

this uncertainty.
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Chapter 2 Methodology

2.1. General introduction

The purpose of this work is to integrate shoetm peatland manipulation experiments
with longterm highresolution palaeoecological investigations, to better undanst

how these ecosystenmmayrespond to future warming and increased drought frequency
as a result of anthropogenic climate change. Integrating both approaches in this manner
will improve interpretations for both approaches, helping to reduce the aqurre
uncertainty surrounding the future role of peatlands in the global climate system. To
achieve this aim, it is necessary to implement a cdissiplinary approach, integrating

a suite of field, laboratory, and statistical methods from both the bioldgica

(experimental ecology) and geographi@ahlacoecology) sciences.

2.2.Study site

To fulfil the objectives outlined in the previous chapter, this thesis makes use of an
experimental climate manipulation experiment situated on Cors Fochno, located in mid
Wales(Figure 2.1). Cors Fochiloat: 52.50, Long4.01) is located east of the towof

Borth, on the south side of the Dyfi estugiigure 2.1). The canalised River Leri runs
through the western margin of the bog. Peat initiation began at the site around c. 6 kyr
BP(Wilks, 1979). In the central raised portion of the bog, the peatiastdepths greater

than 7 m and the peatland surface is approximately 1 m above sea(\#ilks, 1979;
Hughes and Schulz, 2001; CCW 2011). The site is underlain by estuarine silts and clays,
while the underlying geology of the area is of Silurian Abenytstwrits group(Howells,

2007).
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Figure 2.1. Location of the experimental site: a. Map of Wales. Red shaded areas show
the area indicated by the following panel. b. topographic map showing the area from
Machynlleth(red dot) to Aberystwytl{yellow dot).(Stamen terrain background). c. ESRI
Satellie image of Cors Fochno showing the location of the experimental site and
location of core BO1{blue dot).

Cors Fochno is a nature reserve of international importance. It forms part of the Dyfi
UNESCO Biosphere Reserve, the only example of such a res#&Wades. It is also a
Special Area of Conservation and a Site of Special Scientific Interest. It represents the
type locality for estuarine raised mires and is one of the largest remaining expanses of
primary surface lowland bog in Britain. The centrefivee zone comprises c. 2 Rrof
primary surface peat, surrounded by c. 4%wmhdegraded peatland, which was drained

for peat harvesting or improved for agricultug@oucher, 2009).
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Throughout much of its history, the site experienced only-lewel human activity
characterised by local mining, habitation, grazing and bur(fayicher, 2009; Mighall

et al.,2017). Around the 10 century CEa wooden trackway was built traversing the
southern side of the bofPageet al.,2012). Human activity intensified towards the end

of the 18th century, reaching its zenith during the 1940s as the war effort increased the
need fa agriculturalland(Poucher, 2009; Pags al.,2012; Mighalkt al.,2017). Around
1970, the first restoration efforts began to restore degraded areas of the bog. As a result
of this, many formerly damaged areas are now actively regenerating and suppoft peat
forming vegetation; however, large areas iaiproved acidic grassland persist, with
some areas overlying peat which are still actively grazed by stiRempher, 2009). In

the present day, restoration work continues, with the-ElFE funded project New LIFE
for Welsh Raised Bogs improving margiraba and blocking former drainage channels

on the site(Natural Resources Wales, 2021)

The vegetation on the central active zone compares with the National Vegetation
Classification M18Erica tetralix¢ Sphagnum papillosumaised and blanket mire
(Rodwell, 1991). Figure 2.2 shows the typical vegetation community composition of the
central portion of the site. Other areas feature vegetation communities resembling M1,
M2, M3, M19 and M20 plant communities, all of which are classes associated with raised
mires(Rodwell, 1991; Elkington et al 2001). Vegetation communities are dominated by
Sphagmim, mostly byS. pulchrun{Figure 2.3)and the site is one of the last refugia for
the formerly abundant specieS. austinii Other species abundant in thelatively
undisturbedcentralportion of the site includ&khynchospora alh@ndromeda polifolia

Drosera anglicaEriophorum angustifoliumCalluna vulgarisErica tetralixand Myrica
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gale The maritime margins of the site are characterised Sshoenus nigricans
Degraded areas are characterisedglinia caerulea, Phragmitesd Juncuspp., and

some areas are covered by wet woodland and areas of deteselium aquilinunscrub.

Figure 2.2 View from the central portion of Cors Foch(facing North) showing the
vegetation community compaosition and microtopography of the é&phagnuntarpet
overlain by hummock#lyrica gale, Calluna vulgarend Rhynchospora alha(Photo:
Luke Andrews)

Figure 2.3.Photograph ofSphagnum pulchrungrowing on Cors Fochno, a dominant
peatforming species in the central raised portion of the bog. Each capitulum is c. 1 cm
across(Photo: Luke Andrews)
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This site has been the subject of many scientific studies over ohergdes. These vary
from studies examining the ecological effects of peatland manager(fémt; 1984;
Slater and Agnew, 1977; Slater, 2012), biogenic gas production and movement in peat
soils(Bairdet al., 2004; Kettridge and Binley, 2008; Redekeal., 2015) and testing
remote sensing technique®r measumg peatland hydrology(Harris et al., 2006),
amongst many others. Much of the research of the site has concerned thetdomg
KAald2NR 2F SO02ft23A0Fft OKL y 3 Sdopniekt)rangingl @S
from examination of the longerm peatland development and plant success{Schulz,

2006; Hughes and Schulz, 2001) to changes in land use and pol({@miwin and

Newton, 1938; Hughest al.,2007; 2008; Mighakt al.,2009; 2017).

2.3. Experimental setup

2.3.1. Experimental site history and purpose

The Cors Fochno experiment was established between Malane of 2010. It is a fully
factorial in-situ climate manipulation experiment, consisting of twelve 2 x 2 m plots of
Sphagnuniawn, replicated in three blocks along a trans@€igure 2.4)The veetation

in this area comprisemostly of Sphagnum pulchrunfawns. In some areasshallow
poolsare populatedby Sphagnum cuspidatumvhilethe sedgefRhynchospora alband
Eriophorum angustifoliumare abundant in wetter areadn drier areas,Sphagnum
capillifolium and Sphagnum apillosum form hummockswhich are often densely
populatedby the dwarf-shrubsCalluna vulgaris, Erica tetraland Myrica gale(CCW,

2011).
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Each plot is subjected to one of four experimental treatments, con{radreatment),
warming, increased drought frequency and combined warming and increased drought
frequency(an additional drought every c. 2.5 yepr§he purpose of this experiment is

to determine the effects of climate warming and drought at the range predicted for the
region from the present until c. 207@oweet al.,2018) upon ecosystem functions in

northern ombrotrophic peatlands.

UKtemperatures are projected to increasy 0.3¢ 2.6 °Chy 2080¢ 2099based upon
the RCP2.6 climate scenanielative to baseline temperaturesif 1981¢ 2000(Loweet
al., 2018). Recipitationis projectedo increasen winter anddecrease irsummer(Lowe
et al, 2018) resulting inincreasingly frequent and sere seasonaldrought ard
rainstorms(Hanlonet al., 2021) Although there is a great deal of regional variatianth
between 1.5¢ 4.0 °C of warming, weragesummerdrought severityis projected to
increase by as much as 19Whiledaysin whichhigh-impactheavy rainfaleventsoccur

are projectedto increase byl ¢ 8 per year(Hanlonet al., 2021).

| I
i i >N Treatments:
. i i . E . Il Control
| " b
. i. . Ei B Combined
Block 3 i Block 2 i Block 1

Figure 2.4 Experimental design schematic, showing the position of each experimental
plot along the boardwalknot to scale). The blocks are delineated by dashed vertical
lines.
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This experimental site was originally devised as part of a MlzRIEd study examining

the effects of nitrogen pollution upon peatland biodiversity in a warming and drying
world (PEATBOG project), which ran from 2009 until 2013. The position of each plot was
originally chosen along the transect so that each plot enclosed an area characterised
vegetation that was representative of the site. The Cors Fochno experiment was
established to represent a relativelydisturbedY A NE> Ay O2YLI NRAazy
located in Whixall bog between Whitchurch and Ellesmere in England, whitha
similar experimental design but a much higher nitrogen |oawing to historical
disturbance and local source¥he study at Whixall ended in 2013, whereas the Cors
Fochno experiment continued, where it was used as part of a MERIEd PhD project
examining the impacts of climate change and -#®el rise on lowland raised bog
ecosystem functioning, which ran from 2013 until 2QKay, 2019). Since 2017, the
experimental site has continued with funding by the Leverhulme Trust for the project
Wt SIRGTOHWD 2y o6FflyOS FyR Of AYIl (i SThe&sultg 3SY

of this projectculminatedin this thesis.

2.3.2. Experimental climate manipulations

The Cors Fochno experiment uses open top cham@@f€Es) to passively warm the air
within the chamber like a greenhouse, simulating climate warming. OTCs are a
commonly used method for inducing moderate increaggpically between 0.3%
1.0°C) in air teqperature in field experimentgAronson and McNulty, 2009; Waed al.,

2013; Walkeret al., 2016). An example of one of the OTCs used in this project is
illustrated in Figure 2.5a. The OTCs follow designs originally proposed by the

International Tundra Exgsiment (Marion et al.,1997a; 1997b; Arfet al.,1999; Shaver
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et al., 2000). OTCs were constructed from Perspex sheets 2.5mm thick, joined at the

corners by cable ties inserted through four holes, drilled into the edge of each sheet.

Drought in this sidy refers to a period of reduced precipitation resulting in lowered

groundwater levels(van Loon, 2015). In the case of this experimental study, this

lowering of the groundwatetK SY OS T2 NI K | f 42 NRSB&MNMNMER (2 | &
WRNR dzZaAK{ Y yALIWzZ | GA 2 ysinDlatedby perpikgygoaintwiatrR R NP dz3 K {
from within the plots using an automated systeWater was drawn from four

excavated, plastic tubned wells located in the corner of each droughted plot gsin
maceratorstyle pumps attached to four inlets, one for each wEigure 2.5b, c). The

drought plots were hydrologically separated from the surrounding peat using 1.5 m

deep plastic piling to prevent lateral recharge of groundwater. In the-chmughted

plots, the disturbance associated with their insertion was replicated by inserting 0.5 m

piling, which were drilled with holes to allow water to travel between the plots and the

surrounding peat. A more comprehensive description of the experimental draaghp

and design is given in chapter three. Each period of experimental drought lasted four

weeks, and each plot was monitored daily, with two weeks either side of the experiment

used to test preand postdrought conditions. By the point of the completiaf this

current project, drought simulations had been repeated four times at the site, during

2010, 2011, 2014 and 2019. Each simulation occurred during the summer, between the

months of August and September.
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Figure 2.5 a. Warmed and drought plot with open top chaml{ptastic covers) and
drought simulation pumpéolack cables). b. Drought plot showing internal glatiture

and pumping mechanism. c. Clagg image of one of the corner wells from which water

is pumpedfrom within the plot. d. Plot schematic, showing the internal design of a
typical plot(figure adapted from Kay, 2019).

2.3.3. Measurement of environmental conditions

Air and soi{10 cm depth) tempratures at the site were measured every six hours within
each of the plots between 2010 until 2021 using HOBO Onset U10 Temperature loggers

(Onset Computer Corporation; Massachusetts USA). In November 2018, these were

replaced by HOBO U23 Pro v2 temperatigensors, although the Onset loggers
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remained in place until August 2021, ensuring adequate overlap and compatibility

between measurements.

Water table depths were measured using TruTrack YWR 2000 water height data
loggers(Trutrack, Christchurch, New Zealand), which were inserted into an excavated,
plastic lined well in the centre of each plot. Logger values were converted to water table
depth (WTD) ly calibration against regular manual water table depth measurements,
measured using a battery powered probe similar in design to those proposed by Bodley
et al.(1989).Water tabledepth (relative to the height of the surface peat) was measured
from two wdls within each plot, both located either side of a central well which
contained the TruTrack probes. Mean water table depths were calculated for each plot

by averaging the two measurements between each well.

For the whole sitephotosynthetically activeadiation(PAR) was measured using a QSO

S PAR sensgApogee instruments inc., Logan, Utah, United States) amibbite
intervals and the data were stored on a Decagon EM50 -tbagger (Pullman,
Washington, United States). Data were compiled throughbatdxperiment to achieve

a nearcontinuous data set spanning the ten years of the project. Gaps in the data were
filled using linear interpolation with temperature and water table depth records from
neighbouring plots, as well as from an adjacentwgdl and weather station operated

by Natural Resources Wales.

The effects of each climate manipulation treatment upon environmental conditions

were tested using Generalised Linear Mixed Effect Models. The environmental variable
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of interest was tested as the response variable. Plots, nested in blocks and measurement

date were included as random factor

2.4. Hand coring

A 1.5 m corgBO17) was excavated from Cors Fochno in November 2017. This core was
used to fulfil almost all of the palaeoecological objectives of this thesis, from which all
reconstructions pertainingp the period of interest of this studfthe last c. 1500 years)
were made. Core BO17 was extracted using a 5 cm diameter Eijkelkamp Rtygsian
chamber corefJowsey, 1966). This type of corer secures the cored sediment within a
chamber, cutting the pat with a blade that then encloses the sample, shielding it from
contamination as it is extracted. Core sections 50 cm long were extracted alternatively
from two holes less than 20 cm apart. Each core section overlapped by(foersey,

1966).

The coring location was located c. 3 m from the experimental site, in an area between
experimental plots two and three. The coring location was characterised mairly by
pulchrum lawn with abundant Rhynchospora alba.Cores taken from lawn
microtopographic features are considered to be the most sensitive to environmental
change, owing to their proximity to the water tabl@e Vleeschouwest al.,2010). The
uppermost 50 cm of core was extracted using a monolith tin, ensuring sufficient
quartities of material were recovered for the multiple analyses necessary to fulfil the

objectives of this thesis.
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Three fulllength coregBO18 1¢ 3) were also taken in November 2018 using a 5 cm
diameter Russian peat sampler from approximately equal diga along the
experimental transect. These cores were used to assess thadomgaverage apparent

rate of carbon accumulatioftORCA or LARCA) from the point of peat initigkarhola

et al.,1995; Clymeet al.,1998). As with core BO17, the upperm&$tcm of each core
was extracted using a monolith tin. Extracted core sections were stored in guttering and
wrapped in cling film to prevent drying. Cores were kept in a cold store at temperatures

of ~4°C prior to suisampling.

2.5. Field measurements afarbon fluxes

2.5.1. Greenhouse gas flux measurements

To determine the effects of the experimental climate manipulations upon sieon
greenhouse gasmissions and carbon cycling, fluxes o, @d CH and porewater
dissolved organic carbofdOC) were measured during frequent field excursions from
within each experimental plot. Measurements were made during all months of the year

to capture a full rang of environmental conditios

Surface exchange of the greenhouse gasesa@@CHwere measured using the closed
chamber method(Alm et al., 2007). Gas flux measurements were made by placing a
closed chamber system upon a PVC collar inserted into the peat within each plot. A
rubber seal was glued to the rim of the chamber to prevent gas from entering or
escaping the chamber. To ensure a goodl #etween the chamber and the collar, the
chamber was weighted down around the r{iffigure 2.6). Air within the chamber was
circulated by a fan to prevent the stratification of gases. The type of chamber used for

all measurements is shown in Figure 2.@l&7.While the use ofa fan mayinfluence
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the advection of greenhousgasedrom the soilthis effect is reduceth siteswhere the
water table is close to the surfaceincethe area in which mixing and stratification of
gases can occus reducedRedeketret al, 2015) The placement oflam piling around
the perimeter of the plots disconnesthem from the mairbody of peatthereforewind
speedsare assumed tthavehad a negligible effect upon gas flux measurement error in

this study.

For each field campaign, measurements were taken between the times of 09:00 and
16:30 As a consequence, diurnal changes in greenhouse gas emissions are not
representedin this dataset(Pavelkaet al, 2018) This may haveesulted in the
underestimation ofCH emissionswhichcanbe higher during the nighiDoolinget al.,

2018) The majority of measurements were taken during teemme when rates of
carbon uptakeare highest. Ths may have resultedn annual productivity ratesbeing

overestimated(Byrneet al., 2004;Goulsbreaet al.,2016).

During measurements, air within the chamber was circulated through inlets connected
to a gas analyser. Between 2042016, carbon dioxide measurements were made using

a factorycalibrated EGM! InfraRed Gas Analys@PP Systems, MA, USA). From 2017,

a fectory-calibrated Los Gatos UltRortable Greenhouse Gas Analygkos Gatos,
California) was used. The Los Gatos device simultaneously measured ambient air
temperatures and the concentration of @Cand CH. Air temperatures and
photosynthetically active adiation (PAR) within the chamber were measured at 1

second frequency and recorded by a Delt&P1 Irrigation Monitor data loggéfluxes
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were monitored in reatime using a wireless user interface, allowing for a degree of

quality control during sampling

Net CQbalances were measured as Net Ecosystem Exch@hgE). This is the net
balance between autotrophic productivity and soil respiration.. @@issions were
measured as Net Ecosystem Respirat(blER), which represents respiration from
autotrophs and heterotrophs. NER was measured by placing a dark cover over the
chamber, while NEE was measured under ambient light conditions. Dark measurements
were always taken before light measurements, to avoid warming the inside of the.collar
Gross Primary ProductivitfGPP) was inferred from the difference between these
measurementdNEE minus NER3ssuming that respiration rates are equal between
light and dark measurements GPP represents the sum of £taken up by plant
photosynthetic productivity and released by autotrophic respirations Qitkes were
calculated from the measurements taken under ambient light conditions, as disturbance
following placement of the chamber over the collar may have resulted in the initial
displacement of poravater CH by ebullition (Hutchinson and Livingstoi993). Each

flux measurement lasted more than 120 seconds. Gas fluxes were calculated using the

following equation 1, following Dossd al. (2015):
Oa 6 w— — (equation 1)
Where P= pressur@tm), V=volumém?3), R= 0.082058 L atm/mol K, T = air temperature

AY Yoz !'I' {dz2NFIOS IINBI 27F (K O2ft NE t/

FYR + &G T aS| (ftoNS)YFSrythis stiidy, ¥ollar values wereOBB8 m3

and A=0.070P f | LJASR G4AYS 41La +G I' no@amydBah t &1

the collars and the chamber had diameters d5 cm. Due to the relatively small size of

130



the experimental plotend thelimited footprint ofthe measurementollars, the spatial
heterogeneity of greenhouse gas fluxeas likelyunderestimated in this studyPavelka

et al.,2018 Lee=t al.,, 2019§.

Flux concentration changes were calculated using the period for each measurement
where the most linear change soncentration occurred, using an Excel program. This
equation gives the mass of gaseous change in terms of moles. The molecular mass of
CQ s calculated by multiplying this value by 44, and fos D8 number is divided by

16. Fluxes with an?rless tharm0.9 were visually assessed to ensure that the
measurements were linear. If this was not the case, they were discardecar@CCH

fluxes measured by these methods are reported as g 18®h?! and g Clm2 h,

respectively.

Figure 2.6.Photograph showing a typical gas flux measurement being taken under
ambient light conditions.
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Figure 2.7Photograph of inside of flux chamber used when measuring greenhouse gas
fluxes.

2.5.2.Measurements of pore water dissolved organic carbon

Rhizon sampler§ore size 1.5um) for sampling peveater DOC from 10 cm beneath

the peat surface were inserted into each of the expesial plots in September 2017.

An incision was made into the peat within each plot, and a rhizon inserted horizontally
into the slit to a depth of 10 cm, before being gently pushed into the adjacent, uncut
peat. Samples were not taken fdour months folloving installation as the peat
surrounding the newly implanted rhizons stabilised. Each rhizon was attached to a tube
protruding from the peat surface. At the end of each tube, an attachment allowed for a
syringe to draw poravater from the sampling depthzor each sample, c. 40ml of pore
water was drawn from the peat. Sampling time typically took longer during drier
periods. Samples were stored in 50 ml centrifuge tubes, which were kept under cool and
dark conditions after sampling, to limit sample degradatprior to laboratory analysis,
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usually within 32 days of sampling. Each sample was filtered througda um filter to
remove particulate organic matter and microbes, and each filter was flushed using a
small amount of sample to remove potential contmants from the surface of the filter
(Norrman, 1992). In some cases, it was necessary to freeze samples prior to analysis,
which always occurred after filtering. DOC concentrations were analysed using an

Elementar Vario TOC Select analyser and are regas$ gtin this study.

2.6. Vegetation surveys

Vegetation surveys were conducted annually during late sun{egustc September)

to characterise vegetation change at the species, plant functional type and community
level over time. Each year, three fixed 25 x 25 cm quadrats enclosing a 5 x 5 grid were
surveyed within each plot. Plant taxa were quantified using theqgpiadrat method

(Levy and Madden, 1933; Rochefettal., 2013). A skewer was inserted through the
top-right corner of each of the 25 squares on each grid. Total touches of each species of
(living) vascular plant on the skewer were tallied for each squareci€&p@bundance

data were then summed between each square for each plot, accounting for pseudo
replication. During the surveys, all taxa were recorded to spdeiesgwhere possible.
Surface cover(e.g., Sphagnumspecies, liverworts, bare peat) was recodden a
presence/absence basis for each segmeutentiallyresulting inthe underestimation

of surface cover speciem the expenmental plots By the end of this project, a
continuous, tenyear record of vegetation change from within each experimental plot
had been generated. Many of the recorders were the same individuals during this 10

year period, with the author of this thesis present evetynmer from 2017 until 2020.
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2.7. Litterbag decomposition experiment

The effects of the experimental manipulations upon organic matter decomposition at
different depths were tested using the Tea Bag IndéBI) method developed by
Keuskampet al. (2013).Traditional litter bag methods quantify decomposition rates in
soils by measuring how much mass is lost from plant litter, requiring multiple
measurements over long periods of tinflseuskampet al.,2013). These types of study
typically employ locally pragted plant litter to measure sitepecific decomposition,
making it difficult to compare the results of such studies between gitéisler, 1982).
The TBI method measures decomposition two types of substrates of differing
susceptibility to decaygreen teato represent labile organic matter and rooibos tea to
represent recalcitrant organic matter). This allows for decay réteand stabilisation
factors(9S of labile organic matter to be calculated in just a few months, while the use
of consistent substra allows for differences in these parameters to be compared
between site{Keuskampet al.,2013).Srepresents the transformation of labile organic
matter into more recalcitrant compounds as a result of microbial activity and
environmental conditiongPrescott, 2010;Géreckiet al.,2021).Sinfluences longerm
carbon storage, with higher values 8findicating greater organic matter retention
(Keuskampet al., 2013).k reflects the rate of decomposition as a result of microbial
decay and shofterm carbon dynamicqPrescott, 2010; Keuskangt al.,2013). In this
experiment, noawoven tetrahedron bagéBrand: Lipton) were used as opposed to the
woven bags with a consistent mesh sizer@sommendedby Keuskampet al. (2013,
since production of the woven mesh bags discontinued in 2BEEh sizeanaffect the

sizeof particles that enteing or escajng from litterbags therefore the use of non
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woven mesh bagwithout consistent mesh sizmayreduce comparability betweerthe
tea bagused(Keuskampet al., 2013) However, a study byZhaiet al. (2019) found that
mesh size had no significant effect upon litter decatgs, therefore it is assumed that

mesh size hé atrivial effect upon the results of this styd

The TBI method has been tested and compared with the decomposition of pliuer
litter types. MacDonaldet al., (2018) and Didioat al. (2016) compared how the results
of the TBI method compared with those toaditional litter bag studiesusing different
plant litters. Theyfound that the TBI method faithfully replicated the results of
traditional litter bag studies, although decomposition rates were often overestimated
BlumeWerry et al. (2021) comparedthow decompositin rates and leaching of water
soluble compounds differed betwedhe green and rooibos teamployed bythe TBI
method and litter from plant species found inemperate peatland. Theyfound that
green tealost more mass by leachirigan the leaveof the peatland speciestudied
howeverrooibos tea leached lespotentially offsetting thisdifferencein the calculation

of decomposition ratesDuddiganet al. (2000)subjectedsamplesof the two types of
tea used in the TBI methad experimental incubation, analysing thegmainsto test
how changes in thetoichiometryof carbon and nitrogen compareslith other litters.
Both Duddigaret al. (2000) and Blum&Verryet al. (2021) concluded that thieea types
used in the TBI method were suitable proxies for peatland vegetasitinough Blume
Werryet al. (2021) noted that that green tea lost more mass than other litter types due
to leaching However,the TBI method obsereesimilar responses to environmental
variables and trends between wet and dry sites, indicating thatréseilts of the TBI

method reflectthe same spatial patterns in decompositias traditional methods.
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This litter bag experiment was applied to test for differences in above and below ground
decomposition between the climate manipulations. Prior to incubation, each type of tea
bag was overtried at temperatures less than 45°C for 48 hours prior to weighlihg
mass of tea was calculated per bag by subtracting the weight of each bag from the
average empty bag weight, calculated from the mean weight of five empty bags for each
tea type. Samples were not flushed prior to incubation, as this can inhibit colongt

between sample¢BlumeWerryet al.,2021).

