TABLE OF CONTENTS

PLEIACE ...ttt st
The Editor
Aims and scope of Developments in Paleoenvironmental Research

BOOK SEITES ..ottt et st e e sa e Xvii
Editors and Board of Advisors of Developments in Paleoenvironmental Research

BOOK SEIIES ...eviueiiiirieree ettt ettt rre st sr et et ba e s e bt e st st xix
Published and Forthcoming Titles in the Developments in Paleoenvironmental

Research Book SETies..........cooooiiiiiiiiiieiieccee et XXI
List Of CONDULOLS.......c...coiiieiiiiiiieciiecrtre ettt ettt e enan xxiii

1. Anintroduction to Lochnagar

INEII L. ROSE ...ttt ettt et 1
The importance of mountains and their 1aKes ........c.ccoveeciervienererscnnerneiecenes 1
Location and site deSCIIPHION ......cocuruerveriecrreriiriecereeerereeieteseeesersesnssseaneaeses 4
A BT BISTOTY .ottt et s e a s st nne s 9
The ROYal 10Ch......ciiiee ettt e en e 11
“Steep frowning glories”: The Lochnagar of artists and poets .............ccc....... 12
The scientific ‘snowball effect” ........ccccrireiiiiiccce e 14
Scope of this book
AN fINAILY. .. e
ACKNOWIEAZEMENLS.......cooeieieere et st sttt st ae e 21
RETETENCES ...ttt ettt ettt bbb as 22

2. Physical characteristics of Lochnagar

MICRAE! HUGRES........c.ooneveiiiiieieet ettt sttt eenennaens 27
INrOAUCHION ....oooiiiiiice et 27
PhySICal PATAMELETS .....c.ooceoiieiecerrreceeae e esee e se e et anssese et esesarsessenins 27
LAt TEGIME .ottt es e aa et aen e sreneen 30
REFETENCES ...ttt ecan e b es 35

Part I: The environmental landscape of Lochnagar

3.  Geology of Lochnagar and surrounding region

Sally GOOAMAN ...............ccocooiiviiiiiiiieicce ettt 39
INIOAUCTION ...ttt ettt sn e aas 39
SUITHIIATY .ttt e et et seees e e eesean e e seceane st sasasaeetasaesneesrasansannneees 49
AckNOW]EdZEMENLS. ....c..vecriiieiieiieeie et ettt ea e e e 49
RESEIEIICES .ottt rnee st e e et s aeennes 49

4. The shaping of Lochnagar: Pre-glacial, glacial and post-glacial processes

Adrian M OHGQIL.. .......ooooeeeeeeeeieeeeeeeeeeeeeeeeeeeeeteee et e e e s e aveeneeeesmtsanaeaan 51
Introduction
Ancient landforms
Major glacial landforms. ... 53

vii



Viii

5.

6.

7.

TABLE OF CONTENTS

The last ice sheet and its 1andforms .........ccccc.oovvnievneseieeecee e 55
Periglacial 1andforms ... 57
The northeast corrie of LOChNagar..........ccccovivieoinie it 57
SUIMITIATY ...ttt ettt ee b et e s e s e s e s e e s e saeesteneerseassensansrasansnass 60
REIETEIICES ...t see e s ve e eae e sareneseens 61

Lochnagar water-temperatures, climate and weather

Roy Thompson, Helen Kettle, Donald T. Monteith and Neil L. Rose .................... 63
INIFOAUCTION ..ottt ettt et ea st ses et eere s ae st easananansseen
Present climate
Records from the instrumental period...........oceveeviviniricennnnneece e 68
Reanalysis assimilation data ..o 77
WaALET-TEMPETATUIE .....oouveeerieeeiietiric e e staeirertessesenesraesseeseasenssasssassesssesesssens 79
Past CIMALE..........ccoruiiieii ettt ettt et s s s es s 85
DIISCUSSION. ...t crir et ettt et ettt e ae s e se et esasteae st asasesnsnnsesees 87
SUIMIUTIATY ..ottt ettt ce ettt e e et e sre s e s s e e sta st et st e snansansessesnessnsnseses 88
ACKNOWIEAEEIMENLS. ....covieiriiceenririetiect ettt et nee 88
REfEIEICES ..ottt ae e e 89

The development, distribution and properties of soils in the Lochnagar catchment
and their influence on soil water chemistry