Five replicate pairs of green and rooibos tea bags were placed onto the surface of each
plot, and another five pairs were buried beneath the peat surface to a depth of c. 8cm.
Samples were buried by seting an area containing vegetation representative of the
plot as a while. An incision was made into the peat and each tea bag was individually
inserted to a depth of c. 8 cm. Tea bags on the surface of the plot were tied to skewers
inserted into the peatThe experimental incubation began on the 12th of September
2019 and were retrieved following 92 days of field incubation on the 13th of December
2019.This timeperiod was chosebecausdeaf-fall from woody deciduous shrubsn

this site occursnostly during he autumn monthsAlthoughlow temperaturesmayhave
affecteddecomposition ratesluring this timethe contribution ofabovegroundlitter

and heterotrophic respiration to net ecosystem respiratiarterrestrial ecosystems

often greatestduringthe autumnand spring, iraccordancewith the increasedatesof
litterfall (Luo andZhou, 2006 JovaniSanchoet al, 2021).While ®ew studieshave
studied the partitioning of heterotrophic and autotrophic respiratiom temperate

ombrotrophic peatlandsa study of a riparian peatland in north Walssowed that
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enzyme activity associated with the dgcof freshlyaccumulatedaboveground litter

increasel following litterfall in OctobeKBonnettet al.,2006).

Recovered bags were dried at <45°C for 48 hours after retrieval. Following drying, each
bag was opened, and the contents were examined under apowered microscope.
Foreign particle¢§Sphagnum leavesyicaceous rootlets) were removed, although these
were few. After this, the bag contents were-weeighed. Changes in mass following
incubation allowed for the calculation of mass |d%s) for each bag, as well as the
calculation of TBI paramete&andk using the following equation§rom Keuskamget
al., 2013):

Wwo WwQ P W (equation 2)
From this equationk can be calculated. ) is the weight of the substrate following
incubation time(t), a is the labile fraction and-a is the recalcitrant fraction of the tea.

Sis calculated using the equation:
Y p — (equation 3)
Whereayis the decomposable fraction ang I3 the hydrolysable fraction of green tea

(given as a constant: 0.842Falculation sheets used to determirleand S were

downloaded fromhttp://www.teatime4science.orq/

Following analysis, remaining material from the green tea bags were homogenised
using a ball mill and processed using standard methods for colorimetric peat
humification (Aaby and Tauber 1975; Blackford and Chambers 1993), C/N ratios
(Malmer and Holm, 198 Kuhry and Vitt, 1996), and loss on ignit{e®I)(Bouyoucos,

1934; Leifieldet al., 2020). This allowed the sensitivity of these palaeoecological
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decomposition proxies to be compared with the TBI parameters and allowed the

sensitivity of each proxy tthe climate manipulations to be tested.

2.8. Laboratory methods

2.8.1. Core description and sufampling

Core stratigraphy was described in the laboratory using the T®mlish method for
characterising sedimentgTroelsSmith, 1955). Before analysis, core sections were
cleaned by scraping away c. 1 mm of surface material using a scalpel. Peat was sub
samplal throughout the core using a scalpel and a spatula. Thin nail scissors were

occasionally employed to facilitate sampling of fibric peat.

2.8.2. Core dating methods

2.8.2.1. Radiocarbon dating

Radiocarbon dates were taken and measured from core BO17 to generate a core
chronology, allowing for calculation of loigrm carbon accumulation rates and the
correlation of changes in palaeoenvironmental conditions reconstructed froncanes

with known periods of climate change.rBples ofSphagnunor other aboveground

plant remains were picked from 1 ethick subsamples using tweezers, extracted from
points of interest within the corée.g., changes in peat stratigraphy, core basakjlat
After extracting, each sample was carefully examined using gotwered microscope

at 10¢ 100x magnification and rootlets and other potential sources of contamination by
younger carbon were removeilianet al.,1995). When insufficient identifiablplant
remains were present for a particular section of peat, bulk peat was analysed instead.

In this case, a 1 cm thick section of peat was rinsed through a 250 um sieve and the fine
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particulate fraction(<250 um) retained, following guidelines by Pietakaet al. (2011).
Samples were alkadicid washed before oven drying at <45°C. Dried, prepared samples
were dated by Accelerator Mass Spectrome{&MS) “C dating at DirectAMS,

Washington, USA.

For core BO17, an initial series of thr&€ dates were sed to determine a rough
chronology for the core. Based on these measurements it was decided that
palaeoecological analyses would focus on the top 1 m of peat, since this section of core
representedthe pastc. 1500 yearsf interest to this studyAfter this, further'*C dates

were sampledrom within this sectionto refine the agedepth model within tle top

metre.

For cores BO18-3, basal dates were generated by radiocarbon dating 3 lmrtk peat
samples at the poinbf peat initiation for each core, which were processed using the
same methods for bulk peat as were detailed abdMéradiocarbon dates in this study
were calibrated using the IntCal20 radiocarbon calibration curve in OxCal version 4.4
(BronkRamsey, 207). By calibrating radiocarbon dates, the effect that changes in
atmospheric concentrations of*C through time have upon radiocarbon dates are

accounted foReimeret al.,2020).

2.8.2.2.21%p dating of recently accumulated peat
210pp dating was used to date recently accumulated peat in core B&dpleby, 1998;
Turetskyet al.,2004).21%Pb is a naturally occurring isotope that is part of the radioactive

decay chain of3®U. Solic?*%Pb is produced as a product of the radiative decay of the
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gaseoug??Rn, which then falls with precipitation where it can accumulate in $6/Bb

has a hdllife of c. 22.3 years; therefore, changes in its concentration with depth can be
a useful indicator of peat agé\ppleby, 1998; Turetskst al.,2004). Contiguous, 1 ¢m
thick subsamples were sampled throughout the top 30 cm of core BO17. Bulk density
was measured for each sample by dividing the volume of wet peat by its weight after
drying for 24 hours at <4& (Chamberset al., 2011). Sample preparation followed
methods described by Appleb{l998). Samples were homogenised using ScCissors,
weighed, and saled in aittight vials for three weeks, allowing for equilibrium of the
daughter nucleotide?°Ra within each viat!®Pb activity for each sample was measured
by gamma spectroscopy using well detectors at the Consolidated Radape Facility

(CoRIF)Jniversity of Plymouth.

2.8.2.3. Spheroidal Carbonaceous Particles

An additional method for the dating of surface peat is through the use of Spheroidal
Carbonaceous ParticldSCPs). SCP dating is a relatively rapid anadsivalternative

to radiometric methods for dating recently accumulated pé&windles, 2010). SCie

a component of fly ash pollution and are formed by high temperature fossil fuel
combustion(Rose, 2008)Samples were prepared for SCP analysis following procedures
outlined by Swindle$2010). Samples of peat 1émwere dried overnight at 4% and

then weighed. Dried samples were submerged mi®f concentrated nitric acitHNQ)

and were left for 24 hours. The following day, the remaining acid was evaporated away
by heating the sample on a hot plate. The remaining material was mixed withl &0
water. This was transferred into a centrifuge tube and centrifuged for five minutes at

1500 rpm. After decanting the supernatant, this process was repeated twice more to
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wash the remaining acid from the sample. The residue was then transferred into an
Eppenarf tube of known weight, and the weight of the tube and the sample was
measured again. Samples were stirred and a quantity of the residue was transferred
onto a coverslip and dried. The Eppendorf tube wasvesgghed. Prepared coverslips
were mounted on naroscope slides using Histamount, owing to its low refractive index.
Total SCPs were counted using light microscopy at x400 magnification. SCPs were
identified according to criteria described by R¢2808). SCP counts were expressed as
the number of dry prticles per gram of dry ped&DM?). This was calculated using the
following equation:

O pnmnmw 0w fTw o (equation 4)
Where \¢is the mass of the empty Eppendorf tubejdthe mass of the tube containing

the sample and s(gsthe mass of the tube after the coverslip has been prepared.

2.8.2.4. Tephrochronology

Fartravelled volcanic ash can form discrete but sometimes invisible layers in peat soils,
providing geochemically distinct isochrons that allow for correlation with eruptive
events of known agéavies, 2015). Previous studies from Cors Fochno have eeveal
the presence of at least three geochemically identifiable cryptotephra horizons in the
top meter of peat(Watsonet al.,2017); therefore, it was anticipated that those results
could be replicated in this study and that the identification of these @igghra
isochrons could be used to complement and support the@geath model of core BO17.
¢KS adl yRINR (cBinkuidnyoEp8at ar S5 Kveasadopted to identify
cryptotephra(Swindlest al.,2010; Gehrelst al.,2008). Contiguous 3ctsamples were

taken throughout the core at 8m resolution. Remnant material was mounted on
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microscope slides using Histamount and examined beneath a microscope xat 400
magnification under crospolarised light. Note was taken of the colouration and

characer of the glass shards.

Where tephra was identifie¢e.g., Figure 2.8), additional samples were extracted from
the core at Icm resolution to identify the position of the tephra horizon more precisely.
Once a precise horizon was identified, additionabhp samples were extracted for
geochemical analysis of cryptotephra shards. Organic matter was removed from the
samples by acid digestion using sulphuric and nitric acids, as detailed by Netvabn
(2007). This allows for the removal of organic materiaithout affecting the

geochemical composition of the shards.
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Figure 2.8.Tephra shards identified from Cors Fochno during this study. Note the
vesicular morphology and brown colouration of the shards. Samples were identified at
a depth between 35 38 cm from core BO17. Micighotographs taken by Maria
Gehrels.

DS2O0KSWMRYISNIUNAYGAYIQ 2F ARSYGATFTASR G SLIKN
(BCR2g and Lipari) was carried out at the Edinburgh Tephra Analytic&l Aldjt using

a Cameca SX100 Electron Microprgbayward, 2012; Hall and Hayward, 2DIThe
geochemistryof each identified layer was compared with those from tephras of known

origin, archived within the Tephrabase databgsewtonet al.,2007).
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2.8.2.5. Macrocharcoal

A wildfire event that occurred in 1986 affected the central portion of the site, including
the coring locatior(Fowleset al.,2004). It was anticipated that such a significant event
would leave a trace in the peat stratigraphy, as a chronostratigraphic marker of
macrocharcoal likely consisting of large fragments of vegetation, indicative of burning
in-situ (Clark, 1988). In adiibn, macrocharcoal was used as an indicator of wildfires
resulting from human activity, since the temperate, oceanic climate of Cors Fochno
precludes the probability of significant natural burning events occurring following
lightning strikes. Macrocharcbavas sampled and analysed following procedures by
Rhodes(1998) and Schlachter and Hof2010). Contiguous 1 chsub-samples were
taken at 1 cm resolution throughout core BO17. Each sample was submerged #06% H
overnight before wetsieving through a 12um sieve. The larger fraction of material was
retained for analysis. Charred fragments were counted under a stereomicroscope at low
magnification(x10 ¢ x100) using a Bogorov tray. Samples were reported as charcoal

fragments per cubic centimetr@ cm?).

2.8.3. Palaeoecological proxies

2.8.3.1. Plant macrofossil analysis

The longterm development of local vegetation at Cors Fochno was reconstructed
throughout coreBO17 using plant macrofossil analysis. 4 sal-samples of peat were
sampled at contiguous 1 cm intervals. These were submerged in 10% potassium
hydroxide solution for 24 hours prior to wet sieving through a 125 pum sieve. Main peat
components were assesseising a lowpower stereomicroscope at 11.2x magnification,

following an adapted version of the quadrat and leaf count mett@atberet al.,1994)
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by Mauquoyet al.(2010).A magnified, live image of the sample beneath the microscope
was projected onto a computer screen. The sample was floated in a large dish and the
relative volume percentages of each primary peat compor(erg., total Sphagnum
Rhynchospora alavere assssed by counting the number of instances in which they
occurred beneath each square of a 10 x 10 grid, projected over the live image. This
process was repeated 15 times, by systematically moving the dish beneath the
microscope, and the results were aveealgto represent the whole sample. From these

values, relative percentage abundance was calculated for each component.

Seeds and other vegetative components of interest were also counted. Samples were
washed through a 1 mm test sieve and both fractionsrevectained for analysis.
Samples <1 mm were analysed at low magnificafidhg 200x) using a Bogorov tray.
Material >1 mm was analysed by pouring the sample into a+k&th, forming a single
layer of material within the dish. This petri dish was undierlith numbered squares,
which facilitated rapid counting of seeds and other remains, which were recorded as

total counts(n).

Sphagnumpercentage counts were estimated by selecting >100 leaves from each
sample. A Pasteur pipette was used to draw a selection of leaves from each sample, to
ensure selection was random. These were mounted on microscope slides in water and
identified to speas level using a highowered stereomicroscope at 1EEDOx
magnification. Leaf counts are expressed as percentages of the total identifiable

Sphagnun?o.

145



Plant macrofossils were identified with reference to GreBsauckmanr(1972), Smith
(2004), Souteet al. (2016 2017), Daniels and Ed/990) and Mauquoynd van Geel
(2007). Plant remains were identified to species level where possible. In situations
where material was insufficiently preserved to facilitate spetés®! identification,
plant types wereNBE O2 NRSR | & & dghRfisafion 6fN&gs iwasladhived

by referring to Capperst al. (2006) and Soutoet al. (2016).To identify Sphagnum,
reference was made to Mauquoy and van G@6eI07) and Lainet al. (2011)alongside

reference material collected from the site.

2.8.3.2. Peat humification

Humic acids concentrate in peat as a-fspduct of organic matter decay, which
increases in the aerobic acrotelm under drier/warmer conditi@kymo, 1984). Humic
acids are dark brown, so darkly coloured peat is assumed to reflect a high degree of
humification (de Jongget al.,2010). By chemically extracting humic acids from peat and
measuring the optical absorption of the resulting solution using colorimetric procedures
(light spectroscopy), the degree of decomposition can be discerned. Colorimetric peat
humification is commonly used as a qualitative proxy for changes in hydrological
conditions in peatland palaeoecological studi{@sby, 1976; Blackford and Chambers,

1993).

Humification was determined in this study following methods outlined by Roos
Barracloughet al. (2004). Contiguoud cm?® sub-samples of peat tm thick were
sampled throughout the core BO17 and dried at “@5or 24 hours. Samples were

milled using a ball mill, and stdamples of 0.02 g were weighed and placed into a 50 ml
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centrifuge tube containing 8 % sodium hydrochloride solution. Samples were agitated
using a vortex mixer for ten seconds to ensure the glanwas fully mixed into the
solution. Stirred samples were then heated for 60 minutes in a water bath at 95°C,
0SF2NB FAfGSNAY3I GKNRdAzZAK 2 KFaGYlry Ge8LIS Wn(
then diluted to 20 ml with deionised water and centigied at 3000 rpm for five minutes,

to remove any mineral fractions of the peat that might influence resi@tackford and
Chambers, 1993). Each sample was poured from the centrifuge tube into a beaker, from
which subsamples were poured into 5ml cuvettdsr analysis. Humification was
inferred from measurements of % light transmission using a spectrophotometer, set at
550 um(Aaby and Tauber, 1978¢ Jonget al.,2010). Each measurement was replicated

to ensure similar results were measured. Sample batahere limited to 20 samples for

a single run, and measurements made at the beginning of a batch weneasured at

the end to ensure no colour loss had occurred. A strict tstleedule was kept, with all
samples analysed sequentially, within two hourdeing mixed with the alkali solution.
Humification increases throughout a peat core with depth, therefore residual %
transmission data were calculated based upon the linear relationship between

humification and depth, to account for this effg€@hamberst al.,2011).

Samples of decomposed green tea recovered from the tea bag decomposition

experiment were analysed following exactly the same procedures as above, to test the

effectiveness of peat humification as a proxy for decomposition.
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2.8.3.3. Loss on ignitio(LOl)

Loss on ignitionLOI) is commonly used in peatland palaeoecological studies as a
measure of total organic matter content and is often used as a proxy for the carbon
content in soil§Hoogsteeret al.,2015). Inorganic matter concentrations can increase
in peat as organic matter is lost by ded®ean, 1974; Heiet al.,2001; Leifielcet al.,
2011). To measure LOI throughout core BAahtiguousl cm thick peat suisamples
were weidned in ceramic crucibles of known weight. Samples were ashed at 550°C for 6
hours to ensure all organic matter had burned awgiriet al.,2001). Ashed samples
were reweighed, and the percentage of mass lost calculated as % LOI following
Chamberst al. (2011). Samples of decomposed green tea recovered from the tea bag
decomposition experiment were analysed following exactly the same procedures as

above, to test the effectiveness of LOI as a proxy for decomposition.

2.8.3.4. C/N ratios

Carbon(C) is preferentially lost over nitrog€N) as a result of decomposition processes

in peat; therefore, increases in the ratio of C and N percentages in peat are considered
to reflect the extent of decomposition that has ocoed while the peat was in the
aerobic acrotelm(Malmer and Holm, 1984, Leife&t al.,2020). To measure C/N ratios
throughout core BO1&ontiguousl cm-thick peat samples were sedampled and dried

at 45°C for 24 hours. Samples were milled usingad mill and transferred into
aluminium foil cups of known weight. The percentage mass of C and N in each sample
was measured by analysing 56 5 mg of milled peat using a Vario Macro

Carbon/Nitrogen Analyser.
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Samples of decomposed green teacogered from the tea bag decomposition
experiment were analysed following exactly the same procedures as above, to test the

effectiveness of C/N ratios as a proxy for decomposition.

2.8.3.5. Testate amoebae

Testate amoebae are unicellular soil organisms that form distinctive shells that are well
preserved in Holocene peat depogfiitchell et al.,2008). They are sensitive indicators

of local hydrological conditior(®ooth, 2002; Mitchelkt al.,2008; Langdn et al.,2012).
Relationships between modern testate species and local hydrology can be applied to
fossil testate amoebae assemblages using transfer functions, allowing for quantitative
reconstruction of changes in peatland palaeohydrology, which arelwidpplied in

peatland palaeoecological studi@Sharmaret al.,2007; Payne and Mitchell, 2007).

Slices m thick, consisting of 2 c¢hof peat were suksampled at 2 cm intervals from
core BO17. Tests were extracted from the peat following adapted methods by Hendon
and Charmar(1997). Samples were submerged in 200ml of water along with a single
lycopodium tablet(Batch number: 3862) andised using a glass rod. Samples were
then gently heated on a hot plate for 20 minutes to disaggregate the material. Samples
were sieved through a 35%m testsieve, and the smaller fraction was retained. These

were then centrifuged at 3000 rpm for 10 noites.

A small amount of sample residue was transferred onto a microscope slide and mounted
in glycerol. Tests were counted at 2@0400x magnification using a higlowered

stereomicroscope, with minimum counts of 100 individuals achieved following
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recommendations by Payne and Mitch€l009). Testate amoebae were identified with
reference to Charmart al. (2000), Clarke(2003), Mazei and Tsygang2006), and

Siemensmg2019).

To reconstructapproximatelongterm mean average changes iwater table depths
through time (Booth, 2008) the weighted averaging transfer function model of
Amesburyet al. (2016)was chosen, based on a training set of 1302 samples spanning

35° of latitude and 55° of longitude. No new local training set samples were included

2.9. Statistical methods

2.9.1. Net ecosystem carbon budget modelling

Multi-year carbon budgets were estimated for each experimental plot using
interpolation and extrapolation methods. NER was modelled based on measured fluxes
using the (2z + S) mode(Rowsonet al., 2013). This model links the Arrhenius
relationship between soil temperature and measured NERyd and Taylor, 1994) to
plant functioning, accounting for feedbacks between water levels, plant root exudates
and plant senescence. Seven constants requiredie Rowsoret al. (2013 model
were identified using the generalised reduced gradi@®RG2) nonlinear optimisation
code in Exce(Lasdonet al., 1978). Model parameters were fit to the continuous
temperature and water table depth time series data measlurwithin each plot,
allowing NER to be modelled. Different data combinations were explored to find the
best fit for the model including modelling by plot, treatment and for measurements
taken from 201Q; 2021 and 201%¢ 2021. Model selection was based upahich set of

models had the best predictive powér) and the lowest sum of squared err(8SE).
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To model GPP and gHsignificant relationships were tested for between
photosynthetically active radiation, soil and air temperatures and water table depth
using simple linear regression. Where significant relationships were found, different
relationships(linear, exponential, logarithmic) were tested between the response and
predictor variables, and the strength of each model was tested by compatangdSEE
values. Fluxes were modelled based upon interpolation using the model that provides

the best fit.

The dynamics dDOCluxesfrom peatland catchmentare often quantifiedusing a DOC
end-member mixing modelwhich calcdate the mixing of waters and the expected
dilution of DOC from itsarioussources(Worrall et al., 2006). This stug lackedthe
relevant infrastructure to measure stream flow rafesnd measurements were not
taken of DOC from strearwaters draining from CorBochng meaning thata mixing
model could not be usedn order to incorporate DO@uxesinto the annual carbon
budgets for Cors Fochno, a simple hydrological model previously proposed by Ridley
(2014) was usedThis model assumes a pHgyv of DOC throughout the system
providingaroughestimate of annual DOC flux by multiplying annual total discharge with
the mean averageore-water DOCconcentrations measureffom within each plot.
BEvapotranspirationrates were measured from Plas Gogerddan, Aberystwg@B0 mm

m2 y1) andadjusted by a conversion factor of 0.7 to account for the wditeiding
capacity ofSphagnumresulting in an annual evaporation rate of 420 mn? ym?. This
value was subtracted fromte total annual precipitation measurements from Frondirion
taken between2010 to 2019Justin Lyons, pers. comniidley (2014) found that this

model produced DOC fluxexomparable to thoseeported from other raised bogs
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although they note that the estimated fluxesere too crude tdoe compared confidently
with estimates from other sitesThis method assumes all ater not lost by
evapotranspiratiorescapes the sitgia overlandlow and does not account for mixing
or the dilution of DOC with rainfalTherefore DOC fluxes are likely to be overestimated
in this study Between8 ¢ 9.5% of rainfalthat lands uponCors Fochno is lost via water
movement through the catotelm (Bairet al., 2009, which isnot accounted forere.
Neither does this model account fancreased DO@xport following heavy rainfall
events which may have increased annual DOC release rates from théufeet al,

1994).

Porewater concentrations of particulate organic carbon (PQifysolved inorganic
carbon (DIC) and dissolved gaseous carbon €0@ CH) were not measuredn this
study, as these fluxes areisually assumed to be low frm relatively undisturbed
ombrotrophic peatlands (Lindsay, 2010)stihates of POC and DIllixes were
generatedfor Cors Fochnausing values reportedby Heinemeyeret al. (2019) and

Dawsonet al. (2002)

Annual net carbon accumulation rates wesstimatedby calulatingthe molar mass of
carbon for eachmodelled annuaflux, andaddingthese estimates togetheiEstimates
for each fluxwere multiplied by 6 to account for #6-hourly timeseries dat usedto

model each gaseous fluXet annual carbon fluxes areported as g C rhy™.

To assess whether proportional changes between &@ CHemissions affected the

greenhouse gas sink function of the site 4@lds converted to its G@quivalent for 100
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years by multiplying the total annual modelled Gldx estimates by 28shikuraet al.,
2018), accounting for the higharfra-red absorptivity of CiHelative to CQ. CH ¢ CQ
equivalent values were combined with NEE as a measure of the total gaseeus CO

equivalent emissions from the site.

Differences were tested for between measured carbon fluxes, total gaseous CO
equivalent greenhouse gas emissions and annual carbon budgets using generalised
mixed effects linear model®O[ aada v ® ¢KS&AS GSada 6SNB LIS
LI O1F3S Ay (KS &a(Bateseh al., 2018 IR{coreL i, 2ORI1)YWhehw Q
testing @s flux measurements, environmental variables were included as model
covariates, which were determined using sintgem deletions. For each statistical test,

plots nested in blocks and year were included as random factors to account for the
repeated meastes used in this study. Experimental treatments were set as fixed

factors.

2.9.2. Dupont Hydrological Index

Changes in palaeohydrological conditions through time were reconstructed for core
BO17 using a hydrological index based upon changes in the botanical composition of
peat throughout core BO17, using plant macrofossil analysis. Changes in bog surface
wetness (BSW) inferred from peatland palaeoecological proxies such as plant
macrofossils provide a qualitative measure of soil moisture, which is related mostly to
changes in precipitation, but also weakly linked to climgt@harman et al.,
2009).Weighted values NB | 8aA3y SR (2 LIXIyd G EF  dza A

(DHI) based upon their hydrological preferen¢gés wettest and 8= driestiDupont,
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1986; Mauquoyet al.,2008). Each species/taxa type were allocated a score relative to
their hydrological pregrences. Species that were not assigned DHI sqdodewing
indices by Mauquot al., 2008, with the addition oSphagnum denticulatujnwere
removed from the dataset and relative percentage abundances recalculated. Taxa
scores used to calculate the Didte provided in the supplementary materials

(Supplementary Text 2.1)

2.9.3. Analysis of changes in vegetation community composition through time

Vegetation change through time as a result of the experimental climate manipulations

was tested using multivariate analysis of abundafi@&nget al., 2012). Changes in
vegetation(both by species and functional type) over time across all combinations of

tINBIF GYSyida 6SNB GSaidSR dza(Wahdet all,R032; Warigtl 6 dzy RQ LJI C
al., 2020). This method fits a separate generalised linear md@lM) to each
species/group with a common set of explanatory varialftesatment, time, and the

interaction between them)(Warton, 2011). This method was used because it provides
ANBFGSNI adFGAaadAOrt LReSNI GKFY GNIRAGAZ2YI
measure treatment effects upon multivariate data, such as principal response curves

(vanden Brinket al., 2009, Warton, 2011, Wartoet al.,2012), and allows for the testing

of individual species responses, as opposed to simply measuring change at the
community level. Data were fitted to negative binomial models, which were chosen to

account for overdispesion. The significance of the fixed effects and their interactions

upon vegetation were calculated using Wald te@@siteset al., 2009), with PIHrap

resampling of 999 permutations, assuming an uncorrelated response between variables

(Wartonetal,H A MT 0 X dzaAy 3 GKS (SishpSop tAIS2019)LEaNtedzi SQ Ay v
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were restricted to plots within blocks, accounting for the liehical design of the
experiment, and repeated measurements were accounted for by retaining the sample
order when permuting the entire time series. When testing between-gwisions of
factors(e.g., control vs. combined warming and drought treatmentglthe maximum
number of permutations possiblg19) were used to calculate theyalue, and in these
cases, there was no need to restrict sampling to blocks. Treatment effect at the
community level is calculated as the summed deviance of all specibs tnelatment

plots (Wanget al.,2012).

2.9.4. Agedepth modelling

Robust age depth models are a fundamental aspect for palaeoecological studies,
allowing for dates to be ascribed to climate change events and correlation between
different proxy archivef_acourse and Gajewski, 2020). In particular, a robustiagéh

mode is essential for generating accurate carbon accumulation rates from peat cores
(CA I O1-WSIem&®014). Two agelepth models were generated for core BO17.
The first incorporated a mix of radiocarbon, SCP dates and a macrocharcoal
chronohorizondza A y 3 G KS LI O |(Bladu@et &.ND21bY) Zhys nodklljhg w
approach uses Bayesian statistics to generate accumulation histories by combining
radiocarbon and other dates with prior assumptions about accumulation rates and
variability (Blaauw and Christen, 2013). This model generates maximum age
probabilities at set intervalél cm in this thesis), together with maximum and minimum
ages based upon the 95% confidence interval. Radiocarbon dates were calibrated using

the IntCal20 Northern Hemisphemadiocarbon age calibration cury®eimeret al.,
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2020). This model was used to date changes in plant community composition through

time, relating changes to periods of known climate change.

A second model was used to generate carbon accumulation fatéke Late Holocene
from core BO17. Data used in the former model was complemented by the
incorporation of additionaf'%Pb and tephrochronological dates. These were modelled
dzaAy 3 GKS LI Ofduddopezetiall 2048;(Bladuyet al, 2021a). This
method works in a similar way to rbacon but also modé!Bb dates using supported
and unsupported?®Pb data. This method improves on traditional techniques for
modelling?'°Pb, allowing for the integration ¢f%Pb dates with other dating ethods
without the need for remodelling the?'®Pb dates, and generates model uncertainties
in more statistically robust manner than traditional metho@fsppleby and Oldfield,

1978; Aquinel.épezet al.,2018, 2020).

2.9.5. Long term apparent rate of carlbbcaccumulation(LORCA)

Holocene long term apparent average rates of carbon accumulgti@RCA) were
calculated for cores BO1B ¢ 3. Bulk density was measured at contiguous 10 cm
resolution. Wet peat samples were weighed, and their volume was measured using
water displacement, reported in cmSamples were then oven dried at’@5for 48 hours

and reweighed. Bulk density was calculated by dividing the dry weight with wet volume
(Cramberset al., 2011). On occasion, samples were less than 10 cm thick, and the
difference in sample interval was accounted for in the calculations. %C was measured
by analysing 55 + 5 mg of milled material using a Vario Macro Carbon/Nitrogen Analyser,

using birch leaf powder as an analytical standard. LORCA was calculated by dividing the
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sum mass of accumulated carbon by the basal date for each(Gymoet al., 1998)

using the following equation by Korhadt al. (1995):

' T'NJ (equation 5)
Where A= dry mass accumulatipn= net rate of peat accumulation
YR ~ I RNE 0 dzin this BiRly, #h& e of 2afbonLaSduriiulation is
reported inunits of g n? y1, net peat accumulation rate as mmtyand bulk density as

g cn¥.

Net rate of peat accumulation is calculated by calculating the sum total mass of carbon
accumulated throughout the peat profile and dividing this with the basal peat age,
calculated from a single radiocarbon date extracted frtiva base of each core. The
LORCA for the site was calculated as the mean value between the three cores. LORCA

was reported as g Chy-1.

2.9.6. Apparent rate of carbon accumulatidaCAR)

Late Holocene apparent rates of carbon accumula{ed@AR) were calculated for core
BO17. Bulk density was measured for each sample, and %C measured by analysing 55 *
5 mg of milled material with a Vario Macro Carbon/Nitrogen AnalySamples were

taken d contiguous Icm intervals. Carbon density was calculated by multiplying dry
bulk density(g cm?) with %C. aCAR was measured following methods by Betsdle

(2019). Sedimentation rates generated from the adepth model for core BO17 in

rplum were used to calculate aCAR for each 1 cm interval. Peat accumulation rates were

converted from y cmto cm y! by converting the posterior probability density functions
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of the accumulation times from Gamma to inverse Gamma distributions. Carbon
accumulation rates were calculated by multiplying the accumulation {fatem y*) by
organic carbon density in units of g OCTr@rganic carbon density were derived by
multiplying buk density with carbon % content. Mean and median aCAR rates and 95%
confidence intervals were calculated from the cumulative density fun¢Bahsheet al.,

2019).

2.9.7. Comparing longerm carbon accumulation with hydroclimatic change

Associations between aCAR and testate amoeateéved water table depth
reconstructions and the DHI scores were explored to test for relationships between
these variables, to see holydroclimatic changes influence aCAR.account for the
lower sampling resolution of the testate amoebae samglesm thick samples every 2
cm), data were gafiilled by calculating the migtalue between adjacent sam@eaCAR

was also compared withrbad changes in the loAgrm record of plant community
composition derived from the plant macrofossil analysis. The effect of climate upon
aCAR was tested by estimating the correlation between aCAR rates and reconstructed
Northern Hemisphere temperaturenamalies covering the past c. 1000 years, as well

as the Central England temperature datagefanley, 1953; 1974; Manat al., 1999;

HanyT tIFEN]JSN FYR [ 2NI2Yy3S HaapOd ¢KAaA &I

(PolanceMartinezet al.,2018). This package allows for the correlation of two unevenly
spaced time series, including instrumental and palaeoclimatic time séPielance
Martinez et al., 2019), using binned correlation. This method resamples the irregular

time series into a series of bins on a regular grid, and then assigns the mean values of
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each variable being tested within those bifidudelsee, 2010). Correlations came b

calculated by estimating the crossrrelation of the binned time series.

These correlations may be affected by the resolutiand accuracyof the testate
amoebaederivedwater table reconstructionsWhile testate amoebae are known to be
sensitive tochanges in watetable depth,comparisons between modern and fossil
assemblagessed to calculate these changes nimjinfluenced by taphonone effects
relating tothe preservation and distribution of testthroughout the peat profilelt is
difficult to assess how themovement of testate amoebae throughout the peat prefil
may affect palaeoecological reconstructioriMitchell et al., 2008) however living
testate amoebae exhibiinly a limited degree of infaunality (R&# al.,2002), therefore
the vertical movement ofivingtestate amoebaas assumed tde small. While species
with tests composed ofsecreted biosilica plateslo not preserve well in the
palaeoecological record (Swiedet al., 2020), this has a negligible impact upon water
table reconstructions (Mitchekt al.,2008). Therefore, test taphonomy is assumed to
have had a minimal effect upon the resultant water table depth values reported in this

study.

2.9.8.Statistical methods for the analysis of plant macrofossil data

To identify groups of stratigraphically adjacent plant community assemblages in the
plant macrofossil record for ce BO17, constrained incremental sum of squares cluster
analysis(CONISS; Grimm, 1987) was used. Since CONISS is unable to deal with the

different data types generated by the plant macrofossil analRedative % abundance
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and count data]Birks,2014), only the main percentage peat components were used to

partition palaeevegetation into zones.

2.9.9. Comparing vegetation responses to climate change

Modern vegetation assemblages frahe climate manipulation experiment for all years
were compared with the longerm palaeoecological record of vegetation change using
a novel application of the modern analogue techniq@mpson, 2007). The modern
analogue technique is normally used ttentify close modern analogud€MAs) for
fossil datasets as part of transfer function assessment for palaeoecological
reconstructions(Overpecket al., 1985; Simpsoret al., 2007). This method assigns
dissimilarity scores to comparisons of every experimental survey and macrofossil
sample, using methods described by Baag Curtis(1957). A number between 0 and 1
was assigned for each pair of samples based on the statigdisdimilarity between
communities, with 0 indicating samples that are completely identical, while a coefficient
of 1 indicates samples that are completely unalike. A Mab&lo simulation with
10,000 permutations was employed as described by Sim{v)to define a critical
value for dissimilarityo categorise CMAs at the 95% confidence interVals method
draws two sets of data at random and compares theetording the(dis)similarity
between the two samplesThis procesgeneraes a randomisation distribution of
(dis)similarity values expected by random sample comparistiowing fora threshold

of similaritythat is unlikely tchave occured by chancéo be catulated This method is
utilised to quantify how well the vegetation thin the experimental plots resembles the

fossil communities, as well as the frequency with which the palssgetation
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communities throughout the core were close modern analogues for the vegetation

within the experimental plots.

This methodassumeghat the relative abundance of plant functional typestimated
by plant macrofossil analysare comparable tothe relative abundance of species
measuredusing the pirtouch method in the experimental plotsThis may not be the
casedue to methodological differences between thmodern and palaeoecological
methodsemployed in this studyfor thepin-touch method,certain taxathat possess
wider, taller, spreadingleaves ordense growthpatterns may appear to be more
abundant dueto increased detectioby this methodHeslehurst, 1971 B5phagnunand
other surface coveregetation may beinderrepresentedince they are only measured
once per quadratFor plant macrofossil analystbie representation of certain taxa in
the palaeoecological recomdill be biased owingto differences irpreservation Robust
plant remains(e.g., Sphagnumleaves and ericaceous roojsare preserved more
commonly over more fragile remains (e.g.gricaceous woody remainand flowers)
(Mauquoy and Yeloff, 2008). These differengeske it diffcult for quantitative
comparisons to be made between palaeoecological and modern vegetation

communities.

The total number of CMAs between thexperimental and the palaewegetation
communities were used as a measure of how well the vegetation in the experimental
plots resembled the vegetation within the cor®egetationfrom the experimental
surveys that have no analogy in the palaeoecological record were renfowedthe

data set,in order to account for the preferentialecay andabsenceof certainplant
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remains in plant macrofossil assemblagéhe remaining counts were summed into
taxonomic groups dbphagnun{sub-genera)and intophysiognomidunctional groups:
shrubs, sedges, and liverwodsnilar to those used by Wat al. (2013).The relative
abundance of each group was calculated. The data were square root transformed prior
to analysis to reduce possible differences between the palaeoecological and

experimental methods for determininglant community composition.

This was done to make the differing datasets more compardigeever this is at the
expense of the loss of a great deal of information regardiifferences inspecies
specific characteristics antiehavious (Verheijenet al., 2015). Furthermore, this
decisionmay heavily bias the meits, with CMAs more likely to be detected whilee
species present may have been substantially different to what exitstin the site

presently.

2.9.10. Comparing longerm carbon accumulation with net ecosystem carbon budgets
Modelled carbon emissions were partitioned into each of their componéd@, CH,

DOC) and compared to the aCAR record for core BO17. Differences in aCAR were initially
compared with GPP, and each carldarx was aggregated to GPP in turn, to see how

the aggregation of different fluxes improves or compromises comparison and
interpretation of contemporary carbon budgets with aCAR rates throughout the past
millennium. This assumes that mulyiear estimates of net ecosystem carbon balances

are comparablewith carbon acumulation rates derived from corefn reality, these
records are unlikely tperfectlyconverge Carbon accumulation rates derived from peat

cores are fequently smaller than contemporary carbon budgets from the same site
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(Byrneet al.,2004; Ratcliffeet al.,2018).Apparent rates of carbon accumulatiolerived
from peat cores represernfull-year accumulatiorates averagedover a much longer
period of timethan net ecosystem carbon budgets, which are typically estimé&ied
individual years anthaydiffer greatlydepending uporannualclimatc variability (Byrne

et al, 2004) However, theoreticallywhen net ecosystem carbon measurements are
averaged overtime periods equal to the chronological resolution seen in
palaeoecologicastudies (> 10 years)hese estimates magonverge Ratcliffeet al.,

2018).

2.9.11. Comparing the sensitivity and effiaeness of palaeoecological decomposition

proxies

To determine whether vegetation communities influence decomposition, vegetation
survey data measured during 20@Be year of thditter bagdecomposition experiment)

were expressed as species percentage relative abundance and vegejedigps were
determi Yy SR dzaAy 3 KASNI NOKAOIf OfdzZAGSNAYyID 2
to identify clustering structures, and the number of clusters determined using the

I SN 3S &aAt K2dzSG0GS FLILINBIF OKo !'ff FylfeasS:

R(Maechkret al.,2013).

The sensitivity of each proxy to the decomposition measured by the TBI was tested using
redundancy analysis. This technique is an extension of multiple linear regression, that
allows regression of multiple response variables on multgtelanatory variables,
aiming to maximise the amount of variance explained by the linear combination of

explanatory variableglsreals, 1984). Both explanato(yBl parameterk and § and
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responsevariableg% light transmission, C/N ratios, L@Bre standardised and square
root transformed, owing to the dimensionally heterogenous and -ioear
relationships exhibited by the variables. The magnitude and direction of change in the
palaeoecological proxies were compared with the changes seen ih eaaxy
throughout the Late Holocene record of Cors Fochno, to determine whether the

magnitude and direction of changes reflect changes seen in the experimental plots.

2.10. Synopsis

This section describes the methodology employedntegrate shortterm peatland
manipulation experiments with lonterm high resolution palaeoecological
investigationslt shows how the experimental and palaeoenvironmental objectives of
the thesis will be met, and what methods were used to facilitaimparison between

the results of both approaches. By directly comparing the results of both approaches for
the same site, this study aims to make substantive progress towards developing an
understanding of how peatlands will respond to future climate clengnd whether

positive or negative climate feedbacks will dominate in a warming world.
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3.1. Abstract

We test whether vegetation community composition from X0year climate
manipulation experiment on a Welsh peat bog resembles vegetation communities
during periods of climate change inferred from a peat core. Experimentally warmed and
combined warmed and droughted treatments drove significant increases incenca
shrubs butSphagnunwas unaffected. Similarl;alluna vulgariseeds increase during
inferred warmer periods in the palaeoecological record. Experimental gbort
episodic drought(four 4-week drought treatments) did not affect vegetation. Plant
community composition has undergone several abrupt changes throughout the past c.
1500years, often in response to human disturbance. Only slight changes occurred
during the Medieval Climate Anomdly. 951250 Common Era [CE]) in vegetation and
hydrology,while abrupt changes occurred during the Little Ice Agel30@1850 CE)
when water tables were highest, suggesting that these shifts were driven by changes in
water table, modulated by climate. A period of water table drawdown c. 1800,
synchronous withhistorical records of increased drainage, corresponds with the
development of the presentlay vegetation community. Modern analogues for fossil
material, characterized by abundaRhynchospora alband Sphagnum pulchrumare

more common after this event.@getation changes due to climate inferred from the
palaeo record differ from those observed in the experiments, possibly relating to
differences in the importance of drivers of vegetation change over varying timescales.
Whereas temperature is frequently edtified as the dominant driver of plant
community change in experiments, sustained changes in water table appear to be more
important in the longterm record. We find evidence that recent climate change and

other anthropogenic stressofg.g., drainage, éavy metal, and nitrogen pollution) may
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promote the development of novel plant communities without analogues in the fossil
record. These communities may be poorer at sequestering carbon and may respond

differently to future climate change.

3.2. Introduction

Peatlands accumulate vegetative material over thousands of years, which preserves as
peat under anaerobic and cool conditions beneath the water tdikevittet al.,1997).

As peat grows, carbon is retained, and can be stored indefirfBelyea 2009; Daidson
andJanssens2006). Peatlands contain approximately 30% of all terrestrial soil carbon,
estimated at c. 50& 100 billion tonnegGT)(Gorham,1991; Yu2012; Ywet al.,2010)
despite only occupying c. 3% of global land gW#addingtonet al.,2015). Peatlands

emit atmospheric carbon via gaseous exchange of carbon di¢&€i@¢ and methane

(CH) while also losing carbon via hydrological pathways in dissolved and particulate
forms (Blodau,2002; Freemaret al.,2004). This constant carbon cycling produces both
positive and negative climate feedbad@idghamet al.,1995; Gorham1995; Moore

et al., 1998). Overall, pristine peatlands are considered net carbon sinks, cooling global

climate (Frolkingand Roulet,2007).

Anthropogenic climate change is projected to alter global temperatures and weather
patterns, with the most pronounced changes imntperature and precipitation rates
predicted for the Northern Hemisphe@PCC2021). Temperature, water table depth
(WTD) and atmospheric @oncentrations are important climatic variables that govern
peatland resilience and functionir{@uretskyet al,, 2012). Increased temperatures and

lower water tables may promote vascular plant growth at the expense
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of Sphagnummosses(e.g., Dielemaret al.,2015; Metcalfeet al.,2011; Trinderet

al., 2008).Sphagnums important for maintainingcosystem functioning and resilience

to climatic or anthropogenic perturbation® many northern peatland¢$Bragazzaet
al.,2013; Kuiperet al.,2014). By modifying the hydrology and biochemistry of the
soil, Sphagnunctreates waterlogged and acidic sufzges that decay slowlyvan
Breemen1995). IfSphagnuntover is reduced in favour of vascular plants,
decomposition may be accelerated, as the supply of readily decomp{abde)
exudates from vascular plant roots increases, coinciding with fewer itohib
polyphenol compounds released BphagnumBragazzaet al.,2013; Fennerand
Freeman2011). This may significantly impact peatland ecosystem functioning,
decreasing its carbon sink capagyelemaret al.,2015). Other indirect climate change
impacts, such as drought and wildfire, may also weaken or reverse peatland carbon sink
functioning (Blodau,2002; Grillakis2019; Norbyet al.,2019; Rouseet al.,1997). By
understanding how changes in climate and hydrology will affect peatland plant
communities, we can better anticipate future peatland ecosystem responses to
anthropogenic climate change. A complete understanding of these responses and their
assocated feedbacks may lead to future improvements in global climate models

(Frolkinget al.,2009).

We compare changes in plant community composition followingeids of climate
manipulation (warming and episodic drought) on Cors Fochno, an ombrotrophic
peatland in Wales, with the lorgrm palaeevegetation history of the bog. We
generate a highresoltion testate amoebaealerived hydroclimatic reconstruction for

the past c. 150§@ears from a peat core, relating hydrological shifts with changes in plant
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community composition in the lonterm record. We compare vegetation community
composition within theexperimental plots and test the hypothesis that vegetation
community composition within the experimentally warmed and droughted plots

resembles that of dry/warm periods over the past one and a half millennia.

Climate manipulation studies simulate clinraand hydrological changes in peatlands
(e.g., Dielemaret al.,2015; Wardet al.,2013), allowing examination of ecosystem
responses to a range of environmental stressors. However, such experiments are
frequently shortlived, rarely exceeding five growirggasons and therefore become
increasingly imprecise for predicting how peatlands will respond to climate change over
longer timescales. Nevertheless, peatlands also record a sensitive archive of
environmental and climatic change over letegm (decadal tomillennial) timescales
(Barber,1993; Chamberand Charman2004). Changes in environmental conditions
may be inferred from biological or physical proxies that record changes in precipitation,
reinforced by temperaturgCharmanet al.,2004,2009) and maye compared with
changes in vegetatiofe.g., Chamberst al.,1999; De Vleeschouwet al.,2009; Turner

et al.,2014). Such studies can be limited by the difficulty of discerning climatic effects
from anthropogenic impacts in some instances, dating wadaties and differential
preservation of biological proxi€gkuhryand Turunen,2006; MauquoyandY eloff,2008;

Swindleset al.,2020).

Studies incorporating both climate manipulation studies and centennial or millennial
scale proxy records are raifgamentowiczet al.,2016). However, the methods are

complementary and can be applied together to improve the understanding of peatland
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vegetation responses to climate chan@i@mentowiczt al.,2016; Rull2010; Seddon

et al.,2014). Interpretation of the esults of longerm in situ climate manipulation
experiments may also be improved by considering the present state of an ecosystem in
the context of its longerm history (Lamentowiczet al.,2016; Williset al.,2010).
Lamentowiczt al. (2016) considered the lonrgrm palaeevegetation history for two
experimental sites at Linje mire, northern Poland and Mukhrino in western Siberia, and
found that the vegetation cover in both sites had changed during the past cye&d8:

due to human agvities (drainage) on Linje mire and following changes in climate and
bog microforms on the relatively pristine Mukhrino. They argue changes in vegetation
following anthropogenic disturbances and climate changes have modified ecosystem

functioning in peatinds.

For the palaeevegetation reconstruction at Cors Fochno, we focus on the past c.
1000years, as temperature variation during this peri@d 0.2°C, Manret al.,2009)
likely resembled the simulated temperature differences imparted by the experiment
(Bradley and Jonest,1993; Mannet al.,2009). Climatic variability during the past
millennium for the Northern Hemisphere included relatively warm conditions from the
mid-9th to the mid13th century Common Ef&E), followed by cooler conditions from
the 14th to the mid19th century CEMann et al.,1999). These events are loosely
termed the Medieval Climate AnomalYCA) and Little Ice Ag@IlA) respectively
(Lamb,1965; Mannret al.,2002). The timing and magnitude of both events vary widely
across regios, and neither were periods of ubiquitous warming or cooling
(Broecker2001; Mannet al.,2002; Matthewsand Briffa,2005; Neukonet al.,2019).

The MCA was a period of generally warmer conditions over much of the Northern
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Hemisphere, characterized by a predominantly positive North Atlantic Oscillation
(Trouet et al.,2009). The LIA was characterized by pronounced cooling over the
Northern Hemisphere and a predominantly negative North Atlantic Oscillation
(Lamb,1965; Manret al.,2009; Matthes1939). Marine palaeoclimate reconstructions
show thatNorth Atlantic Seaurface temperatures were warmer during the MCA and
fell during the LIACwninghamet al.,2013), corresponding with palaeoclimate data
showing that conditions were generally drier throughout much of Britain during the
MCA and wetter or more variable throughout the L@harmanand Hendon,2000;

Lamb,1965; Proctoet al.,2000)

Previous studies have made great strides towards understanding peatland vegetation
responses to climate chande.g., Buttleret al.,2015; Malhotraet al.,2020; Weltziret

al., 2003); however, to our knowledge, no previous study has attempted to quanibi

situ temperature and water table manipulation with palaeoecological approaches to
test how well the changes in these experimental studies replicate past changes.
Comparing plant community composition changes in the experimental and
palaeoecological record ovehe past c. 100Qears provides insights on how well
climate manipulation experiments reflect actual letegm ecological changes and if
changes in past vegetation community composition can serve as useful analogies for

future responses to anthropogenitirnate change.
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3.3. Study site, methods, and materials

3.3.1. Study site

Cors Fochno is $phagnundominated raisedombrotrophic) bog near the Ceredigion
coast, Wales, east of the town of Borth | 4 Y p H ®p n Figure2.3).3tYs the n ®n m
largest expanse of primary surface lowland raised bog in Wales, with a central active
zone comprising c. B? of primarysurface peat, surrounded by ck#a? of degraded
peatland(Poucher2009). The vegetation on the central dome is consistent with the UK
National Vegetation Classification MIica tetralixSphagnum papillosumaised and
blanket miretype vegetation commnities, dominated bySphagnum pulchrudawns
(Rodwell,1991). Cors Fochno overlays tidal mud flats, and the underlying geology is of
Silurian Aberystwyth grits groyplowells,2007). Peat initiation began at the site around

c. 6000 BCBWVilks,1979). The pat attains a maximum depth aboven?in the central
raised dome, which sits c.m above sea levdlCCW2011; Hughesnd Schulz2001;
Wilks,1979). Based upon local measurements, annual precipitation (£181¢2019),
average air temperaturé2010;2019)and average wind speed were 1236 mm yeéar

11.1°C and 3.1 n® &espectivelyunpublished data).

The site has experienced leevel disturbance from human activities such as
agriculture, peat cutting and mining activities throughout much of its histayich
intensified at the end of the 18th centurfMighall et al.,2017; Pageet al.,2012;
Poucher2009). Population increases at this time drove demand for increased
agriculture and fuel, resulting in the excavation of extensive drainage channels after
1815 and the conversion of large areas of the bog to farm{@wdicher2009). Annual

burning of peripheral areas of the site began in the early 19th century and continued at

195



a near annual basis until 196CW2011). Drainage and peat cutting continued until
the 1970s, at which time restoration work began, restoring former water levedsre

establishing peat bog conditions in degraded argasucher2009).
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52.52
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Figure 3.1Satellite image of Cors Fochno, Ceredigion, West Wales. The red dot denotes
the location of the experimental plots and core. The inset map shows the location of
Cors Fochno within Waldblue dot). Satellite image sourced from Bing maps

3.3.2.Experimental setup

The Cors Fochno experiment is a ldagn (10-year), fully factorialin situ climate
manipulation experiment consisting of hydrologically isolated plotSgifagnumawn
(Figure3.2). The intention of the experiment is to determine the effects of climate

warming and drought upon ecosystem functions in northern ombrotrophic pedan
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This project uses open top chambd@®TCs) to simulate climate warmiffggure3.2);
these are commonly used to moderately elevate air and soil temperatures in field
experiments(Aronsonand McNulty,2009). OTCs were constructed from -2 thick
Perpex sheets, joined at the corners by cable ties, following designs used by the
International Tundra ExperimerfArft et al.,1999; Marion, Bockheimet al.,1997;
Marion, Henryget al.,1997; Shaveet al.,2000). OTCs passively warm the air within the
chamber like a greenhouse, with studies typically reporting a@Ll3% C air temperature

increase(Walkeret al.,2016; Wardet al.,2013).

Table 3.1Experimental treatments in the Cors Fochno climate manipulation
experiment. The two experimental levels are denoted by shading of the table rows. The
presence of open top chambei@TCs) and groundwater pumping treatme(Rsimped)
aredenotedbyan X.Coy SR ¢ N¥Ay 3 YR RNRBdAZAKG L) 204 a

Treatment OTC Pumping Number of plots  Plot ID

oTC X 6 1,3,5,8,10, 12
Pumped X 6 1,4,6,8,9,12
Control 3 2,7,11
Warmed X 3 3,510
Drought X 3 46,9
Combined x X 3 1,8,12

Drought in this study refers to reduced precipitation resulting in lowered groundwater
levels (van Loor2015). Drought simulation was achieved by automated groundwater
pumping from within the plots. In the corner of each drought plot, we inserteena 1
long, 1Xcm-diameter perforated tube vertically into the peat and removed the peat
inside During drought simulation, plots were drained by macerayte pumps
attached to inlets (fitted with onavay valves to prevent water backflow) for each tube.

Plastic piling, 1.5n long, hydrologically separates the plots from the surrounding peat,
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preventing lateral flow into the drought plots. Shorter, Orbpiling drilled with holes
were inserted into warmed and control plots to replicate this disturbance while still
allowing for lateral water exchange to take place. Drought simulation was repeated
during 2010, 2011, 2014 and 2019, each time lastoug weeks between August and
September. This study tests the effects of increased drought incidence upon vegetation

over 10years, rather than the effects of longrm, sustainedvater table drawdown.

-l ,'"..' ’:7> - ¢
@ (AR Boardwalk
o

[

(D ﬁ —Q‘ Vegetation survey quadrat
1 Open topped chamber (OTC)
; O WTD tube

S CS ==
: 8! ]
\:LQ Q (J:D Pumping tube

Boardwalks

i l:llll|||||||||||||||||||||||l||||1| H|||||ﬂlhlnlhllllllllllllllﬂ [
! Flexible conduit

I
[Bten] - [Pump)- - '------{Guffow el -~~~

Plastic piling

Temperature probe

Gas flux collar

Figure 3.2 Cors Fochno Experiment climate manipulation pl¢$:plot with open top
chamber;(b) control plot;(c) drought plot undergoing drought manipulation; afa)
schematic of plot desigtKay,2019
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Each plot was equipped with HOBO Onset DéMperature loggerOnset Computer
Corporation) measuring air and s@llOcm depth) temperature. These were later
replaced with HOBO U23 Pro v2 temperature sensors in 2018. TruTraelRv2000
water-height dataloggers(Trutrack) record water table height. Logger values were
converted to WTD by calibration against regular manual WTD measurements. Data gaps
were filled by linear interpolation with temperatures and WTD records from
neighbouring plots, as well aom an adjacent dipvell and weather station operated

by Natural Resources Wales.

3.3.3. Vegetation survey within experimental plots

Three fixed 2% 25 cm quadrats, each enclosing a5 grid, wee used to quantify the

plant community composition and abundance in each plot. The quadrats were surveyed
annually using the piguadrat methodLevyandMadden,1933; Rocheforét al.,2013).

A pin was pushed through the tapght corner of the25 grid squares. Total touches for
each species of vascular plant were tallied for each @phagnun{recorded to
species), liverworts and bare peat were recorded on a presence/absence basis for each

segment.

3.3.4. Core collection and storage

We extracted a 1.5n-long core(BO17) from the bog in November 2017 using-@rb

diameter Russian corer, withdsn of overlap between core sectiof®wsey;1966). The

coring location was proximal to thexperimental site and was characterized b§.a

pulchrumlawn. The uppermost 56m was extracted using a monolith tin to ensure
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sufficient additional material for later analysis. Extracted cores were stored in guttering,

wrapped in cling film, and refrigated at 4°C.

3.3.5. Chronology

Sphagnunor other aboveground plant remains were hangicked from 1cm thick
subsamples in the core for Accelerator Mass Spectromé@ydating. Rootlets were
removed to avoid contamination by younger carbdKilian et al.,1995). When
insufficient identifiable plant remains were present, we analysed bulk peat. In those
cases, a tm thick, lcm?® section of peat was washed through a %0 sieve and the
fine particulate fraction(<250um) retained for analysis, following Piotrowska al.

(2011).Samples were alkadicid washed before oven drying at <45°C.

Recently accumulated peat was dated using spheroidal carbonaceous paSCIEs).
SCPs are a component of black carbon that are only formed through fossil fuel
combustion at high temperatures. SCP samples were prepared following procedures
outlined by Swndles(2010). Changes in SCP concentrations throughout the soil profile
are related to known ages of historical fuel combustion and can be compared with
known fallout rates from other dated sedimentary sequen(iReseand Appleby,2005;
Swindles2010). €P dating is a relatively rapid and loast alternative to radiometric
methods for dating recently accumulated peat. SCPs are less mobile in peat than some
radiometric isotopes such &&'Cs; however, some chronological accuracy may be lost
compared to tle absolute, continuous dating possible witiPb(Turetskyet al.,2004).
Contiguous m?® samples of peat were subsampled from the topc80 of the core at

1 cm resolution. SCPs were identified following criteria described by R0668) using
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a highpowered microscope at 400x magnification. SCP concentration is reported as the

number of particles per gram of dry magDM" ).

An additional chronostratigraphic marker is provided by a sdettumented wildfire
affecting the coring site during 19§6owleset al.,2004). Such an event would provide

a clear subsurface chrorAwrizon of macrocharcoal consisting of the remains of
identifiable peatland species. Macrocharcoal was sampled and analysed following the
procedures by Rhodegq1998) and Schlachter and Hor2010). Contiguous

1 cm?® subsamples were taken atcin resolution. Each sample was submerged in 6%
H.O» overnight before wet sieving through a 1@ sieve, retaining the larger fraction.
Charred fragments were counted under a stereomicroscope at low madimfidgd.0 ¢

100x) using a Bogorov tray.

AgeRSLIIK Y2RSta 6SNBE 3IASYSNI (SR etlsl R92mH), (0 KS
incorporating all SCPs, macrocharcoal &t dates. This Bayesian model generates a
maximum age probability at set (1 cmtims study) intervals together with maximum

and minimum ages, based upon the 95% confidence interval. Dates within this study are
reported as the median age probability prefixed circa (c.), and themiaxage range is

given as cal CE. Year notations agported as CE dates, following the Gregorian

calendar.

3.3.6. Palaewegetation

We used plant macrofossil analysis to determpataecvegetation community change

through the core. Peats of 4 é&were sampled at contiguous 1 cm intervals. These were
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submerged in 106 potassium hydroxide solution for B4orior to rinsing through a 125

pHm sieve.

Primary peat components welgssessed using a lepower stereomicroscope at 11.2x
magnification following an adapted version of the quadrat and leaf count naetho
(Barber et al., 1994) by Mauquoy et al. (2010). Components (e.g.,
total SphagnumRhynchospora albsiem) were expressed as percentages of total peat
components. Plant macrofossils were identified with reference to Gr8saeckmann
and Streit21972), Smiti{2004), Souteet al.(2016,2017), Daniels and Ed¢i990) and
Mauquoyet al. (2010. Plant remans were identified to species level where possilre.
situations where material was insufficiently preserved to facilitate speleesl

ARSYUATFAOIGAZ2Y S LIyl GeL¥®®» 6SNB NBEO2NRSR

Each sample was washed through -anfin test sieve, with both fractions retained. A
Bogorov tray was used to count seeds within thensh fraction, whereas material
>1mm was counted by creating a single layer of material in a Petri dish underlain with
numbered squares. Seeds and other objedesg.,Myrica galebud scales) were
identified and counted for each square within the Petri dish. Seed identification was
achieved by referring to Cappeet al. (2006) and Soutoet al. (2016). Seeds were
counted under a lowpower stereomicroscope at 1@ 200x magnification and are

presented as total counts.

Sphagnunpercentage counts were estimated by selecting >H2Wes from each

sample for identification to species lev8lphagnuneaves vere identified under a high
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powered stereomicroscope at 109200x magnification, with reference to Mauquoy
andvanGeel(2007) and Lainet al. (2011 alongside reference material collected from
the site. Leaf counts are expressed apercentages of the total
identifiable SphagnumSphagnumomenclature follows Daniels and Edd$990),

bryophytes follow Smitlf2004) and vascular plants follow Stg2610).

3.3.7. Testate amoebae

Testate amoebae are unicellular soil organisms, useful as proxies for hydrological change
in peatlands (Langdonet al.,2012). Testate community composition changes in
response to WTD, with species distributions reflecting their ecological optima
(Booth,2008; Mitchellet al.,2008). Their shell¢tests) often allow identification to
species level and are frequently preserved in p@ditchell et al.,2008). Quantitative
reconstruction of WTD based on fossil assemblages is possible following the
development of numerical transfer function methods using preseiaty species

environment relationshipgCharmaret al.,2007; PaynandMitchell, 2007).

We used the weighted averaging transfer function model of Ameskurgl. (2016
based on a training set of 13@2mples spanning 35° of latitude and 55° of longitude.
The efficacy of the modéiolerancedown weightedwith inverse deshrinking) has been
rigorously tested by both statistical validation and comparison with indepentisit

sets with associated instrumental data by Swindieal. (2015).
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Samples of 2m? (1 cm thick) were subsampled atc2n intervals. Tests were extracted
following an adaptation of protocols by Hendon and Charifi®97). Each sample was
submerged in water with a lycopodium tabl@atch: 3862) then washed through a 355

pm test sieve, retaimg the smaller fraction. These were then centrifuged at 30 Hz for
10min before mounting in glycerol. Tests were counted at 250% magnification using a
high-powered stereomicroscope, with minimum counts of 100 individuals achieved
following Payne and MitaHl (2009). Testate amoebae are identified with reference to

Charmaret al.(2000, Clarkg2003), Mazei and Tsygan(006) and Siemensn{a019).

3.3.8. Statistical analyses
Fff Iyl feasSa oSNB OF NNAR SR (Rdedre tdam20g13 G KS adl
Further detailqfixed effects, accounting for hierarchical and repeated measure design

of the experiment) Statistical differences in temperature and water table between

(0p))
-+
-+
(0p))
(@
c

GNBIFGYSyia 6SNB G(SaGSR F2NJ dz&aAAy3I YAESR
in R(Bateset al.,2015), and significant differences tested for using likelihood ratio tests
(LRT). These tests assesses the goodness of fit oftatistical models, one with and
another without the fixed effect of treatment against time, based on the ratio of their
likelihoods.The environmental variable of interest was the dependent variable, and the
experimental treatments were fixed factors. Blpnested in block, and measurement

time were included in the model as random factors.

Changes in vegetatiofiny speciesand physiognomidunctionaltype) over time across
all combinations of treatments were tested by generalized linear mo@&lds) uisg

0KS WY@JI 0 dzfWRey et Lall, 2012)2@®. GLMs are an extension of linear
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regression, relating linear models to their response variable via link functions. More
information regarding the statistical methods used here is included in the
supplemenary information (Supplementary Text 1.1). Functional type data were
compared by removing vegetation from the modern data with no analogy in the
palaeoecological recorddue to differential preservation of vegetation types in plant
macrofossil assemblagéslauquoy and Yeloff, 20Q8although thiss likely tobias the
results, potentially causing CMAs to be detected where the vegetation were quite
different at the species levelFurthermore, byeducingplantspecies data tstatic plant
functional types, a large amount ofdetail related to speciespecificproperties and

behaviouramay be los(Verheijenet al., 2015)

Stratigraphically constrained incremental sum of squares cluster andI$SMISS;
Grimm,1987) was used to identify the groups of stratigraphically adjacent plant
community assemblages, indicating changes have occurred between identified clusters
throughaut core BO17. Since CONISS is unable to deal with the different data types
(relative % abundance and counts) in the plant macrofossil (Bit&s,2014), only the

percentage peat component data were used to partition palaegetation zones.

To compare plaeoecological plant community compaosition with modern experimental
@SASGIrGA2Yy O2YYdzyAUASasxs ¢S dzaSR Iyl f 23dz
(Simpson2007). This is a technique used to identify close modern anald@MaAs) for

fossil data set§Oveapeck et al.,1985; Simpsor2007). Similarity coefficients were
calculated between experimental and fossil communities using methods described by

Bray and Curti§l957). A number between 0 and 1 is assigned for each pair of samples
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based on the statistidadis)similarity between communities, with O indicating that
samples are identical, while a coefficient of 1 indicates samples are completely unalike.
A Monte-Carlo simulation with 10,000 permutations was employed as described by
Simpson2007) to definea critical value for dissimilarity to categorize CMAs at the 95%
confidence interval. Data were square root transformed prior to analysis to reduce

possible differences between the two methods.

3.4. Results

3.4.1. Airtemperature

To determine if the experimental treatments affected soil and air temperature or WTD,
we analysed temperature data from 2019 as a representative year and WTD
measurements from the 2019 drought manipulation experiment. OTCs have a significant
warming effecton air temperature(LRT:?(1)=11.64,p=<.001), increasing it by an
average of 0.47°C throughout 201@igure3.3a). Temperature differences were
greatest during summer months, differing by as much as c. 7.4°C, with mean
temperature differences greast between 12PM and 6PM (Figure3.3&;c). During
winter months, mean temperatures are often slightly cooler within the OTCs than in
controls(Figure3.3c), with a maximum cooling of 3.4°C. This is likely due to sheltering
by the OTCs, restricting heat trsport by wind passing over the vegetation canopy

(Samsoret al.,2018).

3.4.2. Soil temperature
The OTCs significantly increased soil temperatl®em depth) by an average of 0.45°C

(95% CI: 0.08 0.80°C) throughout 201@igure3.3b). Soil warming in plots with OTCs
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was slightly higher during the winter months, indicative of a lag between air and soil

temperatures(Figure3.3b¢ d).

3.4.3. Water table depth

Significant differences occurred in WTD due to pumping during the 2019 water table
drawdown experiment(LRT:2(1) =1835.3,p =<.001) (Figure3.4). Pumping reduced
WTDs by an average of 1&m (95% CI: 13.€ 18.4cm) during the pumping period,
comparalke to the average WTDs within the plots during a drought that affected much

of Europebetween June and August 20{85.4cm).
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Figure 3.3. Temperature variations between treatments for the year 2019.
Temperatures for plots without open top chambd@TCs) are shown in purple; plots
with OTCs are in yelloa, b) LOESS curves showing the differences in a. air and b. soil
temperatures througbut the year(c, d) Differences in monthly mean &) and soi(d)
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midnight c. 12 AM; morning c. 6 AM; midday c. 12 PM; and early evening c. 6 PM
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Figure 3.4 Difference in water table depth@NVTD) between pumpe¢blue) and not
pumped (black) plots during the 2019 drought manipulation experiment. Six weeks of
daily WTD measurements are shown, including wieel) measurements posand pre
drought manipulation. Dashed vertical lines indicate the s{a&t August) and en¢b
September) othe drought manipulation for this year

3.4.4. Vegetation changes in the 3@ar experimental study

A total of 21 plant taxa occur within the experimental plots. The most abundant
speciesR. alba constitutes 30.212.6%(1" ) of mean vegetation coverage in the plots.
The second most abundant species recorded @asulchrumat 28.4+ 11.1%.

Although this numbers consistent witlthe countryside council for Wales (CCW, 2011)
estimate that Sphagnumrepresent >25% of the primary bog surface species
abundances mapave beenunderestimateddue to the sampling method useds a
ground-cover speciesSphagnumwere onlyallocated one touch per quadrat, whereas
the abundance ofvidely branching species such BReiynchosporalbawere frequently

counted, potentiallyoverestimatng their relative cover

Other Sohagnum species were less abundant within the plofBhe mos common
species aftehagnumpulchrumwas Sohagnumpapillosum with a mean coverage of

only 4.9 £ 66 % of the total assemblag&phagnumcapillifolium and Sphagnum
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cuspidatumrepresentedl1.4 + 3.9 % and 1.3 3.3 % respectivelyMean values for
Sphagnum mediurand Sphagnuntenellumrepresented<l % of theotal plant cover
within the experimental plotsSupplementary figure$.1¢ 1. 1.6illustrate changes in
functional type and speciedifferences between various treatments. The results of the

Wald tests between each treatment are given in Teéb

Shrub abundance significantly increased under both warmed and combined treatments
relative to controls. However, this effect only sigeaiintly affected overall plant
community composition in the plots with OTCs, which increased by ¥Z€i6ing from

4 % of total cover within the plots to 2&) between 2010 and 2020, relative to %0
(increase in cover 1%xc26 %) in the combined treatmerylots and a >P6 decrease in

the control plots during this time. Shrub taxa were less abundant in the warmed and
combined treatment plots at the beginning of the experiment, which is in part a
consequence of the small number of experimental plgisee for each treatment), a
practical limitation of this study. However, in both cases, thé&®¥&lIs overlapped with
controls at the start, and in both cases the increase in shrubs was logarithmic, reaching
a plateau in 2016sixyears after the start of treatment@~igure3.5). Drought had no
significant effect upon vegetation abundance, indicating that the significant increase in
shrubs in the combined treatments was due to warming alone. The presence of OTCs
had a significant é&ct upon the plant community at the species level relative to
controls. This was mostly driven by increase€atiuna vulgariswhich doubled in
abundance between 2010 and 2020, and increased significantly in the warmedQlots.
vulgarisis relatively mcommon in the plots, achieving a mean relative abundance of 5.6

% of the entire community by 2020.

210



100

+
3 \ Treatment
S 30
%3 \ — Control
2 Warmed
10 — Drought
—— Combined
O «~—~ N O < 1O ©O I~ 00 O 8
O O O O O O O O O o o
AN AN AN AN AN AN N &N AN N N
Year

Figure 3.5 Responses of shrubs to treatments relative to controls over thgeHd
experiment. The yaxis abundance is totaummed counts for each plot +1, plotted on
a loglinear scale. Shading indicates the%®=onfidence intenia

3.4.5. Core chronology

The results of the radiocarbon analyses are shown in TaBléDates are in stratigraphic
order, except for the 44nd 50cm depths, where the median date for the overlying
sample is older than that of the underlying samglbe age ranges for these two depths
overlap completely, indicating that their ages are statistically indistinguishable. This is
the same for 75 ath 80cm depths. All other ages are significantly different from each
other. These overlaps are likely teeflect non-linearity in the IntCal20 terrestrial
calibration curve (Figur@.6). The calibration curve exhibits periods of decliioe both
periodsfor which pairs of radiocarbon dates overldpor both of these peric]several
centuries of radiocarbon years equateamound onecentury of calendar years. Blaauw
et al. (2003) found similar overlap in radiocarbon dates from a peed, with equivalent

differences in depth between samples to those in this study.
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Table 3.2. Results of the statistical tests for vegetation differences between plots. Each
plot with OTC4OTC in table) and each pumped p{Bumped in table) are compared
against the plots without OTCs and plots that are not pumped as controls. The results of
these tests are unshaded in the table. All other comparisons are made between
individual treatments: control, warmed, drought and combir{edmbined warming and
drought), these tests are shaded in light blue. Significant results are highlighted in bold
and ddineated by an asterix.

Control
Functional
Types Res.DF DF.diff Wald p.val Functional types
ShrubgWald: 7.493;
OoTC 110 10 7.493 0.055 p=0.035)
Pumped 110 10 7.828 0.359 NA
ShrubgWald: 10.897;
Warmed 44 10 12.892 0.001* p=0.001)
Drought 44 10 10.636 0.10 NA
ShrubgWald: 7.744;
Combined 44 10 9.579 0.20 p=0.033)
Individual taxa Res.DF DF.diff Wald p.val Species
OoTC 110 10 16.70 0.039* No single species
Pumped 110 10 12.871 0.324 NA
Calluna vulgarigwald:
Warmed 44 10 13.825 0.35 7.108; p=0.013)
Drought 44 10 13.291 0.20 NA
Combined 44 10 13.088 0.60 NA
Warmed
Functional
Types Res.DF DF.diff Wald p.val Functional types
Drought 44 10 8.145 0.05* No single species
Combined 44 10 6.168 0.75 NA
Individual taxa Res.DF DF.diff Wald p.val Species
Drought 44 10 12.524  0.35 NA
Combined 44 10 11.455 0.60 NA
Drought
Functional
Types Res.DF DF.diff Wald p.val Functional types
Combined 44 10 8.145 0.35 NA
Individual taxa Res.DF DF.diff Wald p.val Species
Combined 44 10 11.900 0.20 NA
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Table 3.3 Table of AMS*C dates from BO17 core, Cors Fochno. Dates were calibrated
using the IntCal2@alibration curve(Reimeret al.,2020) in OxCal version 4(Bronk
Ramsey1995)

m o
S ) 8
< g T e %
S 8 = o s £ & ¢
£ 3 = > = g o = 8
5 g 2 S S = 2 53
a S = 3 S O 8 8=
29 D-AMS Sphagnunstems 94 26 16901922 1837
034826 and leaves
44 D-AMS Sphagnunstems 427 26 14261613 1455
029938 and leaves
50 D-AMS  Sphagnunstems 379 24 14491630 1498
034971 and leaves
60 D-AMS  Sphagnunstems 724 29 12301381 1281

034827 and leaves

70 D-AMS Sphagnunstems 1129 25 775994 933
034972 and leaves

75 D-AMS Sphagnunstems 1016 31 9791153 1022
029939 and leaves

80 D-AMS Sphagnunstems 1052 27 897-1032 1002
034828 and leaves

100 D-AMS Fine fraction of bulk 1514 27 400638 569
034973 peat

135 D-AMS  Racomitrium 1729 33 247-408 334
029940 lanuginosunstems
and leaves

SCP concentrations in the co(Eigure3.7) were relatively low compared to other
studies within the United Kingdoife.g., Rosand Appleby,2005, probably due to the
predominantly westerly winds blowing relatively clean air from the Irish and Atlantic
seas. The SCP profile is bimodal, with peaks at 13 acth28uch a double peak has
been identified in previous SCP profiles from Cors Fochnonaatby sites(Roseet

al., 1995 Schulz2005). The upper profile is consistent with typical SCP profiles for
Britain and Northern IrelandRoseet al., 1995, with the sharp decline above tin
reflecting the success of air pollution legislation in the last decades of the 20th century.
The age distribution of a calibrated radiocarbon date of 13880 CE at 2ém makes

it difficult to ascertain whether the 3G within the deeper part of the profile were
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depositedin situ or relate to downward mobility of SCPs resulting from water table
fluctuations. Because of this, only a single date could be tentatively ascribed+376
for the subsurface peak at I3n bagd upon comparison of SCP profiles from Lakes in

north and central Wales with correspondid§Pb agedepth profiles (Rose and

Appleby,2005.
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Figure 37. Spheroidal carbonaceous partid®CP) concentratiogDM?) profile for
Cors Fochno corB017). The radiocarbon date given for28 is the calibrated date
for the sample.At 12cm, a macrocharcoal layer containing >fith fragments of
charred peatland vegetation is considered to reflect the position within tre celating
to the 1986 firg(see Figures.9).

The agedepth model for BO17qFigure3.8) has a mean 95% confidence range of
185years and a maximum range of 2@dars between 35 and &&n. All dates used
overlap with the model, producing a relatively linear trend as is commonly observed in
peat (Belyeaand Clymo,2001). A maximum sampling plia of 100cm was chosen for

all palaeoecological analyses based on the-édg@h model, capturing the past c.
1000years within the mean 95% CI of the model while providing sufficient prior

environmental context.
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Figure 38. Age depth model for core BO17, based on integrated radiocarbon,
macrocharcoal and spheroidal carbonaceous partid€Ps). The model was generated
using rBacon(Blaauw et al.,2021y Blaauw and Christen,2011, 2013. Probability
distribution functiongPDFs) fot“C dates are shown in blue, and PDFs for calendar dates
(SCPs and macrocharcoal) are shown in green. Black shading denotes interpolated age
distributions for all depths. 95% confidence intervals are dentgdashed lines. Plots

for model performance are presented in Supplementary Figuge

3.4.6. Plant macrofossils

Sphagnunis the principal plant macrofossil, accounting for 3t567.6 % of peat
componentgFigure3.9). Other abundant components include monocotyledon radicells
(22.0+£12.4 %), ericaceous rootlet21.1+12.4 %) and unidentified organic matter
(20.8+13.8%). Aboveground remainge.g., identifiable leavestems,and flowers) of
vascular plants are poorly represented. Nine phases of significant vegetation

development were identified.argequantitiesof UOMbelow the depth of the acroteh
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may indicate that beeaththis depth, more readily decomposed speciesre present
that are no loger represented in the plant macrofossil recortherefore, plant
community composition below this depth may be biased towards spgmssessing

remains that are resilient to decay.
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Figure 39. Plant macrofossil diagram for core BO17. CONISS illustrates the hierarchical clustering upon which the diagram zorsdthnresl ba
horizontal lines indicate zone boundaries. A broken stick model was used to determine the number of significanBeamnets, 1996). Peat
components accounting for less than 5% of the overall percentage abundance and seeds with count numbers less thandnelsraedl omitted
although these data are included in all other analyses
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3.4.7. Testate amoebae

The stratigraphic profile of core BO17 is mainly characterized by the
speciesAmphitrema wrightianumArcherella flavumArcella discoideand Phryganella
arcopodia These are indicators of wet conditiof€harmanet al.,2000) and occur
throughout the profile Dry periods are indicated by abundddifflugia
pulexand Cryptodifflugia oviformisypes. The former typically prefers slightly wetter to
intermediate conditionge.g., Charmaet al.,2007), although these are rare in modern
samples and thus have pogrtonstrained optimgSwindles.et al.,2015). The latter
prefers deeper water tableGAmesburyet al.,2012; Lamentowicand Mitchell, 2005).

The relative abundance of testate amoebae throughout the stratigraphy of core BO17 is
provided in Supplementary Figute7. The water table reconstruction for core BO17 is
shown in Figur@.10. The reconstruction indicates that water tab gradually increased

from c. 600 to c. 1800 CE, with a slight period of increasing WTD between c. 1000 and
1300 CE. Mean values were above the peat surface from c. 1550 to 1750, suggesting the
coring location underwent an aquatic phase at this timesThfollowed by a significant
increase in water table depths from c. 1800 to 1970 CE, where the highest depths are
attained, until water tables abruptly increase to their prior levels until the end of the

profile.
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Figure 310. Testate amoebae inferred water table depth reconstruction generated
using the parEuropean training set developed by Amesbetyal. (2016). Age is given
as the median age probability. Shaded areas denote sasp#eific errors, based on
1000bootstrapping cycles. WTWwater table depth

3.4.8. Comparing experimental vegetation composition and palaeoecological data

The methods used to quantify plant populations differ between the experimdpial

touch and quadrat) and palaeoecologi¢i@af count) studies; both have limitations of
their own (Birks,2007; Goodall1952; Mauquoyand Yeloff,2008) in addition to the
sources of error when comparing between them. For example, certain(eagaR. alba

may have elevated counts from the ginuch method due to their wide, tall, spreading
shape and the density in which they can grow togetfhéasiehurst1971), whereashe
representation of certain taxa in the palaeoecological record may be biased by
taphonomic effects favouring more recalcitrant remaijesg., Sphagnumnieaves) over
more labile remainge.g., ericaceous woody remair(d)auquoyandYeloff,2008). Even
within Sphagnumcertain species are more robust than othéBengtssoret al.,2016)

and are therefore likely to be preserved better and be more readily identified, falsely
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inflating their apparent abundancein palaeoecological recordg¢Johnson and
Damman,1991). This may have the effect of redung the visibility of certain plariypes

with high ratesof biomassturnover, such asgrasses sedges,and wood/ shrubs
(Greenwoodand Donovan1991).SomeSphagnunspecies also lose their leaves more
readily from their branches, and therefore contribute leaves to the palaeoecological
record in differing quantitiegBarber,1981). These differences and limitations hinder
our ability to make quantitative comparisongtiween palaeoecological and modern
vegetation communities from peatlands. However, comparisons can still be made on a

qualitative basis.

The result of the CMA analysis is presented in Figuke From the experimental
communities, 23Bamples counted aCMAs for 52 fossil samples using a 8taytis
(dis)similarity cuoff of 0.1106. These &ve only 1.8 % of the total number of
comparisons made, indicating that the current vegetation composition in all the plots
(control and treatments) is unlike nearly all the inferred plant communities in the bog
over the last 150Qears. CMAs appear to relate to thewstalance of the two most
common functional groups within the modern data sets: sedges
and Sphagnunsect.sphagnum while showing little correspondence with periods of
hydroclimatic changgFigure3.11). Most of the CMAs were from contr¢¥7) and
combinedtreatment communitieg71), with warmed and droughted plots less likely to
be CMAq47 and 42 respectively). The dominant vegetation within the experimental
plots isS. pulchrunandR. alba members of these functional groups. Mdg0.5%) of

the CMAs oaarred within the top 28m of the core, between c. 1822 and 20d# CE.

This period is dominated by ericaceous ro@spulchrunandS. tenellum The depth
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with the most CMAs occurred at 26n, which matched with 36 experimental vegetation
communities. Tis sampling interval represents c. 1824] CE and is characterized by
high Sphagnunsect.Quspidatum(50 %) and sedge abundand85 %), with shrubs
representing a further 1% andSphagnunsect. phagnumrepresenting only 46 of the
total assemblage. Most of the CMAs for this depth were from coift#) and combined

(13) plots.

Drainage

Burning event

. Liverworts
. Sedge-type taxa

l Shrub-type taxa

. Sphagnum sect. cuspidatum

Figure 3.1. Relative changes in plant functional types and total number of close modern
analogues of vegetation community compositif@MAs) for each sampling interval
from core BO17. Horizontal corabloured bars denote periods of lower water table
(drier/warmer peiliods), blue bars denote periods of higher water tapletter/cooler
periods), as inferred from the testate amoebae based palaeohydrological
reconstruction. Age cal BP is given as the median age probability. WTD, water table
depth.

Sphagnum sect. acutifolia

Burning event

Sphagnum sect. sphagnum

Sphagnum sect. subsecunda

600 4 100
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Groupings of CMAs alszcur between c. 815 and 94@l CE, c. 975 and 1288l CE, c.
1510 and 152%al CE, and between c. 1570 and 16&b CHFigure3.11). Climatic

conditions and species composition vary between these periods. Between c. 815 and
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940cal CE, the vegetation community composition composed predominantly of sedges
(c. 40 %) and the formerly abunda@. austini{c. 27 %), a species within

the Sphagnunsed. Sohagnum The period c. 970 to 12&@&l CE covers the timing of the
MCA, where shrub€31 %), sedge$30 %) andSphagnunsect. ohagnum(25%) type

taxa dominated, mainl§. austinii Groupings between c. 1510 and 1528 CE and
between c. 1570 and 161&l CE occur during the LIA and are characterized by high
abundances of sedge50%) andsphagnunsect Sohagnum(30 %), the latter

represented byS. papillosum

3.5. Discussion

3.5.1. Effect of experimental warming armtfought upon peatland vegetation

Ericaceous shrubs became more abundant in response to warming owgzaif)
Increased ericaceous shrub cover is commonly reported with warming in climate
manipulation experiments in peatlands. For example, Welttial (2003 reported a
50% increase irshrub cover in a bog mesocosm experiment following summer
temperature increases between 1.6 and 4.1°C ofree years, comparable to the
temperature changes in this study. Buttlet al. (2015 conducted ann-situ climate
warming experiment using OTCs on an ombrotrophic bog in the Jura mountains, finding
that Andromeda polifoliancreased overfive years due to increased rooting depth.
Malhotra et al. (2020 found similar results in an entire ecosystem manipulation
experiment on a forested ombrotrophic bog in northern Minnesota. Increased soil

temperatures expanded the beloground growing season, increasing root density.
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This finding has several implications for peatland ecosystem functions including the
peatland carbon sink. Increased ericaceous shrub dominance due to warming may
initially increase the rate of GBequestration due to their high productivity, although
this may be offset by increased carbon respiration resulting from increased root
exudates and a reduction in the quality of plant litt¢Bell et al.,2018; Fenneret
al.,2007; Wardet al.,2013; Weltziret al.,2000).In addition, vascular plargxpansion

may affect local evapotranspiration ratesparticularlywhere grassesncrease in cover
(Hiranoet al., 2016) Thiscanresult n reducedsoil moistureand peat aeration(Admiral

and Lafleur, 2007)allowing aerobic decomposition to occther vegetation types,
particularlySphagnum may be suppressed by shrubs due to shading and enhanced
water use, increasing the depth to the water talfidorbyet al.,2019). Loss or decline

in Sphagnums an important indicator of the future direction of peatland functioning
under climate change a@uto its importance as a ped&rmer and ecosystem engineer

in many northern peatlandézan Breemen1995).

The relatively slow rate of changeenin Calluna vigarisabundance irthis experiment
suggests that peatland vegetatichangego future warmingwill occur at a similar pace
However, it is possible that thepresence of OTCs may have delayed thtes of
vegetationchangewithin the plots. OTCgan prevent new species froestablishingand

may shield the plants inside from pollination by wind and insects (Totland and Eide,

1999; Richardsoat al., 2000)

No significant changes occurred f8phagnundue to increases in atemperature of

0.3¢ 0.7°C oveten years(Figure3.3), which is idine with low range UK temperature
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projections until c. 207QLowe et al.,2018). Weltzinet al. (2000 2003) found no
significant change in Sphagnum cover in bog mesocosmsingtbased summer soil
temperatures of 1.6; 4.1°C. Similarly, Walket al. (2006) found thatSphagnuntover

did not significantly change with 4 3°C of warming across multiple sites in Arctic
regions. Some studies even suggest that modest warming mesase the production

of certainSphagnunspeciegDorrepaalet al.,2004; Robroelet al.,2007). However, a
critical temperature folSphagnundecline appears to exist. Dielemaat al. (2015
found thatSphagnunirom a poor(nutrient deficient) fen in Ontario, Canada declined
significantly following temperature increases of 8°C in a mesocosm experiment. A
transplantation study by Bragazzg al (2016 of peat mesocosms from a Swiss
ombrotrophic bog to a warmer locatioft 5°Q reduced the productivity of. fallaxby

60 %. Norbyet al. (2019 found thatSphagnunproductivity in an ombrotrophic bog in
northern Minnesota initially increased with warming but declined at temperature

increases above 5°C, declining by nearly 20Gth warming of 9°C.

The experiment therefore showed that the expected change in climate by the mid
century for this region does not reach the critical temperature threshold
for Sphagnundecline over a 1ear period. However, it does not rule out a olga in
Sphagnum over the longer term, either in direct response to a sustained
temperature/water table change, or indirectly through a community shift driven by the
influx of shrubs. Projections for temperature increases in Northern Hemispheric regions
by 2100 range from 2°C to above 8°C relative to 1850900 baselines, based on
predictions by the IPCEPCC2021) with increased temperatures and faster rates of

change projected forigherlatitude areas MlassonDelmotteet al.,2018 IPCC, 2031
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The negative effect of experimental warming to such a rapid and dramatic increase in
temperature uponSphagnums commonly achieved using infrared heat lamps, which
may scorch thé&phagnumand unrealistically increase soil dryinfHarte and
Shaw,1995; Johson et al.,2013). Whether the effects of high temperatures
on Sphagnuntover using infrared heat lamps should be considered realistic responses
to warming or experimental artefacts depends on how rapidly we expect temperatures
to increase in these regienSimet al (2021) found thatSphagnumpopulationsin
permafrost peatlands demonstrated remarkable resilience to warming despite
temperatures increasing two to three times faster than global averadéssgon
Delmotte et al., 2018, supportingthe notion that Sphagnummay be resilient to
warming above this thresholih areas where rapid increases in temperauare

projected to occur

Our results suggest that increased drought frequenay ribt significantly influence
peatland vegetationin our experimental siteat least over a 1§ear period. This
disagrees with the results of other water table drawdown experiméatg., Bragazza
et al.,2013; Murphyet al.,2009; Straclet al.,2006). However, oustudy differs from
previous studies since we simulate repeditepisodes of temporary seasonal drought,

rather than inducing a permanent stegnange in the water table.

Despite being an abundant species across most of the central portion of the site, no
significant changes occurred Rhynchospora albabundance following ten years of
experimental warming and increased drought frequeriayCors Fochno, where water

tablesare generallyclose to the surfacethe high abundancef R. albaindicates that
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the site may emit substantial quantities of £Hto the atmosphere (Strack, 2006)
However, vhile R. albais a common species in the central dome area of Cors Fochno,
its relative abundance may have been overestimatethe experimental studgue to

increased detection by the pitouch method.

3.5.2. Vegetation changes in th@alaeoecological record

Vegetation and inferred water tables were stable for much of the palssgetation
record of Cors Fochno. For example, between c. 850 andds8@CE, during the warme
MCA, there were few changes in vegetation community composition, and only slight
changes in hydrology towards drier conditioffsgure3.11). The stability of peatland
flora and hydrology during the MCA is typical of mpagtland palaeoecological studies
(e.g., Magnanet al.,2019). Plant communities and their functional diversity often
exhibit remarkable stability due to several autogenic feedback mechanisms that result
in a degree of homeostasis in peatland hydrol{@®glyea2009). These have moderated
peatland responses to past changes in clim@Bhurchillet al.,2015; Dise2009;
Swindleset al.,2012). Peatland feedback mechanisms are known to operate over a
range of timescale@Belyea2009), and it may be that peatlandgetation is resilient to
shortterm changes in water table but may rapidly shift to a new composition in

response to longerm shifts.

This stability in the Cors Fochno palaemetation record is punctuated by relatively
abrupt changes in vegetation which occur without obvious changeatier table depth
These seem to occur either because of anthropogenic disturbgboesing) or maye

mediated by hydroclimatic changes, reflecting interspecific competition
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betweenSphagnunand other plant species in response to letegm, gradual changes

in water table depth(Robroeket al.,2007). For example, between c. 1300 and 1500
CE Sphagnunaustiniidisappears andt. tetralixreach a peak following a burning event
at c. 1400 CPeatlands are known to undergo changes in plant community composition
following wildfire GuénéNanchenet al.,, 2022).Controlled burns onpeatlands may
have a lasting negative effect up@phagnuncover (Nobleet al., 2018) while large
uncontrolled fires canremove Sphagnumentirely (Maltby et al., 1990). It can take
between 10 to 40 years fd8phagnunto re-establishfollowing wildfire (Kuhry, 1994
Clarkeet al., 2015). In the immediate aftermath of a fire, pioneer speciepi¢ily
sedges) rapidly colonise the burnt areas (Btarteet al., 2013) In a palaeoecological
study of aUK upland blaket peatland, the disappearance ofSphagnumand its
replacement byCallunavulgars occurredfollowing a fireevent (Blundell and Holden,
2015). It appears that similar processes occurred following wildfire events at Cors
Fochng with Sphagnum austinibeing replaced b¥rica tetralixtwice throughout the

1500yearrecord.

Sphagnum austinwas a formerly common and important pefirming species in
Europeuntil its pronounced decline in the past 2008ars(Swindleset al.,2015). Many
environmental and anthropogenic causes for this decline have been suggested
(Swindles, Turneert al.,2015). In core BO17, it is virtually absent by c. 1300 @, la
than the formerly established date of its extinction from this site of 1¢Q0CE by
Hughes and Schul2001). While it is beyond the scope of this paper to identify the cause
of the S. austiniextinction, its timing in the core following a fire exesuggests possible

anthropogenic influence.
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During the c. 120@ear period between the start of the record until c. 1800 W&ter

table depthis relatively stable, exhibiting a general monotonic trend towards wetter
conditions. A sudden shift towards more aquatic vegetation occurred around c. 1500 CE
and lasted until c. 1800 CE. This shift is an indicative of the development of a bog pool,
reflected in the palaediydrology of the site, where average reconstructed water tables
rise above the peatland surfag€igure3.10). Other studies also document dramatic
shifts in vegetation following the onset of the L{Magnanet al.,2019; Mauquoyet

al., 2002). The correspondence of this shift with increasingly wet, cool conditions
suggests it was climatically mediated, with thresholds for compositional change defined
by the position of the water table. These changesater table depthagree with sevel
studies which often show generally wetter conditions in Britain during the MCA and
drier conditions during the LIfCharmanand Hendon,2000; Lamb1965; Turneret
al.,2014), although other records disagree, likely due to a lack of spatial coherence

betweenproxy precipitation records across BritgfProctoret al.,2000).

3.5.3. Comparing past and future vegetation responses to climate change

This study demonstrates that ericaceous shrubs increased in abundance with warming
in both experimental and palaeoecological studies from the same site. This
correspondence suggests that where ericaceous cover has increased in response to
warming in peatlads in the past, it may continue to do so with future climate change.
The lack of a significant effect of increased drought in our experimental study can
neither be supported nor be refuted by the palaeo record because the experimental

droughts simulate sbrt, episodic water table drawdown, rather than prolonged periods
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of water table drawdown as are recorded by the lelegn palaeo recorde.g., between

c. 1800 and 1970 CE). We see that during that time there is a shift in vegetation, with
bog pool vegetabn (particularlyS. denticulaturh making way for more terrestrial
species, including hummodkrming Sphagnunspecies such &. mediunandsS.
capillifolium During this time, ericaceous rootlets increase after having previously
declined during the very wet preceding conditions. This event corresponds to a period
of intensive drainage at Cors Fochfiroucher2009). The palaeo record suggests that
water tables returned to predrainage levels by c. 1970 CE, likely in response to drainage
blocking and peatland restoration taking place around this ti{deucher2009). No
large changes in peatland vegetation occurred following this restoration
(Figures3.8and3.10). These findings suggest that while sustained water table
drawdown may have a dramatic effect upon vegetation communities, increased
hydrological droughts at the frequency, magnitude and timescale imparted by our study
(four x 4-week simulated drouglst over 10years) are unlikely to result in significant
changes in vegetation, although we cannot be sure that this will remain the case over
longer timescales. Manipulation experiments are unlikely to capture changes resulting
from slow, longterm changesin climate which can be seen in the palaeo record.
Conversely, the palaeo record may not be sufficiently-fioaled to identify annual to
decadaiscale changes in vegetation that may respond more to temperature change

than to water table fluctuations.

Sdgetype taxawere present throughout the past c. 1500 years at Cors Fochno
Although their aboveground remains are poorly preserved, the seefl&. albaoccur

regularly throughout the peat profilealong wih abundant monocot radicells The
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abundanceof these remaindell during apparentwarmer or drier periods, possibly in
response ¢ longterm increasesn water table depth(figure 3.11). Ths suggess that
sedge abundance majecreaseon Cors Fochneshouldfuture projected warming result

in a lowering of the water tablat the site Thisagreeswith the results ofsome studies
where higherwater tablesfacilitated sedge expansion into peatlands (Churcéilil.,
2015; Olefeldtet al.,, 2017)Despite this, how sedges will respond to climate warming
remains unclearSome studiesuggest that sedge abundance is unaffected by climate
change €.g.,Dielemanet al,, 2015), while other show that fluctuationsin water table
depth can reducetheir abundance in ombrotrophic peatlasdStracket al., 2006;
Breeuweret al., 2009) In other cases, sedgabundance increased with dryingt the
expense oSphagnum(Weltzinet al., 2003; Dielemaet al., 2015 _ dzOat 4l., 2017.
Sedge abundance may also increase in peatlands as a result of future increases in

nitrogen deposition (Berendset al., 2001).

Increas@l sedge abundance may alter carbon cyclingin peatlands with sedges
exhibiting rapid biomass turnover angriming decomposition by supplying root
exudates and oxygen to deeper péBreeuweret al., 2009 Armstronget al., 2012; Zeh
et al.,2019. Additionally, sedges provide a conduit fors@bitravel from thesub-peat,
bypassing methanotroph& the oxic layer anthcreasing net CHemissiongStracket
al., 2006) The effects of sedge abundance uporu €rtissions relates to the height of
the water table, with wetter conditionacilitatinggreater release with seges present,
while under drier conditions sedges appear to ameliorate €Hissions $tracket al.,
2006).The effectsof sedges upon greenhse gas fluxeare more pronouncedh fens

than boggWeltzinet al.,2000)
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We find that the current vegetation composition of Cors Fochno, including the species
within the experimental plots, has few analogues in the palaeo record as far back as 600
CE. We find most CMAs are from control or combined treatments, rather than warmed
or droughted plots. This suggests that these treatments produce fewer analogues since
periods of warming typically coincide with periods of drying. Most close analogues occur
near the top of the profile, following the development of the modetay vegetaibn
community in the central dome of the site, around c. 1800(Rxticher2009). This is
contemporaneous with a period of enhanced human activity and peatland drainage, as
indicated by the macrocharcoal and palaeohydrological reconstructions
(Figures3.8 and 3.9). This suggests that changes in the modéay plant communities

are a consequence of human activity during recent centuries.

The later development of the modettiay vegetation community is likely to have
resulted in a change in carb@equestration, with the dominar$. pulchrunibeing a
member of the subgener8phagnunsect.Quspidatumthat produces more readily
decomposed litter, meaning more carbon is lost to the atmosphere by de@sagZ Q)
then is retained in the soiBengtssoret al., 2016); however, the waterlogged lawn
environments that this species occupies delays their
decomposition Sphagnunsect. ohagnumtype speciege.g.,S. austin)i have similar
productivity rates but are less prone to decomposition and, 8keulchrumused to

occupy lawngBengtssoret al.,2016; Mauquoyand van Geel,2007). Therefore, this
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change in dominant species is likely to have resulted in a net decline in carbon

sequestration rates.

The intensification of anthropogenic impacts on peatlands over the past cye&48

may have driven threshold shifts in plant communit{@svindleset al.,2019). Even
where apparently pristine conditions have been maintained or restored, peatlands may
still be affected by climate change, padisturbance,or atmospheric pollutione.g.,
Berendseet al.,2001; Swindlest al.,2016; Talbotet al.,2014). In palaeoecological
studies, anthropogenic effects are the dominant drivers of many palaeoecological
proxies(Gauthieret al.,2019; Turneet al.,2014). Differences in the relative importance

of the drivers of vegetation change over time represents an important distinction
between the results of palaeoecological and experimental studies. Whereas
temperatue is frequently identified as the dominant driver of change in experiments
(Breeuwer et al.,2008; Dielemanet al.,2015; Heijmanset al.,2013; Weltzin et
al.,2000), in palaeoecological studies, hydrological conditions are often of greater
importance(Charmanet al.,2009). This suggests that the importance of the main drivers
of vegetation change differ between shofgub decadal) and lon{multidecadal to
millennial) timescales, although this may also be a consequence of thefoperature
sensitivityof peatland palaeo record®ayne2014). This study supports the notion that
peatlands are less resistant to direct anthropogenic disturbances such as burning or
drainage than they are to climate change. This agrees with Swietlls(2016) who
found that multiple anthropogenic disturbances at Swarth Moor overy&érxs

overcame the site's capacity to resist vegetation succession.
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Approximately 1%% of the world's peatlands are in a state of degradatitoostenet
al.,2012) and many of Europe'peatlands have undergone substantial drying
throughout the past c. 30Qears on account of human activiiwindleset al.,2019).
Species turnover and functional diversity affect peatland ecosystem service provision
(Dieleman et al.,2015; Wardet al.,2009), and these are, in turn, impacted by
anthropogenic disturbancéGatiset al.,2016).Atmosphericdepositionof sulphuric and
nitric acid hasbeen shown tohave negatively affee@d Sphagnumas well as other
bryophytesin UKpeatlandsin somecases causinigcalised extinctions (Fergusenal.,
1978 Gorhamet al., 198}; Hogget al., 1995. Thecombined effects of anthropogenic
climate change, drainage, burning and environmental pollution may result in the
development of novel vegetation communities (Alexandgral.,2015; Ordonezet

al., 2016). Woody plant encroachment and the establishmengarieralists and exotic
species has been related to the effects of climate change (Gunnaeisah,2004;
Pellerin and Lavoi003).In some cases, peatlands that have experienced significant
levels of disturbance have remained resilidnt changes in lenate. Despite initial
changes in ecosystem functiog and vegetation following drainagegdegraded
peatlandsare oftenable to recover to their previous condition (Swindggsal., 2016;

_ dzOet 4l.,2020), although this recovery can be slow (Page Baird 2016).

The degreeof disturbanceand atmospheric deposition of anthropogenic pollutants
varies regionally and latitudinally For example, the deposition of anthropogenic
pollutants is more pronounced in temperate regidghan in thenorthernmost latitudes,
reflectedby the decreasing bioaccumulation gradieatgollutantsfrom south to north

across the Northern Hemispheregkarinen and Tolonen, 197oss, 1987; Galloway
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al., 2004).However permafrost thaw and increasingtes d atmospheric deposition
may still lead to increasedhitrogen availabilityin these regiongGallowayet al., 2004;
Keuperet al.,, 2012)encouraging the encroachment eéscular plantsit the expense of
Sphagnun{Berendseet al., 2001;Simet al., 2021). Historically, peatland degradation in
the Northern Hemisphere has mostly occurred in Europe and North Americat @y
2019) however peatlandsre susceptiblgo a range ofanthropogenicdisturbances
(e.g.,burning and wildfire, peat extraction, oil sands mining, conversion to agriculture

or forestry) (Turetskyet al., 2002).

It isimportant to note that theresults ofthis study are based upotine analysis of a
single core The climatic sensitivity of differerbring locationswithin a site can vary
depending upon differences in the climatic sensitivity of different macrofofinossel
and Garneau 201 The spatialdistribution of microforms vary in space and time
depending upordifferences irthe availabilityof moisture,nutrients, andlight, as well
as interactions witearby vegetatiomwithin sites(Anderseret al.,2011).As a resulbf
the microscale variability of peatland surface cqvdifferent cores from within the
same site eventhose taken a short distance from one anothenay exhibit differing
patterns of vegetation changever time (Charmanet al., 1999).While studies have
shown that adjacent coresanexhibitbroadly similapatterns ofpast vegetatione.g.,
Chiverrellet al., 2001)substantialdifferences may occuie.g., Mauquoyet al., 2002).
Therefore, while not invalidating the results of this stuthgsefindingsshould not be
considered as representative of past changegegetationacrossthe site as a whole.
Similarly, while thevegetation community composition within the experimental plots

was characteristic ofhe plant community composition that characterises the central
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raised domewhich represent@approximatelyone-third of the site a furthertwo-thirds
are dominated byMolinia caerulea Phragmitesand Juncuss (Poucher, 2009CCW,
2011). The presence of these specisgggests that theseareas receive more
groundwater influence and nutrients tharme experimental siteand have also been
Subjected toa greaterdegree ofdisturbance such as drainage and peat cutt(irughes
et al, 2007;Poucher, 20095windlest al.,, 2016) Such areas are likely to be less resilient
to the effects ofclimate changgPage and Baird, 201&windlest al., 2016 and are
also likely teshow greaterates ofcarbon losghan the central domepwingto increased
erosion decompositionand differences in vegetation covas a result oflisturbance
(Frolkinget al., 2011 AslanSunguret al., 2019;Burdunet al., 202). While thisstudy
was focused on the response of relatively intact ombrotrophic peatlantdsfuture
changes in climatet does not consider how degraded areasl respond(Leifeld and

Menichetti, 2018).

Changes in vegetation are likely to impact ecosystem funsfidiajek,2009; Johnson

and Damman,1991; Swindle®t al.,2019). Consequently, past peatland responses to
climate changes may differ from future responses and may not be accurately
represented within the palaeo record. It is for this reason that we recommendtiemg
experimental climate manipulation studiesrdmue, since these can provide clues as to
the direction of future changes under pedisturbance baselines. Palaeoecological
records may still provide an important source of information on how peatlands have
responded to climate change under pdésturbance conditions, improving our
understanding by documenting responses to environmental and climatic changes

beyond those that can be obtained from experimental studies al@raumlich2002)
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They are also useful, as in the case of this study, for cordaézing experimental studies
against the longerm history of a site, elucidating past vegetational changes and
disturbanceslt is also important to acknowledge thabme sitessuch as those in the
highest latitudesexhibit near pristine conditionstherefore palaeoecological studies
from these sitesnay remain usefusources of information for futurgoeatlandclimate

responses

3.6. Conclusions

Our study compares the peatland vegetation response to ayedd climate
manipulation experiment with those inferred over the |d€00years from the palaeo
record in response to climate and habitat change. The results of our experimental study
showed that warming increased the abundance of shiye vegetation over 1§ears,

a result supported by most warming experiments in peall@sosystems. This result is
corroborated by increases 1. vulgariseeds during apparently warmer periods in the
longterm vegetation record, supporting the likelihood of increased shrub dominance in
peatlands with warming. We see no evidence for aifitant change irfSphagnum

likely since the c. 0.5°C warming imparted by this study, in line with changes expected
over the next 7Q/ears for the United Kingdom, does not appear to exceed a critical
threshold forSphagnundecline. An increase in ericaceshrub dominance may result

in changes in the carbon balance of peatlands, potentially resulting in increased carbon
losses due to enhanced root exudates and a reduction in litter quality. The persistence
of Sphagnum at least over the short term, may afi@ate this change. However, we

cannot rule out thatSphagnummay eventually decline in response to either sustained
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warmingas is projected to occur in the northernmost latitudes,due to ecological

changes, particularly increases in shrub cover.

Vegdation community composition in ombrotrophic bogs is resilient to increases in
short-term episodic droughts at the severity imparted by our manipulatigiosir
additional 4week droughts over a 1Qear period). The lonterm palaeoecological
record does norecord individual drought events but rather periods of lelegm water

table drawdown, therefore this result could not be corroborated by the palaeoecological
record. The results of the experimental study suggest that the predicted increase in
short-term episodic droughts may not compound the effects of warming upon peatland
vegetation in the near future. Our palaeoecological study, on the other hand, suggests
vegetation composition may change in response to #{ergn sustained water table

drawdown, whichagrees with experimental studies that replicate such a scenario.

Based on this study, we suggest that studying the response of modern peatlands to
climate change, either through experiments, resurveys, or through targeted gradient
studies, provides thedst way to predict peatland responses to climate change over the
next few decades or more. Since all such studies benefit from understanding the long
term environmental and disturbance context of a site, peatland palaeoecological studies
are still highly aluable in our understanding of peatland ecosystem dynamics. To better
predict future climate change responses, leiegm studies have the capacity to identify

the longterm drivers of changes in vegetation, possibly allowing for the identification
of tipping points that drive the large magnitude changes in vegetation communities

frequently observed in palaeoecological studies. Responses in vegetation community
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composition to climate change inferred from the peatland palaeoecological record may

be unreliabé as an analogue for future change because many peatlands, even seemingly
WLIINRAGAYSQ 2ySas KIS 6SSy AyTfdsSyOSR oé@
pollution. Such anthropogenic impacts have become stronger drivers of change in
peatland plantommunity composition than climate, and peatland autogenic feedbacks

do not confer the same level of resistance to these impdtts important to stress,
however, that thefindings of this study are based upon the results of a single
experimental site ad a single corewithin a relatively undisturbed area adriginal

surface peatlandand therefore may not be representative of changes over the site as a

whole, or of global peatlands more generally
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4.1. Abstract

Peatlands are important sinks and stores of terrestrial carbon, but their future role in
the global climate system under climate change is uncertain. Palaeoecological and
experimental climatemanipulation studies are commonly used to address these
uncertainties, although their results often contradict each other. Furthermore, carbon
accumulation rates estimated from both methods frequently fail to converge. We
examine the effects of warming arepisodic drought on carbon cycling from a leng
term experimental site in an ombrotrophic peatland in Wales, simulating expected
changes in temperature and drought frequency for the next@years. We compare
carbon accumulation rates modelled from the-fear experimen{2010¢ 2020) with
those derived from a peat core covering the past c. 1500 years. We partition
components of the annual carbon budget for each experimental treatment and compare
them with corederived carbon accumulation rates. Signifitaifferences in carbon
accumulation occurred between experimental treatments, resulting from cumulative
non-significant changes in decay rates and productivity, driven by differences in air
temperature and water table depth. We identify a positive tilagged relationship
between carbon accumulation and reconstructed temperature anomalies in the long
term carbon accumulation record. Changes in carbon accumulation also correspond to
vegetation changes. We suggest that palaeoecological studies should nsideo
changes in plant productivity to be the sole determinant controlling carbon
accumulation rates and shoudgknowledge the role of changing decay rates following
plant succession upon lorgrm carbon accumulation. Carbon accumulation rates
estimated from both methods may converge, but often differ due to unquantifiable

losses such as by reduced productivity, decay, or anthropogenic disturbances like fire.
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We conclude that both methods are useful for discerning future peatland responses to
climate chage; however, core derived rates should be interpreted with consideration
of all the contemporary mechanisms governing carbon accumulation. Based on these
findings, we posit that the carbon sink function of existing peatlands will be weakened

by increasedvarming and drought.

4.2. Introduction

Understanding how climate change will affect the carbon balance of terrestrial
ecosystems is important because of their sensitivity to climatic conditions. Future
changes in climate may drive ecological transformations that disrupt ecosystem
functions suchas carbon storagéSeddonet al., 2014; Nolanet al., 2018). Climate
change is expected to substantially alter the ecology and ecosystem functioning of
peatlandgBuet al.,2011), which are mostly located in the Northern Hemisphere where
the greatest changes in climate are predictedrticularly in the northernmost latitudes
(HoeghGuldberget al., 2018 Leeet al.,2021). Peatlands are important components of
the global cabon system, containing at least 5&1.00 billion tonnes(GT)of organic
carbon in their soil§Gorham, 1991; Yu, 2012). They continuously cycle atmospheric and
fluvial carbon as GOCH and dissolved organic carbd®OC)(Blodau, 2002). When
carbon accumulation exceeds decay, peatlands exert a negative climate feedback,
cooling global temperatures over muttentennial timescales. However, over shorter
timescales, the relative contributions of ©éver CQ(CH is a more potent greenhouse
gasbut has a shorter atmospheric residence time) means peatlanacontribute a

net warming effec{Frolking and Roulet, 2007; Turetsiyal.,2012).
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How peatlands will respond to climate change is uncergisiaore et al.,1998; Loiseét

al., 2021). Warnrer conditions and increased water table depths may accelerate CO
losseqIseet al.,2008; Bridghanet al.,2008; Dorrepaatt al.,2009; Huangt al.,2021).
Permafrost thaw may promote Gheleases in suarctic regions(Christenseret al.,
2004). Indiect impacts(e.g., increased drought and wildfires) may further amplify
carbon losgTuretskyet al., 2011a; 2011b; Leet al., 2021). However, expansion of
peatlands into northern territories beyond their current range could offset carbon losses
(Limpenset al., 2008; Frolkinget al., 2011; Dielemaret al., 2015). Warmer, drier
conditions may also reduce ¢éinissiongStracket al.,2004; Huangt al.,2021) While
previous studies have suggested tmatluced Chlemissionamay offset the effects of
increasing C&emissionsover 100 yeartimescales(Frolkinget al.,2006) the methods
used to calculate the GCequivalent emissions o€H and other greenhouse gases
misrepresentthe residency time of these gases in the atmospharel how their
concentrations change over time instead only compaing instantaneous pulse
emissions of gaseas opposed taumulativeemissions over tim¢Cainet al., 2019).
While, on balance, it is expected that peatlands will undergo net losses in carbon due to
climate change, confidence in this projection is l@wiselet al.,2021). This uncertainty
means peatlands are rarely included in global terrestrial mofladset al., 2021) and

are not yet incorporated in any Earth system modglsiselet al.,2021), despite their

importance to the global carbon system.
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The impact of climate change on peatlands is commonly investigated using either
experimental or palaeoecolatal methods. Experimental studies artificially simulate
environmental changes, allowing for the calculation of functional relationships between
carbon fluxes and environmental variablesg., Updegrafét al., 2001, Lt al.,2021).
These studies are limited by their short duration, making them unable to quantify long
term responses to climate change. They may also be affected by experimental artefacts.
Carbon accumulated over a longer period may be inferred from peat ¢exges Clymo

et al., 1998; Ratcliffeet al., 2018). When dated, these cores provide opportunities to
estimate changes in carbon accumulation rates that can be related to {asgd
climate reconstructions or lontgrm instrumental datasets to identify drive of change
(Mauquoy et al., 2002; 2004; Charman, 2007). This method permits comparison
between carbon accumulation rates during periods of past climate change, such as the
Medieval Climate AnomavICA; c. 95@ 1250 CE{Mannet al.,2009) and the Litd Ice

Age (LIA; c. 135@; 1850 CE)JLamb, 1965), periods of relatively warmer and cooler

conditions, respectively, in the Northern Hemisphere.

Integrating experimental and palaeoecological studies should improve our
understanding of peatland responses wimate change(Frolking et al., 2014;
Lamentowiczt al.,2016), but these methods often produce contradictory results. Most
experimental studies suggest that warmer and drier conditions will enhance carbon
lossegDorrepaalet al.,2009; Walkeet al.,2016) while many palaeoecological studies
suggest the opposite, that carbon accumulation has increased during warmer periods

relative to cooler period§Charmaret al.,2013; van der Lindeet al.,2014).
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Direct comparison of carbon accumulation ratesided from the two approaches is
also complicated by artefacts inherent in caterived estimates. Frolkingt al. (2014
compared corederived accumulation rates to net ecosystem carbon budgets using a
processbased peatland model, finding that net ecosrst carbon budgets can differ
from the past apparent carbon accumulation rates over short periods. Although these
two estimates should converge, loss of carbon throughout the @, due to climatic
perturbations, burning or drought) will reduce the agment rate of carbon accumulation

for older peat deposited prior to these events, limiting their comparability. Periods of
carbon loss are reflected as a deceleration of carbon accumulation in palaeoecological
studies, since corderived values cannot beegative, providing no measure of carbon
losses from the systerfYu, 2011; Youngt al.,2021). Carbon accumulation rates are
therefore based on the amount of carbon retained throughout the profile, whereas
contemporary carbon budgets can include all magarbon fluxes. In addition, peat
core-derived accumulation rates in the acrotelm are inflated due to incomplete
decomposition and decrease downcore due to continual carbon losses through time,
meaning that carbon accumulation rates based on recently actateul peats do not

reflect later longterm storage(Clymo 1984; Yu, 2011; Youettal.,2019, 2021).

In this study, we model annual carbon budgets for twelve experimental treatment plots
(triplicates of: control, warmed, droughted and combined warmed ahdughted
treatments) from a teryear climate manipulation experiment on an ombrotrophic peat

bog in Wales. We test how increased warming and steyrn, episodic drought affect
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the carbon sink functioning of peatlanddrought in the context of this expienental
study refers to sustained summer water table drawdowWe investigate any apparent
disparities between palaeoecological and experimental approaches by partitioning
different components of the annual carbon budd€&Q emissions and accumulation,
CH emissions, DOC fluxes) from our modelled budgets and comparing these with core
derived accumulation rates. We also compare dominant drivers of carbon accumulation

in experimental plots with those in the losigrm record.

The aim of this study is to understand this disparity in peatland carbon accumulation
estimates between palaeoenvironmental and experimental methods, and to resolve
differences between contemporary modelled annual carbon budgets anddenieed

estimates.By corroborating the results of experimental and palaeoecological studies,
we seek to reduce the uncertainty concerning the future effects of climate change on

peatland carbon cycling.

4.3. Methods

4.3.1. Study site and corinigcation

Cors Fochno is a coastal lowland raised bog in Ceredigion, \Fajese 4.1)It is the
largest expanse of primary surface lowland raised bdgpth England and Wales. The
central active zone comprises c. 2%of primary surface peat, surrounded by c. 4%km
of degraded peatlandPoucher, 2009). The vegetation is dominated $ghagnum
pulchrum lawns, with an undulating topography of hummodkbkaracterised mainly by

Sphagnum papillosunand Sphagnum mediuin and hollows (populated mainly by
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Sphagnum cuspidatumOther common species includynchospora alhd&riophorum
angustifolium, Calluna vulgaris, Erica tetradimd Myrica gale.For a full list of plant

species on theentral portion of thesite, refer to Andrewet al. (2021).

A single cordcode BO17) was collected in September 2017 from a represeatarea

of Sphagnum pulchruncarpet adjacent to the experimental site used in the study
(Figure 4.1). The core was collected using a Russian peat sampler with a 5cm overlap
between core sections. The top 50 cm was taken using a monolith tin. In adwitibe

data described in this paper, the core was analysed for plant macrofossils following
adapted methods by Barbet al. (1994 and Mauquoet al.(2010), and testate amoeba
following methods by Hendon and Charmér®97). Full details and results of these
analyses are provided in Andrewsal. (2021). In combination with these analyses, an
agedepth model was generated usingC dates in addition to macrocharcoal and
spheroidal carbonaceous partic{f€CP) chronohaons(Andrewset al., 2021). In this
study, we add new'°Pb dates and tephrochronological markers and calculate apparent
rates of carbon accumulation throughout the caffeenceforth abbreviated to aCAR)

based on an improved agdepth model for core BO17.
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Figure 4.1 Location of the experimental site: a. Map of Wales. Red shaded areas show
the area indicated by the following panel. b. topographic map showing the area from
Machynlleth to Aberystwytl{Stamen terrain background). The location of Frondirion,
where precigtation data were measured, is shown as a red dot. The location of Plas
Gogerddan, where pan evapotranspiration rates were measured, is shown as a yellow
dot. c. ESRI Satellite image Cors Fochno. showing the location of the experimental site
and location 6 core BO174blue dot).

Three fulllength cores(BO18 13) were taken along the length of our experimental
transect(described below) at approximately equal distances also using the Russian peat
sampler. These were used to calculate the lbmgn apparen rate of carbon

accumulationLORCA(Clymoet al.,1998).
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4.3.2. Agedepth model improvement

4.3.2.1.2'%PD dating

210pp dating is commonly used for dating recently accumulated peat in palaeoecological
studies(Appleby, 1998; Turetslst al.,2004). To measuré&®b, 1 cnthick subsamples

were taken throughout core BO17. Bulk density was measured for each sample by
dividing the volume of the wet peat sample by the sample weight after oven drying for
24 hours at <48C(Chamberset al.,2011). Samples were prepared following methods
described by Appleb§1998).21%Pb activity for each sample was measured by gamma
spectroscopy using well detectors at the Consolidated Reditope Facilit CoRIF),

University of Plymouth.

4.3.2.2. Tephrochronological analysis

We adoptedil KS a4 YRl NR (cérhbaskioh ¢f peat aiy55W) (Swifdleset

al., 2010) to identify cryptotephra in core BO17 from contiguousn8 samples taken
throughout the core at &€m resolution. The remnant material was mounted on
microscope slides using Histamount, and tephra identified ak40@gnification under
crosspolarised light. Where tephra shards were identified, additional samplese
taken at 1cm resolution to determine a more precise position of the tephra horizon.
Once precise horizons were identified, additional peat samples were extracted for
geochemical analysis of cryptotephra shards by acid digestion using sulphurid¢rand ni

acids, as detailed by Newtaat al. (2007).
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DS20KSYAOIT WFAYISNILINAYGAYIQ 2F ARSYGATFA!
(BCR2g and Lipari) were carried out at the Edinburgh Tephra Analytic&l Aldix using

a Cameca SX100 Electron Microprdbayward,2012; Hall and Hayward, 2015
comparison with the Tephrabase databgdewtonet al.,2007) enabled identification

of the volcanic eruptions from which tephras originated.

4.3.2.3. Agedepth modelling

224 6 RFEGF 6SNB Y2RStf{SR gAGKAY | . F&SaAl
(AquinoLoépezetal.,2018; Blaauvet al.,2021) along with the new tephra dates and the
existing chronohorizons of Andrevet al. (2021). rplum generates a maximum age
probability (MAP) at usedefined intervalghere every Itm), together with maximum

and minimum ages,dsed upon the 95% confidence interval. This method improves on
traditional techniques for modelling!%Pb, allowing for the integration ¢f%Pb dates

with other dating methods in agdepth models without the need for renodelling

(AquinoLopezet al.,2018, 2020).

4.4. Corederived carbon accumulation rates

4.4.1. Peat physical properties

We measured bulk density and total carbon contdp®C) throughout each core.
Contiguous 1@mtthick subsamples were taken from cores BO18 3 from the point

of peat initiation to the top of the core. Bulk density was measured for each sample, and
%C meaured by analysing 55 + 5 mg of milled material with a Vario Macro
Carbon/Nitrogen Analyser.
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The same procedures were carried out using material from core BO17, although samples
were taken at contiguous dm intervals. Carbon density was calculated bytiplying

dry bulk density(g cn¥) by %C.

4.4.2. Long term apparent rate of carbon accumulatiitORCA)

Peat initiation dates were estimated using radiocarbon dating of samples fropoihe

of peat initiation for each of the long cor€dBO18 1¢ 3). Subsamples of 1 érwere
extracted and washed through a 250 pum sieve. The fine particulate fra@s0 pm)

was retained for analysis following Piotrowsiiaal. (2011). Samples were cleaned by
acid-alkalitacid washing and oven dried at < 45°C. Samples were analysed by accelerator
mass spectrometry at DirectAM@&ashington, USA). Radiocarbon dates were calibrated
using the IntCal20 radiocarbon calibration curve in Ox€gedion 4.4(BronkRamsey,

2017 Reimeret al.,, 2020. We calculated LORCA by dividing the sum mass of

accumulated carbon by the basal date for each d@igmoet al.,1998).

4.4.3. Apparent rates of carbon accumulatigaCAR)

We calculated aCAR following an adapted version of methods by Bslsthig2019).
Sedimentation rates from the rplum model for core BQi&gre converted from y crh

to cm y! by converting the posterior probability density functions of the accumulation
times from Gamma to inverse Gamma distributions. 8dkeulated carbon accumulation
rates by multiplying the accumulation rafe cm y*) byorganic carbon density for each
sampling interval. Mean and median aCAR rates and 95 % confidence intervals were
then calculated from the cumulative density function.
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4.4.4. Palaeoenvironmental reconstructions

Hydrological variability was reconstructed using a testate amodizsed water table

depth reconstruction and plant macrofossil analygiadrewset al.,2021). Bog surface
wetness(BSW) was reconstructdny applyid 5 dzLJ2 Yy 1 Q& | & ®NPtdtieI A O f
plant macrofossildata (Dupont, 1986). Changes in BSW mostly reflect changes in
precipitation, which is linked to temperatuf€harmaret al.,2009).Each component of

the peat was allocated a score relative to its hydrological preferétreavettest and 8=

driest). Species not assigned DHI sc@iabwing indices by Mauquost al.,2008, with

the addition ofSphagnum denticulatujnwere remove from the dataset and relative
percentage abundances recalculated. Taxa scores are listed in the appendices

(Supplementary Text 2.1).

4.5. Experimental analyses

4.5.1. Experimental design

The Cors Fochno experiment is a long term, fully factorial climate manipulation
experiment started in the spring of 2010. This experiment simulatesryeend climate
warming and increased growirggason drought frequency by usingem top chambers
(OTCs)Aronson and McNulty, 2009) and by drawdown of the water table in summer
approximately every three years. The experimental setup is fully described by Andrews
et al. (2021). Climatic conditions (measured by a weather station opedtaty Natural

Resources Wales) for the period 2042019 arepresentedin Table4.1.
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Table 4.1. Maximum, minimum and averagdiroatic conditionsmeasuredon Cors
Fochno betweer29/04/2010and 28/01/2019,

WIND AIRTEMP SOILTEMP SOILTEMP PRECIPITATIGNM/H)
SPEED (°C) (10CM) (30CM)
(Mm/s) (°C) (°C)
MAX | 15.7 32.26 24.04 17.99 21.73
MIN | 0 -10 1 3 0
AVERAGE | 3.15 11.15 12.01 11.97 0.12

4.5.2. Greenhouse gas flasand dissolved organic carbomeasurements

Surface exchanges of €é&nhd CHwere measured using the closed chamber method
(Almet al.,2007; Rowsormt al.,2013). Gas flux measurements were made by placing a
closed chamber system upon a PVC collar inserted in the soil within éatchAdan
circulated the air inside the chamber, and a rubber seal prevented the exchange of gases
between the chamber and the atmosphekeach measurement toak minimum oftwo
minutes. Air was circulated from within the chamber into a factaglibrated EGM}
Infra-Red Gas Analys@PP Systems, MA, USA), which was used to measuré8ues
between 2010 and 2016. Air temperatures and photosynthetically active radigidR)
within the dhamber were measured at 1 second frequency and recorded by a-Delta
GP1 Irrigation Monitor data logger. From 2017 onwards, a faataljprated Ultra
Portable Los Gatos Greenhouse Gas Anal{lses Gatos, California) was used to

measure C®and CHfluxesas well as ambient air temperature.

We measured the net balance of £§2questration/efflux as Net Ecosystem Exchange
(NEE) and greenhouse gas emissions as Net Ecosystem ResWB&)nGross Primary

Productivity(GPP) was inferred from the difference between these measuren(piii&
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NER). From November 2017, we also measured the NEEsofN@HUse the micro
meteorological sign convention in this study, with negative values indicating a carbon

sink and positive valigeindicating a carbon source.

Sampling points were monitoreat irregular intervals during field excursiottsat took
place between 2010 and 2020with more frequent samplingaking placeduring
summer months (>50 % of the total number omeasurements) The number of
measurementsand themonthsof the year in which theetook place are shown ifable
4.2. Throughout the 10 years of monitoringreasurements were taken atl monthsof
the year with the exception ofpril. Gas fluxmeasurementsegan in July 2010 and
ended in September 201tesumng againin December 20174t the beginnng of this
project, with the most recent measuremens taken in August 2020. Furtheampling
took place between 2014 2016 howeverthese data werelost and therefore not

includedin this thesis

Althougheach season is reasonably well represented in the sidtahere is a bias
towards summertime measurements. This is largely duthéregular daily sampling
that took place during the siweekdrought experimentsThis maybias the results of
this study potentially resulting in th@verestimation oemissions anglantproductivity
rates(Byrneet al., 2004) In addition,all measurements were taken between the times
of 09:00 and 16:30vhen daily temperatures and ligiévels are likely to be highest. As
a result differencesn greenhouseayas fluxesat nightare not representedby thisdataset

(Pavelkaet al., 2018) Emissionof CH from peatlandscan begreater at night than day

283



(Doolinget al.,2018), whereasrates of CQ uptake and emissiondecline(Goulsbraet
al.,2016) This may result iour estimates of C&lluxes beingverestimated, while CH

fluxes may be underestimatead this study

Table 4.2. Total number of gas flux measurements (net ecosystem exchange, gross
primary productivity and net ecosystem respiration of2G&ken throughout the study.
Measurements of net ecosystem exchange of @Easurements were taken from 2017
onwards.

2010 2011 2017 2018 2019 2020 TOTAL

ALL:

JAN 0 24 0 0 0
FEB 0 24 0 12 0
MAR 0 24 0 24
APR 0 0 0 0
MAY 0 48 0 14 22
JUN 0 24 0 24 0
JUL 120 120 0 24 0
AUG 480 528 0 12 240
SEP 96 29 0 120
OCT 24 0 0
NOV 24 0 24 0
DEC 24 24 0 12

NER was measured beneath a light impermeable cover. NEE was measured under
ambient light conditions. CHIuxes were calculated from measurements taken without

a cover(Hutchinson and Livingston, 1993) and all measurements lasted sek2hds.
Gasflux calculation methods followed Alrat al. (2007 using the closed chamber
method (Dosseet al.,2015). Any fluxes with art €£90% were visually assessed for poor

measurements, in which case they were discarded.
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Porewater DOC samples were taken by extracting c. 40ml of pore water from each plot
using a 50ml syringe attached to a Rhizon samfgere size 1.5um) inserted 10cm
beneath the peat surface. Samples were taken at irregular intervals from 2018 until 2020
and stored in cool and dark conditions to avoid degradation prior to analysis. Each
sample was filtered through @45 pum filter to remove particulate organic matter and
promptly analysed after sampling. Filters were flushed using a small amount of sample
to remove possible contaminangslorrman, 1993). In some cases, samples were frozen
after filtering. DOC concentrations were calculated using an Elementar Vario TOC Select
analyser. We sampled potgater DOC from each plot on 17 occasidiagen athe end

of eachfield excursiorfrom 2018 to 2020 (Tablk.3) Two samples were excluddm

the datasetdue to potential contamination.

Table4.3. Total number and timing of dissolved organic carbon measurements taken
throughout the study period (20182020).

2018 2019 2020 TOTAL
ALL:
JAN
FEB
MAR
APR
MAY
JUN
JUL
AUG
SEP
OoCT
NOV
DEC

O B O O P P B B O O F»r O
P O O N A O O P O B, O O
o O O O B O O O O O +» o

We tested for differences in measured carbon fluxes between treatments with mixed
STFFSOGa fAYSIFEN Y2RSta dzaAy3a (KGBates¢tdln Q LI
2012; R core team, 2021). Environmental variables were included as model cayariate

determined by singkterm deletions
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4.5.3. Flux modelling of greenhouse gases.

We generated multyear carbon budgets for each experimental plot using interpolation
and extrapolationtechniques. Carbon budgets were generated for the years 2011 to
2018using environmental variables measured from within each.glbbdels for each

flux were generated using data collected after 2017, since these models had the best

predictive power(R?) and the lowest sum of squared err¢8SE).

Annual NER for each plot was modelled based on measured fluxes usi(Ry theS)
model (Rowsonet al., 2013), which expands upon the widely used Lloyd and Taylor
(1994) model. The2z + S) model links the Arrhasi relationship between soil
temperature and measured NER to plant functioning, accounting for feedbacks between
water tables, plant root exudates and seasonahtie fit the derived parameters of the
modelled NER to temperature and water table depth data from each plot. Seven
constants required forthe Rowsonet al. (2013 model was identified using the
generalised reduced gradie(@RG2) nonlinear optimisation code in EXcakdoret al.,

1978).

To model GPP and @nission ratedinear and noHinearrelationshipsetween these
fluxes andmeasured environmental variableseve investigatedfor each plot.From
these relationshipsa continuous timeseries of estimatedjreenhouse gas fluxesas
extrapolated sing 6hourly instrumental measurementmeasured from 201@ 2019

from within eachplot Due to instrumental malfunctioning that occurred between 2017
and 2019, PAR measurements for the site were deemed unreliable, and efforts-to gap

fill using weather station data produced erroneous resuls.account for dardnduced

286



plant senescence durgperiods of low light, wéollowed similar methods to Creewt
al. (2020, using light intensity data to eliminate GPP fluxes in the absence Rf PA
however Creevyet al. (2020) modelledGPP based upon a second order (quadratic)

polynomialrelationship

In the absence of streamflow data for the site, a simple model proposed by F20tk4)

was used to calculate annual DOC fluxes from Cors Fochno. Annual evapotranspiration
rates were subtracted from net rainfall for Cors Fochno measured between-2019.

The remaining value was multiplied by the mean paaer DOC concentration for each
plot, arriving at an annual estimate for DOC flux. Net annual rainfall from the site was
calculated from continuous measurements taken from 2010 to 2019 from a location
near Borth (Frondirion) (Figure 4.1b)(Justin Lyons, pers. comm.). Average pan
evaporation rates from Plas Gogerddan, Aberystwifilyure 4.1bX600 mm n? y?)

were adjusted by a conversion factor of 0.7, accounting for the watdding capacity

of Sphagmim, giving an annual evaporation rate of 420 mn? gr! (Ridley, 2014)This
model assumea bulklateral subsurfacemovement of rainfall throughout the peaind
plugflow of DOC throghout the systemlt isassuned that all waternot returned to

the atmosphereby evapotranspirationis lost rapidly via overland flow. All water
released from the siteontainsthe same amount of DOC as was measured within the
plots, and namixing of wateroccurred These assumptions adoubtful sincemixing is
likely to occur within Cors Fochno. Between 8.5 % of the water lost from the site is
estimated to have moved through the catotelm (Bagtdal.,2006). Furthermore, \viile

the majority ofprecipitationis likely to be quickly lost from the $gm via overland flow

when the watertable is high(Waddington and Roulet, 1997pwering of thewater-
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table may increasdhe waterholding capacity of the siteallowing more water to be
retained (Holden, 200% DOC production is also likely to exhibit high spatial variability
due to differences in peat macroforms and vegetation, with areas dominated by grasses
or sedges experiencing a greater supply of root exudates than areas dominated by
Sphagnunor Calluna vudaris (Ritsonet al, 2017).These assumptions mean that the

DOC flugs estimated for this studgre likelyto have beeroverestimatel.

Although not directly quantified in this study, dissolved inorganic carbon (DIC) and
particulate organic carboffPOC) can also contribute significantly to the hydrological
carbon budgets of peatland®¢éwsonet al., 2010). Concentrations of POC have been
shown to occur relative to those of DOC at a ratio of Inl€iream water draining from
upland peat in the UKHopeet al.,1997;Heinemeyetet al., 2019). Dawsoret al. (2002)
found that POC constituted 22.7% of the total hydrological carbon flux from a Welsh
peatfed upland catchment, relative to 69% DQ@Qrelatively undisturbed ombrotrophic
peatlandsPOQluxes areconsidered to be lovand are generallpot included in carbon
budget studiegLindsay, 2010)Here, we assume that the 1:10 ratio applies tasCo

Fochnoand estimatePOGCas being 10 % @nnualestimatedDOCluxes

Gontributions of DIC aralsolikely to be smafirom Cors Fochnalue to the acidic nature

of the peat pore-water at the site In low pH waterghat characterise ombrotrophic
peatlands DIGonly occursas dissolved free G@nd HC®ions (Neal and Hill, 1994) and
there islikely to belittle to no DICinput from groundwater or weatheringvithin the
central domedue to the ombrotrophic nature of this portion of the sifReidet al.,
1981).Dawsonet al. (2002) estimated that DIC from streams draining from two acidic
peatfed catchments in Scotland and Wales represented 2.1 % and 8.3 % of total

hydrological fluxes, respectively. For both sigerageDIC concentrationgere ¢.3.0
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mg I*. Thisaveragevalue was used to estimatnnualDIC fluesfor the sitg using the
same model as was used to estimate DOC fléesach yearAstheseestimatesfor
both POC and DIC are based npgbe samemodel used to estimat®OC flugs they
are subject to the same uncertaintiesieaningestimates of both fluxeare likely to be

overestimated in this study.

Annualbudgets for each component of the carbon cycle were calculédethe years
2011- 2018by summing the modelled GPP, NERy, @rd DOC valuder each year and
plot. The nodelled annual estimatesfor each carbon fluxwere multiplied by 6 to
account for the éhourly intervals between measurements of environmental variables
inside each ploThemassof each fluxn terms of carbor{reported in units ofg C n?y

1 was calculated for each plot and year

CH is an important greenhouse gas with a global warming pote(@&VP) c. 28 times
that of CQ, owing to its enhanced infrared absorptivity, and a shorter residence time in
the atmosphere(Whiting and Chanton, 2001; Myhet al., 2011). We calculated the
GWP for CHto convert this gas to its G@quivalent for 100 years by multiplying the
total annual modelled CHIux estimates by 28ollowing the GWP100 protocMyhre

et al.,2011). This was summed with NEE to calculate the totale@Qvalent emissios

We tested for significant differences of annual carbon budgets between treatments
using generalised linear mixed effects mod@&MMs). Plots nested in blocks and year

were included as random factors and treatments were set as fixed factors.
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4.5.4. Environmental controls affecting aCAR

We compared corelerived aCAR throughout the whole core and in catotelmic peats
against testate amoebaderived water table depths and a qualitative meas@iré NJ W0 2 3
& dzNJFF I O S (BBW)iusing #heiD®l| index by comparing the model fit of the data with

a suite of linear and nofinear regressions. BSW is a qualitative measure of past
hydroclimatic conditions at the peatland surface and is driven mostly bygdsaim
precipitation reinforced by temperatur@Charmaret al.,2009). The influence of climate

was tested by comparing aCAR with a 1000 yeag reconstruction of mean annual
temperature anomalies for the Northern Hemisphefi@ann et al., 1999) and the

Central England TemperaturgCET) datasefManley, 1953; 1974; Parket al., 1992;

Parker and Horton, 2005) using crassrelation analysi§¥. Lb/ hwQ LJ Ol 3Sz t 2f
Martinez et al., 2019). This approach, proposed by Mudels€2010), calculates

correlations between values obtained on different time points.

4.6. Results

4.6.1. Tephrochronology?'°Pb and improved agelepth model

We identified three tephra layers in core BO17, at 13(B@1%1), 27cm(BO1%2) and

37 cm(BO1%3). Identified shards possessed similar geochemistry to layers previously
identified in Cors Fochno by Watsehal. (2017). Tephraare identified by comparing

the geochemical data generated in this study witle results of previous studies
(Swindleset al., 2010).We compared the geochemistry of these shards with tephra

shard geochemistrprofilesfrom Britain, the Republic of Ireland, Northern Ireland, and
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Iceland(Figure 4.2) and concluded that sherds derived most lilkely the eruptions of
Hekla in 1947(tephra BO171), 1845(BO172) and 1510 CEBO1%#3). These age
assignments are consistent with th&%b, SCP, charcoal arfdC chronologies.

(Supplementary Figure 2.2)

« Tephra BO17-1: 12-13 cm « Tephra BO17-2: 26-27 cm * Tephra BO17-3: 37-38 cm
* Hekla 1947 * Hekla 1845 * Hekla 1510

FeO
&

Si02

K. (%)

8io2
&
-

40 0 10 20 30 40
ALC, (%)

Figure 4.2 Major element biplots showing tephra shard glass chemistry from the BO17
1, BO172 and BO13 layers detected from core BO17 at Cors Foqishown as black
points) contrasted with the glass geochemistry of known tephras based on type data
(Swindles, 206; Pilcheret al.,1996; Watsoret al.,2015; Matthews, 2008; Houslest

al., 2010; Cole and Mitchel, 2003; Refaal.,2012; Dugmorest al.,1995 and Larseat

al., 1999) shown as red points.

The three new tephra dates agtPPb data were added to the previous adepth model

for core BO17 generated by spheroidal carbonaceous particles, microcharcoal and
radiocarbon dategAndrewset al.,2021). The position of these dates within théPb
profile generated in this study are illustrated in Supplementary Figure 2.2. The new
Bayesian agdepth model generated in rplum, incorporating former and newly

generated dates, is shown in Figure ABcumulation rats notably slow dowbhetween
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the Heklal845 and theHekla 151Q@ephra-horizons,suggesting thapeataccumulation

rateswere exceptionally lonbetween these dates
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Figure 4.3 Agedepth model for core BO17 plotted using rpluiquincLopezet al.,
2018; 2020). Dark blue shapes indicate posterior distributior&®flates, green shapes
indicate calendar date@ephra horizons, charcoal, or spheroidal carbonaceous particle
dates) Yellow shapes within the plaeflect the probability density functions fot*C
dates. The shaded bars towards the top of the profile show the suppdpiegble) and
unsupported(light blue)?'%Pb activity and their uncertainties. The plots on the top of
the figure show model performance and parameters, illustrafingm left to right) 1:

the MCMC iterations 2: the priofgreen) and posteriogrey) distributions for the

I OO0 dzy dzf I (O ARSY 2NNEBEFPbBupply¥and 5: the supply of supportééPb.
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4.6.2. long term apparent rate of carbon accumulatidihORCA)

LORCA estimates for all three cores showed gmydement. Mean LORCA values were
313+21gChiytH 0d ¢KS 0l &{1ivasRdung& thanBRIBand my
BO183 by c. 300 years. Details of the carbon content carbon throughout each core and
their basal ages are provided in Supplementary E@u8 and Supplementary Tables 2.8

c2.9.

4.6.3. aCAR and palaeoenvironmental reconstruction

Reconstructed aCAR, along with changes in bog surface wetness, inferred water table
depth, macrocharcal and changes in vegetation throughout core BO17 are shown in
Figure 4.4. The median aCAR for the whole of core BO17 wa8 452) g C my™. High

aCAR occurs in the acrotelm above 12cm, following c. 1985 CE. Median aCAR for this
period was 127105- 157) g C niy™. For catotelmic peafbeneath 12cm) median aCAR

was 34(30- 42) g C my™. For the timeperiods encompassing the Medieval Climate
Anomaly(c. 950¢ 1250 yrs. CE) and L{&1300¢ 1850 yrs. CE) aCAR was(33¢ 43)

and 34(27 ¢ 50) g C mylrespectively; however, aCAR rates throughout the Little Ice

Age varied substantially.

The Dupont Hydrological Index amdater table depth reconstructions show good
agreement, with major trends in reconstructed water table depth beingeceéid by
simultaneous shifts in the same direction in the DHI curve. For example, increasing water
tables coincide with increased bog surface wetness between c. 48800 CEFigure

4.4). Bog surface wetness fluctuates between the periods c¢58M CEnd c. 132Q
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1460 CE, with a general trend towards reduced BSW coinciding with macrocharcoal
peaks; however, this is not reflected by the reconstructed water table. This is likely an
artefact of the effect of the burning event upon plant community compos resulting

in a shift in the botanical composition of the peat currently. DHI values were inflated
owing to the low relative abundance &phagnumand other wet indicator species
during this time, with the peat being composed mostly of ericaceoudetsotiuring this

period inflating the DHI valu@ndrews, 2021).

o ‘S\@Q . Testate amoebae inferred WTD (cm)
Macrocharcoal (fragments per cm®) wet o 5 dry

0 100 200 300 400 0 0 10 20 30 40 Vegetation community
217 4 ]
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w |
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50 o
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-
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1850 | Ericaceous rootlets, Sphagnum puichrum,
teo 1 301 § monocot roots
e 4 | §
w0 |
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130 4
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Figure 4.4 Apparent rate of carbon accumulatiqgaCAR) from core BO17, estimated
using methods outlined by Belsle¢ al. (2019. The red line is the mean, the black line
signifies the median aCAR and the purple shading is the 95% probability distribution
function for each depth. This is plotted agaiifsom left to right) the macrocharcoal,
Dupont Hydrological Index and testate amoelbived water table depth
reconstruction for core BO1{Andrewset al., 2021). The light blue horizontal bar
running through the testate amoebagater table depth reconstruction indicates the
position of the water table. The horizontal bars on the far left of the figure show the
time envelope(minimum and maximum age range) the Medieval Climate Anomaly
(MCA; orange) and the Little Ice A@¢A; green).
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4.6.4. Correlation with environmental conditions

No significant cross correlation occurred between aCAR and thee@Bé&rature record
(Figure 4.5a). A significant negative thutagged correlation was identified between
reconstructed Northern Hemisphere temperature anomalies and aC&IR;xy=0.454

at 95 % C.I., lag=14), indicating theinperature increases are preceded by reduced
aCAR by 120164 yeargFigure 4.5b). The direction of this relationship is reversed when
acrotelm aCAR is exclud€Bigure 4.5c): increased temperatures precede increased

aCAR by c. 51 yedSCFrx, y=0.369 at 95 % [.lag=5).

To handle negative values, a constant (+10) was added to the reconstructed water table
depths to plot these values on a negative ay¥& found that the relationship between

the palaeoecological proxies and carbon accumulation rates were best explaitied
logarithmic modelsThis may relate to the logarithmic relationship betweamerage
annual temperatureandpeatdecomposition ratecommonly seefin peatlandgClymo

et al., 1998) Weak but highly significant relationships were identified between aCAR
and both reconstructed water table deptlgs = <0.001; R= 0.17) and BS\(p = <0.001;

R = 0.31)(Figure 4.6a) for the catotelmic portion of the core. These relationships
remained significant when aCAR for the whole cdiecluding the acrotelm) were
included between reconstructed water table deptfs= <0.01; R= 0.17) and BS\(pp =

<0.02; R= 0.06)(Figure 4.64d).
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Figure 4.5.Cross correlation functions showing tidegged correlations between a:
apparent rates of carbon accumulatigaCAR) throughout core BO17 and the central
England TemperaturéCET) series; b: aCAR and reconstructed temperature anomalies
for the Northern Henisphere(NHTA) and c: aCAR beneath the catotelm and Northern
Hemisphere temperature anomaly reconstruction.
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Figure 4.6 Logarithmic models showing the relationships between hydrological proxies
(a and c: Dupont Hydrological Index; dnd c: Testate amoebae derivesater table
reconstructions) for core BO17 and apparent rates of carbon accumulation throughout
the core. Plots a and b are for the catotelmic peats, whereas plots ¢ and d are for the
whole core. Grey shaded areas show the 95% confidence interval for each regression
model.

4.6.5. Environmental variables and experimental treatment effects

Continuous skhourly time series for temperaturéair and soil at 10 cm depth) and
water table depth were reasured between 27/08/2010 and 06/08/2019 for each plot.
This allowed the calculation of annual net ecosystem carbon budi€B) for each
plot for the years 2011 to 201@he years for which full annual temperature records
were available). The results the generalised linear models are provided in Tabe 4.
Average sbhourly time series data across all plots for all measured climatic variables

are given in Supplementary Figure 2.1.
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Table 44. Summary of generalised mixed effects linear models testing for treatment
effects upon environmental conditior(air and soil temperature at 10cm depth, water
table depth), for the years 2012018. Values for Gross Primary Producti@PP), Net
Ecosystem ¥change(NEE), Net Ecosystem RespiratidER) are g GM2 h'. CH
values are g CH1-2h. Dissolved Organic Carb@OC) concentration values are-3)/l
Fixed factor(treatment) estimates are the mean effect of the fixed factor upon the
measured variable, with Cl showing the 95% confidence interval for this estimate.

Air temperature°C 10cm depth soil temperaturéC Water table depth(cm)
Treatment  Estimates CI Statistic  p Estimates CI Statistic P Estimates Cl Statistic P
Controls 11 10.6¢11.5 47.4 <0.001 11.4 10.9¢11.9 419 <0.001 8.2 5.2¢11.2 5.3 0.001
(Intercept)
Warmed 0.8 0.1¢1.4 2.4 0.042 0.2 -0.5¢0.9 0.6 0.571 -1 -4.8¢ 2.9 -0.5 0.641
Drought 0.1 -0.5¢0.7 0.2 0.837 -0.5 -1.2¢0.2 -1.4 0.197 1 -2.9¢4.8 0.5 0.636
Combined 0.1 -0.5¢0.7 0.4 0.688 0.6 -0.2¢13 15 0.169 1.9 -1.9¢5.8 1 0.361
Warming Estimates ClI Statistic  p Estimates CI Statistic P Estimates ClI Statistic P
Controls 111 10.7¢11.4 59.3 <0.001 111 10.7¢11.5 54 <0.001 87 6.4¢11.0 7.3 0.001
(Intercept)
All 0.4 -0.1¢0.9 1.7 0.123 0.6 0.1¢1.2 24 0.038 0 -2.8¢2.8 0 0.999
warmed
Drought Estimates ClI Statistic  p Estimates Cl Statistic P Estimates ClI Statistic P
Controls 11.4 11.0¢11.8 57.6 <0.001 115 11.0¢12.0 45.7 <0.001 7.7 5.5¢9.9 6.8 0.003
(Intercept)
Drought -0.3 -0.8¢0.2 -1.1 0.31 -0.1 -0.8¢ 0.6 -0.3 0.797 1.9 -0.5¢4.4 1.6 0.159

Average annual air temperatures varied by less tha@ Between years, with the
warmest year being 2017. Average air temperature in the warmed treatment plots was
significantly higher than controls by c. @& however there was no significant
difference in air temperature between the combinégarmed and droughted) plots and
controls. Mean soil temperatures varied little by year, ranging between 11 af@.12
Soil temperature was significantly higher in bothetwarmed and the combined
(warmed plus droughted) plots than those plots without OTCs, by &CQifdicative of

a warming effect owing to the presence of OTCs.

Mean water table depths varied between years, with water table declines occurring
during (natural) drought years in 2014 and 2018. During these years, mean water table

depths were c. 11 cm deeper than average. Over the ten years of the study, mean water
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table level fell by =m, indicating that the site is becoming drier, possibly due to ongoing
reductions in summer precipitation rates and increased temperatures for the region
(Compoet al.,2011; Swindlegt al.,2019). There was no significant effect of the four
experimental summer droughts on the average water table oveistheenyearperiod,
suggesting that, although groundwater pumping significantly changed water table
depths in the droughted plotéAndrewset al.,2021), simulated droughts did not have a

longterm effect upon water table depths.

4.6.6. Measured components of theeatland carbon budget

The results of the generalised linear mixed effects models on the measured components
of the peatland carbon budgets are shown in Supplementary Ta@leSignificant
differences in net ecosystem exchange were identified in all warmed plots. This effect
was the same between warmed and combined treatment plaith a mean reduction

of ¢. 0.07 g COM?2 h!across both treatments relativi® controls. We also found that

CH efflux was significantly reduced with warming, by 0.36 mg @ h* relative to

controls.

4.6.7. Modelling of CQand CH fluxes

Use of tle (2z + Sinodelto estimate NER of G@nproved the average2f each plot

from 0.29 to 0.49 compared with the Lloyd and Taylor (1994) model and reduced the
SSE from 0.37 to 0.2Therefore, the Rowsoet al. (2013) model was used since it
provided a more robust estimatof annual NER due to the improvements in fit and error
terms compared to the Lloyd and Taylor modéiis model reduces the probability that
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NER emissions will be underestimated during the summer months and overestimated in
the winter (Rowsoret al.,2013). However, model improvements were modest, and the
models only explain ~ 50 % of the variance in the data on average, therefore our

confidence in theemodel projections is relatively low.

The models used in this study estimate annuafluxes ofNER, GPP ar€H showed
relatively poor agreement with the measured data, although the degreethi$
agreement varied betweeeachplot andfor each fluxIn general, the disagreement was
highest during warmer pericdl For NER of C£ the modelled coefficient of
determination varied between plots (rangé R0.8 ¢ 0.76). The relationship between

observed and predicted NERIlgstrated byFgure4.7.

CH fluxes wereextrapolated based upon theiexponential relationshipwith soil
temperature shown inFgure 4.8. A similar exponential responseof CH to soil
temperaturewasfound by Zlu et al. (2020), relatingto the temperature dependence of
processes that govertine production andoxidationof CH. Water table level and soil
temperature are usually the dominant controls of methane fluxes in peatlashas to

soil temperatures influencing the rate of microbial processes and water tables governing
the depth of the area wherenethanogeesiscan take placéMaet al.,, 2017) However,
includingwater table depthin the modelsresulted in unrealistic estimatesf methane
emissionsrates in this study Large uncertainties are common imodels of CH
emissions from peatlanddvaet al.,2017) In the case of this studyhe model shows

relatively poor predictive ability where temperatures and fluxes of &#l highest. This
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is possibly due ttarge increases in Gldmissionthat were sen during the start of the
2019 drought periodThepoor model fits may relate tebullition eventsfollowing the

rapid removal of poravater from the plots.

In the absence of a reliable time series of PAR dataweRiPmodelledbased upon the
exponental relationship between GPP and soil temperat(Fegure4.8). The modelled
coefficient of determination varied between plogsange R= 011¢ 0.59, mean= 0.32)
The R for all models used are shown in Table 4[&e applicability of an exponential
model to explain temperature sensitivity of GPP is supported by Zbtiad) (2017),
where an exponential model was used to fit respiration rates with temperature for
temperate terrestrial norforest ecosystems, including permanent wetlandBhis
exponential relatioship may relate to théemperature dependence of photosynthesis
Zhenget al. (2016) state that conceptuall{GPP may decreasgere a temperature
thresholdto be crossed Therefore, this exponentiaimodd is dependableonly within

the normal rangeof temperaturesexperiencedat the site. The use of this model may
have resulted in an overestimation of GPP rates during extreme heatwave events (e.g.,
the summer of 2018)which may explain th&arger residualshat occurunder warmer

conditions (Figure 8).

Comparisons between naelled andmeasured fluxes arghown in figures 4.§4.11 for
CH efflux, GPP and NER respectivéljnese show that thenodelled data were in
general agreement with the measured data, although large departures occur for all,

particularly for certain plots during the summer months.
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Figure 410. Timeline comparisons of predicted (black dots and lines) and measured (red
dots) gross primary productivity rates for each plot from November 2@4gust 2020.
The black line shows the trend between adjacent points in the predicted data.
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Figure 411. Timeline comparisons of predicted (black dots and lines) and measured (red
dots) net ecosystem respiration rates for each plot from November 2@Ligust 2020.
The black line shows the trend between adjacent points in the predicted data.

Table4.5. R values for models chosen for NER and GPP paaDCHfluxes.

NER (C) R GPP R CH R
(CQ)

BO1 031 BO1 026  BOl 0.29
BO2 051 BO2 056  BO2 0.63
BO3 052 BO3 029  BO3 0.36
BO4 0.32 BO4 038  BO4 0.31
BO5 0.38 BO5 0.26  BO5 0.25
BO6 0.68 BO6  0.33  BOG 0.25
BO7 0.76 BO7 019  BO7 0.25
BOS 071 BO8 026  BOS8 0.27
BO9 0.35 BO9  0.33  BO9 0.32
BO10 0.50 BO10 0.35  BO10 0.29
BO11 059 BO1l1 059  BO1l 0.42
BO12 0.27 BO12 0.12 BO12 0.27

4.6.8. Modelled greenhouse gas fluxes and annialdgets

Modelled annual carbon fluxes are illustrated as box plots in Figaée #he results of
the generalised linear mixed effects models on the modelled components of the

greenhouse gabudget are given in Supplementary Tabl8.2Ve identify a significant
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treatment effect upon modelled net ecosystem exchange. Pairwise comparisons
identified significant differences between control and warmed plots, combined and
control, and combined andirought plots, with differences being mostly due to a
significant effect of experimental warmin@upplementary Table 2.7). Control and
drought treatment plots were consistent sinks of £€equestering 221.5111.6 and
162.6+62.2 g Co@m? yL respectively.These are within the range of annuaét
ecosystem exchange rates of {0@ported by Rouleet al. (2007) from raised bogs in
Canada (7 to 411 g €@ y?') and by Arnetret al. (2002) of 179 to 223 g @2 y*!
from raised bog# SiberiaCombined treatment plots were a consistent source 0$,CO
emitting at a rate of 14.388.0 g C@m2y?, an increase of c. 106 % while treatment
plots subjected to warming alone were small sinks of carbon, sequesteringy G2

56 % less than controls.

Modelled annual COrespiration was on average 256t120.6 g CoOm? yacross all
plots. Control plots were the lowest emitters of £@veraging 163.221.7 g Com?y

1. Net ecosystem respiratiosignificantly inceasedboth due tocombined warming and
drought, as well as de to the presence of OT®¢armingand droughtincreaged CQ
emissions by c. Z20CQ m? y! relative to controls while annual respiration rates
increasedby c. 139 COm? y! relative to controlsacross all plots with OTCs

(Supplementary Table 2.7)

Weidentified no significant effects of treatment upon gross primary productivity, which

was on average373.1 + 90.3 g GOn? y!across all plotsEstimated annual dissolved

305



organic carbon fluxes were on average 25.0 + 5.9 ¢ @'rhetween all plots across alll
measurement years and did not diffsignifiantly due tothe treatments. Although no
significant changes occurred in D@Ge to the treatments slight differencesn the
median valuesuggest that drought had a sligpositive effect upon DOC production
This may relate tehanges in thehysical and chemical structucé the peat following
drying, resulting inincreagd DOC productiomrates (Holden and Burt, 2002; Holden,
2005).DOC constituted a significant carbon flux in our experimental plots, representing
an average of 27.5 £ 8.8 %aldl modelled annual carbon fluxéSurDOC flux stimates
are relatively high compared toangesreported from other studiesof raised bogsFor
exampe, in CanadaDOC fluxes rates ranged betwegBc 21 g C niy?! andin Sweden
they were much lower, between.2¢ 6.7 g C md y! (Waddington and Roulet, 2000;
Rouletet al, 2007. The estimates reported herexceedthose reportedfrom a UK
upland peat complexDawsoret al., 2002) This suggests that the DOC flupesdicted

in this studyusing the plug flow model of Ridley (201M@re overestimaed.

EstimatedPOC and DIC flagwere very low for the sitelf the 1:10 ratio for POC:DOC
concentrationis assumed tdnold true for Cors Fochno, then POQeteasedfrom the
siteat an average rate of 260.5 g C My across all treatment plot€stimated anual
DIC fluxes were roughly equt POCfluxes at 2.6+ 0.5 g C mt y*. Together, we
estimate that POC and D@€presentc. 20 % theotal hydrological carbon fluXAs with
DOC, this value may be an overestiroafihowever these estimates do not consider the
increasing effects that drought and storm events may have upon these flbboge ét

al., 1994).
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4.69. Methane, methaneCQ equivalent emissions and annual net carbon budgets

Annual estimated mthane fuxes were oraverage4.89+ 1.3 g G4 m2yr! betweenall
experimentalplots. This is within the range of @6 g G4 m?yr! reported from raised
bogs in Canadd&puletet al., 2007 and is close to a reported average af 84 m2yr

L from a Swedish raised bog (Waddington and Ro@@®0) Net ecosystem respiration
of CHwas 5.3+ 0.9 g CHm? ytin the control plots and 6.4 1.0g CH m™. Emissions
were significantly lower in the combined warmed and drought plot, which emitted CH
at a rate of3.8 £ 0.9 g Chm? y1. The presence of OTCs significantly reduCetl
emissions from an average of 9.9 g Chim2y'to 4.1+0.9 g Chim2y?, a reduction

of c. 1.7 g CHn?2y1, a change of. 29 % Annual estimates for carbatioxideequivalent
CH emissions varied widely across all pl@8.9 + 127.5 g C #y?), with significant

differences identified between treatments.

Total estimated annual carbon budgets differed significantly between treatments. The
control plots had the highest carbon amuoulation rates, with average annual
accumulation budgets of 56.4 + 30.4 g € yrit. This estimate is within thestimated
range fo the annual carbon budgets tfvo UKblanket bog site$56 ¢ 72 g C m y1)
(Billetet al,, 2010) although itis greater tharestmates by Dinsmoret al. (2009) for
Auchencorth Mos$30.7 g C My?), an ombrotrophic bodn ScotlandThe combined
warming and drought treatments had the lowesverall carbon accumulation rates
which we estimated to be losing carbam a rate 0f34.6+ 23.3g C n? y. Warming

alone alsasignificantly reduced annual carbon sequestration by 40.3 + 13.4 gy im
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comparison to control plotsalthough these plots were still on average weak swiks

carbon accumulating 0.6:37.99 C n?y™.
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Figure 412. Box plots of modelled annual carbon budget flux components, displaying
differences by treatment, from the Cors Fochno experimental site. Years modelled
were 20112018.
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4.7. Discussion
4.7.1. Explaining the discrepandyetween contemporary and core derived carbon

accumulation

We find that the inferred environmental variables governing carbon accumulation rates
differ between the experimental study and the lostgrm record. In the experimental
study, carbon accumulation ra®EE) is driven mostly by water table depth and the
availability of photosynthetically active radiatilPAR). RespiratidiNER) increases with

increasa air temperature, reflecting increased decomposition rates in the acrotelm
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with warming (Bu et al., 2011). Primary productivity is mainly governed by air
temperature and photosynthetically active radiation, likely reflecting increased
productivity duringthe summer. Including aCAR from surface peats appears to produce
weaker correlations when compared with past changes in hydrology or temperature
(CAIdzNBE nodcO® ¢KAA fA1Ste N&dulingRlde tolte G KS
incomplete decompositin of organic material above the catotelm causing apparently

high carbon accumulation rates in this section of the df@unget al.,2019).

No significant relationship was found between carbon accumulation rates and the
Central England Temperature record. This likely relates to the low number of binned
data points(n = 14) for this analysis using the BINCOR method, highlighting the difficulty
of correlating palaeoecological data with even relatively long instrumental datasets. We
caution against interpreting changes in aCAR in recently accumulated peats in relation
to changes in climate or any other environmental variable, since the incred3&R @
acrotelmic peats are the result of incomplete decomposition and therefore do not

realistically reflect longerm carbon accumulation ratg¥ ounget al.,2019).

When acrotelmic peats are excluded from the analysis, we report a positivedigpged
relationship with air temperature anomalies, withcreases in aCAR appearing to occur
prior to temperature increases by 52 years. Tlagmay reflect the amount of time
organic material spends in thaerobic acrotelm before it is incqrorated into the
anaerobiccatotelm, as @at humification isoften considered to be a measure of this

initial period of decay(Chamber®t al.,2011) . This suggests that warming may benefit
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long term carbon retention in suburface peat(Clymo, 1984; Frolkingt al., 2014).
However, chronological uncertainty increases in the lower sections of the core, due to a
paucity of additional dating methods othéhan 1“C for these sections. Therefore, this
time lag may simply be the result of chronological uncertainty in ourdsgegh model

(PolanceMartinezet al.,2019).

It is important to note that the analyses here are based mpweasurementfrom a
singlecore. These carbon accumulation rates may not be representative for the site as
awhole. Within-site comparisons of chon accumulation ratederivedfrom corescan
show considerable variatio, relating tospatial differences in vegetatioocommunity
composition andmacroforms (Turunen et al.,, 2004; Loisel and Garneau, 2030
Furthermore, the effects of temperature upon carbon accumulation at Cors Fochno are
likely to differ from the hemispheric averagalculatedby Mannet al. (1999). While
there is greater legitimacy in making a geographical teleconnection with the Central
England Temperature Record, this recprdved tooshortfor correlations to be made

This highlights the difficulty of correlatingpatland longterm palaeoecological records

with meteorologicadatasets.

Despite the results of these correlations, there are notable exceptions within the
palaeoecological record where carbon accumulation rates increase during relatively
wetter/cooler periods. Carbon accumulation rates were more variable during the Little
Ice Age than during the Medieval Climate Anomaly, despite no significant overall
differences in mean aCAR during these periods. In core BO17, between c. 1150 and 1450

CE, aCAR showed an increase. This followed a shift in the botanical composition of the
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peat,characterised by a transition fro@phagnum austinii/Sphagnum pulchrterErica
tetralix and monocotdominated communities. Accumulation rates increased again
following a shift towardsSphagnum papillosudominance between c. 1410 and 1460
CE. As water tdbs continued to increase throughout this period, aCAR rates rapidly
declined until reaching their lowest values c. 1600 CE, coincident with the development
of bog pool conditions dominated [§phagnum denticulatumemains(Andrewset al.,
2021) During ths time, there is an appareméduction in peat acumulationin the age
depth model Carbon accumulation ratdell as the site became increasingly wet, and
aguatic conditions persisteat the coring locatiomntil the development othe modern

day vegetatiorcommunityaround c. 1850 CE, coincident with a period of abrupt water
table drawdown attributed to drainage activiffPoucher, 2009; Andrewet al., 2021).

In contrast with the LIA, during the MCA carbon accumulation rates, hydrological
conditions and peat botanical composition were relatively stable, with vegetation
dominated bySphagnum austiniiOther studies report similar patterns of statyilin
water table and vegetation during the MCA and instability during thegd.bp, Kleiret
al.,2013; Magnaret al.,2019). This suggests that these changes in aCAR are determined
by changes in the botanical composition of the peas well as the dege of
waterloggingoccurring duringthis time. Certain vegetation produces more readily
decomposed litter than other type@engtssoret al., 2016; Bellet al., 2018). Species
that grow in wetter conditions on peatlands typically decompose more readilyate

also often more productive, than those associated with drier conditidva@uquoy et

al., 2002). For example, hummodétirming species such as th8phagnumsect.
Shagnum species(e.g., Sphagnum papillosum, Sphagnum austimroduce more

recalcitrant litter than Sphagnumsect. Quspidatumtype species which are usually
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associated with hollows or bog podésg.,Sphagnum cuspidatum, Sphagnum pulchyum
(Bengtssoret al.,2016)and growcloser to the water table. Amibalance between GPP
and NER resulting from highly labile material and low productivity during the LIA may

explain the very low carbon accumulation rates duringlibgpool periodin core BO17

Similar changes in vegetation with increasingly wet conditamare seen in core BO17
during the LIA are frequently reported in palaeoecological studidackford and
Chambers, 198 Mauquoyet al.,2002; Magnaret al., 2019). A study from subarctic
Quebec, Canada, found reduced precipitation during this time resulted in drier
conditions, which drove an increase in aGRéisel and Garneau, 2010), suggesting that
precipitation is more important than changes in temperatun driving these shifts. In
contemporary gas flux studies, bog pools are consistent sources of c@viaimroeet

al., 2009). This would be reflected in the leteym carbon accumulation record as a
decline in aCAR, as occurs during the end of the LEAcANnot corroborate this with
our experimental findings, however, since the vegetation within our experimental plots
are not analogous with those found in areas of prolonged standing water. This suggests
that changes in aCAR reflect the relative recaaite of organic carbon in the acrotelm,
governed by the characteristics of the plant mater{abisel and Garneau, 2010).
Vegetation community composition in peatlands is itself controlled by hydroclimatic
conditions(Breeuweret al., 2008), with nonlinear, abrupt changes often occurring in
response to sustained changes in water table defBeklyea, 2009), as seen in the

botanical composition of the peat in core BO17.
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Some palaeoecological studies have interpreted differences in aCAR between the MCA
and the LIA as the result of changes in light availability and growing season length
affecting plant productivity, with increased cloudiness during the LIA and increased
growing season length during the MCA given as primary causes for these differences
(Charmanet al., 2013; van der Lindert al., 2014). However, this interpretation
downplays the importance of decomposition processes. Whilst these are controlled by
hydroclimatic conditiongBelyea, 2009; Breeuwet al.,2008), botanical characteristics

of the peat are likely to govern carbon accumulation rates over longer time periods. Our
experimental measurements show that soil respiration rates are governed mainly by air
temperature, with measured NER reflecting net carbon losses in the acrotelm due to
aerobc respiration(Yuet al.,2001). This may be due to the mostly Alamiting moisture
conditions that characterise wet sites such as Cors Fochno duringnooght periods,
where temperature is the dominant controlling variabBteinweget al., 2012). In
contrast, the amount of carbon retained within specific sections throughout the peat
column depends upon the recalcitrance of the plant remains in the peat. Similar
conclusions were reached by Mauquetyal.(2002) and Loisel and Garne@010) when
comparng differences in carbon accumulation rates between the MCA and the LIA in
peatland palaeoecological records. We argue that the results of experimental
manipulation studies, which show that warmer climatic conditions weaken carbon
accumulation rates, areat in dispute with palaeoecological studies. Since it is not
possible to quantify whether changes in carbon accumulation rates inferred from peat
cores are due to changes in productivity or decomposition, a single climatic driver should
not be used to exp@lin differences in carbon accumulation between time periods.

However, understanding how decomposition varies between vegetation communities
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may aid interpretation of such changes, leading to ecologically informed interpretations

of changes in decompositiaand accumulation rates through time.

Experimental studies indicate that, in the future, increased temperature and reduced
water tables will drive increases in ericaceous shrub cover in peatl@ekzinet al.,
2003; Buttleret al.,2015; Malhotraet al., 2020; Andrewt al.,2021). This may coincide
with a reduction inSphagnunmcover (Norby et al., 2019). Such a change may initially
increase productivity rategWard et al., 2013) but may be offset by accelerated
decomposition due to increased root exudate supply, a loss of inhibitory polyphenols
associated witfSphagnunand a decline in recalcitrant litt€¥Veltzinet al.,2000; Norby

et al., 2019). This suggests that whithortterm carbon accumulation rates may
increase with increased ericaceous cover, this will be reflected by increased soll
respiration and over the lonterm lead to an overall reduction in carbon accumulation

rates.

Periods of burningreindicatedthroughout the palaeoecological record of Cors Fochno
Thesedo not appear to coincide witperiods ofreduced aCAR. This may be due to the
addition ofcharcoalinto the soil,derived from thecarbonisation of theaboveground
biomassduring the fire eventsCharcoal is largely biologicaligavailable andan form

a recalcitrant layeof rapidlydepositedcarbonin peatlands Thisinflux of carbon may
cause an apparent increaseatAR rates following fireSimilar findings were fouhby
Heinemeyeret al. (2018), where increased charcoal inputerived from managed

burning of the aboveground biomasgorrelated withaCARrom three UK blanket bog
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sites. Howeverthe relative amount of carbon feasedinto the atmospheredue to

burningwas not quantified’Younget al.,2019)
4.7.2. Comparing aCAR anét ecosystem carbon budgets

We partitioned the modelled annual carbon budgets for each treatment to compare
with the long term aCAR record from core BO17. In this section, carbon uptake is
presented as positive values to facilitate comparison with @@sved estimategFigure
4.13a). The partitioned components of the net ecosystem carbon budgets for all

modelled years are shown in Figurd3b.

From the top of the core and through the acrotelm, we see that aCAR overlaps with the
average annual rate of carbon uptakBPP) for alplots (101 + 24 g C thy?) and all
treatments. In this layer, little to no decomposition has taken place, therefore aCAR
mostly reflects carbon accumulated by the surface vegetation, which does not differ
significantly between treatments. When carbors$es following ecosystem respiration
are accounted for, average modelled carbon accumulation rates fall to 31 + 36.8gC m
2yifor all plots. While the range of carbon accumulation rates between treatments still
overlap with the 95% uncertainty of the AR record, there are clear differences that
reflect the significant effect of experimental warming upon modelled NER rates. Mean
annual carbon budgets indicate control plots remain carbon sinks, seques8ifig

32.5 g C My, overlapping with aCARIfowing the development of the preseulay
vegetation community after c. 1850 CE and with increased rates during the early LIA
between c. 1200¢ 1450 CE. Mean annual carbon budgets indicate the drought

treatment plots are also still net sinks, sequestgrecarbon at a rate of 13.9 £+ 15.6 g C
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m2 y! and still overlap with these periods where aCAR is highest. For control and
drought plots, mean annual carbon budgets are above the average LORCA for Cors
Fochno, whereas aCAR rates the warmed plots are Idveer the average LORCA. Mean
annual carbon accumulation rates from warmed plots remain weak sinks, sequestering
carbon at 0.6 + 37.9 g Cawy?, which overlaps with aCAR throughout the MCA period.
The greatest difference between aCAR and modelled annudgdia are seen within

the combined warming and drought plots. These plots become net carbon sources due

to CQ emissions alone, losing 34.6 + 23.2 g &yrh

Carbon losses due to @Hfflux have little effect upon reducing total carbon
accumulation rates, reflecting the slow decomposition of material stored throughout
the entire depth of the catotelnfClymo, 1984). Therefore, the reduction ins@khission
seen with warming is unlikelp have a substantial effect upon aCAR rates. This effect
contrasts with most studies that report a positive relationship between @blduction

and temperaturele.g., Granbergt al.,2001; Updegrafét al.,2001; Lai, 2009; Zharedq

al., 2021). Other sidies have shown reductions in £émissions due to reduced soll
moisture and lower water table@.g., Straclet al.,2004; Turetskgt al.,2008; Eriksson

et al., 2010). While no significant effects upon water table depth occurred due to
warming, increasd temperatures may have reduced soil moisture in the aerobic levels
sufficiently to alter soil decay processes. Alternative explanations may relate to the
effect of experimental warming upon soil microbial communities, which may favour
bacteria over methaogens(Kimet al.,2012). However, other studies have found that
warmingchangesnethanogens abundangceommunity structure and typé&imet al.,

2012;Turetskyet al.,2008). The effects of climate change upon microbial communities
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and decay are poorly understood but have been shown to vary by site. These differential
effects may result in variation in changes in the relative emissions of greenhouse gases
with changesn climate (Kolton et al., 2019). Such changes may also drive a shift in
methane oxidation activity with warming, favouring increased methane oxidation due
to methanotrophy (Kip et al., 2010). However, increased temperatures have been
shown exert a greateinfluence upon methanogenesis than Z¥xidation (Dunfieldet

al., 1993).

By accounting for DOC fluxes out of the bog, average carbon accumulation rates fall
further, with the control plots accumulating carbon at a rate3#4 +325g C n¥ y..
While mediancarbon accumulation rates the control plotsemain within the range of
aCAR in the catotelr29.8¢ 41.5 g C my?) and the average LORCA measurements
(31.6 = 2.2 g C vy 1), mean carbon budgets are much lower than mean aGikike
these quantify periods of carbon Igsshich cannot be accounted for inore-derived
estimates(Younget al.,2019). Prolonged carbon losses would be reflected as a slowing
down of aCAR, as occurs between c. 16A800 CE during the latter half of the LIA in
the BO17 recordncluding our estimated annual POC and DIC fluxes into this calculation
reduces the average daon accumulation rates furthewith carbon accumulation rates
within the control plots falling to 27.4 g C My, slightly below the range of aCAR
estimatedfor the catotelm While relatively small, POC and DIC fluxes combined are
equal to c. 16 % of the estimated carbon accumulation rates within the control plots.
However, the hydrological fluxes estimated by this stady highly uncertairand are

likely to be significantlpverestimated
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There is a need foPOCand DIC to beneasured and modelled more accuratety
peatland net ecosystem carbon budget studiasthese fluxesnay bemore important
pathways for carbon lossom peatland then they are generally assumed to be. This
may be particularly trueunder climate change, ascreasing drought frequency and
severity maycausePOC fluxes from peatlantts be greater duencreasedpeaterosion

following physical and biogeochemical changes in peat due to diigwanst al., 2005)

In additionto drought,storm eventscan alsancrea® hydrological fluxes from peatlands
and arealsoprojected to increase in frequency and severity in some reg{Qterket
al., 2007;Austneset al.,2010). Most of the DO(31 ¢ 66 %of total annual DOC expqrt
exported nrivers drainingrom peatland catchments is released following stagwents
(Hinton et al, 1997; Clarket al, 2007) Incorporating accurate assessments of
hydrological fluxes during storm events requires high resolution,-teng monitoring
that was beyond the scope of this study (Clatlal., 2007) howeverwe acknowledge
that not accounting for these fluxaacreases the uncertainty of odrydrological flux

estimates(Clarket al., 2007 Austneset al., 2010).

Our resultssuggestthat carbon accumulation rates between palaeoecological and
modelled net ecosystem carbon budgets can overlap. There are many instances where
this occurs in other studies. For example, Rodetl. (2007 compared multyear
annual carbon balancg€Q, CH and DOC) from the Mer Bleue peatland in Ottawa,
Canada, calculating a mean carbon balance-2if5 + 39.0 g Crhy'. This was

comparable with LORCA from two cores from the same(8ke9 + 2.8 and 14.0 £ 37.6
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g C nt y1Y). Our results demonstrate thiemportance of including hydrological carbon
fluxes in NECB estimates, despite often being poorly undergBlodiau, 2002). These
fluxes are often important components of the carbon cycle in peatlands and their
inclusion provides more accurate estimatescarbon accumulation, comparable with

core derived estimate@NVebbet al.,2019).

While it is unclear why the NECB is greater than the LORCA from the same sites in some
studies(e.g., Ratcliffeet al.,2018; Yu, 2012), this likely relates to unquantifiable carbon
losses resulting from disturbance episodesy., burning, drought) potentially removing
large quantities of organic carbon from the peat column over time, compromising
comparison between thexo recordgFrolkinget al.,2014; Ratcliffeet al.,2018). These
losses will have a greater influence upon LORCA in heavily disturbed sites relative to
others, the relatively pristine conditions of Cors Fochno possibly explaining the relatively
good compaability between modelled and coréerived carbon accumulation rates in

this study. Despite a few instances of apparersitu wildfires affecting Cors Fochno in

the palaeoecological record and extensive drainage from c. 1850 until the2@id
century (Andrewset al.,2021), the central portion of Cors Fochno is relatively pristine
compared with many other sites. These effects limit the applicability of joint
experimental and palaeoenvironmental studies in heavily disturbed sites for inferring
functional relationships between carbon accumulation and climate over differing

timescales.
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Figure 413. a: Apparent rates of carbon accumulation for core BO17 compared with
modelled net ecosystem carbon budgets for all treatmefatantrol, warmed, drought

and combined warming and drought). The purple shade represents the 95% confidence
interval for carbon acumulation rates, based upon age uncertaintje green bar
represents the average lorigrm rate of carbon accumulatiofLORCA) and its
uncertainty. The red dashed line indicates the level of zero carbon accumulation; values
above this line representarbon sinks and below carbon sources. Age is given as the
median age probability from the agiepth model for core BO17. b. Partitioned
components of the net ecosystem carbon budget, showing the contributions of each
carbon source into the final net cash budget.

4.7.3. Future carbon dynamics with climate change

We find that experimental warming combined with increased drought frequéfory

x 4weeklong droughtspver the course of ten yeareduced the carbon sink capacity
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