Rachel C. Helliwell, Allan Lilly and John S. Bell................cccooooeceiiiiiiiiiciiiiin, 93
INIFOAUCHION L.ttt et ce e e e a s 93
The soils in the Lochnagar catchment .............cooeeneieeriiiininerreeeeeeeene 93
Factors affecting soil development in the Lochnagar catchment...................... 96
Distribution of soils and their physico-chemical properties .............ccccooueucee. 99
Impacts of soil processes on surface water chemistry ..........cccooevevveneencce. 106
The importance of soil in determining surface water

NItrate CONCEMTALIONS ...c..eeeeueeeeeireriniereeseeeereesree e stesseseacsecrersennes 110
MAGIC modelling of soil and soil SOIUtION .......ccccciiniiiiiiiiie 112
Potential impacts of climate change on the soils of Lochnagar..................... 115
CONCIUSION ... e et et e et et an et eee e ese s ee e s ases s ensanseneaeees 116
SUIMMTIATY ...t eeieeeieeeeeeeee st eeere s e s teeestseseeaseeaaessneesteeeareeeseeertanansenneasnsnenssnnes 116
RETEIEICES ...ttt a e e et 117

Flora and vegetation of Lochnagar — past, present and future

H JORN B. BIFKS ..ottt 121
INETOAUCHION ....oececeee ettt e st s 121
Present-day flora and VEZEatioN........cceereccrirriecrenteiceeneesreees e e cenceeenees 126
Past flora and vegetation...........co.ocveermecieriiicoenciierre et 136
Future flora and vegetation..........coveriieciniiniicie e 139
Discussion and CONCIUSIONS ........c.ccerirreererrirrieciertertcresnecneee e eeesveeesees 143
SUIMIMATY <. eeieeieeeteeeesetenerese st eeseeesarssss o sneeae s e st eantnesnsssenssbaeeerenaesensessesans 145
ACKNOWIEAZEMENTS. .....coeiierineeceicrcet ettt eseesae s eens 145



8.

10.

11.

TABLE OF CONTENTS

Part II: The contemporary physical and biological status of Lochnagar

The sediments of Lochnagar: Distribution, accumulation and composition

NEIT L. ROSE ... et
INITOQUCHION .ttt et
Estimating the boundary of sediment accumulation ..............cccoov i
Sediment distribution and MOVEMENE .......c..cccevecuimeviriiveennieeceeeee e

Hydrology and hydrochemistry of Lochnagar

Alan Jenkins, Nick Reynard, Mike Hutchins, Muriel Bonjean

ARA MAFEIR LEES ....ceeveeeeeeeeeeeveeeeceee e e v e e eessttse s raeservesessnessssaermtaeanan
INETOAUCHION ...ttt et r e e s e b e esceab e e s sbe s sareesssseesesnenntnnnen
HYATOIOZY -ttt e e ne s e
HydroChemistry ..o
TRE SULUTEY oottt et s v etr e s et ae s e s ebe e e eavaeassneeassressbeenssneans

The aquatic flora of Lochnagar

Roger J. Flower, Donald T. Monteith, Jonathan Tyler, Ewan Shilland

and Sergi Pla ..........ccccooiiiiiiiiiiiiccciie et
INETOAUCHION ..ottt st
Aquatic plants in acidic Scottish Highland lochs..........ccccoceovenenvnennnncne.
The aquatic plants of Lochnagar..............cooiviiiicicien
The history of aquatic vegetation
DSCUSSION. . .cterceureee ettt st er ettt s s se st e sns s eeneenssenraens

RETETEINCES ...ooovvieirrieieinivieeeeeeeeeeecreeeeareesesnereeasaraeasnses e saeaasasssassesesssreansnenas

Pattern and process in the Lochnagar food web

Guy Woodward and Katrin Layer .................ccocccccviivnnniccnnicicnninnccenninnen.
INETOQUCHION .ottt et et s esee e sanebe e
MEROMS ..ottt neve s et eeses s b e et eene b enrens
RESUIS ..ovveieieirene ettt ns e r s cses e s et e ss s sa s as e s erns e san e
DHSCUSSION ...t reent e crite et te et oressesas e s ee st s rease e s otessecnessneasessesanenn
The prospects for biological reCOVEry.......covviiiiiiiciciie e,
FULULE GIFECHIONS -...eeeeeveececree ettt e s cas s ereeever e s b e oo

189

231
231
232
233
239
246
247



X TABLE OF CONTENTS

SUIMIIATY .....eoverceirtieirste st e st e sststesaeeassste st eseesteessessbassaassassesssessesssessassennsnns 248
ACKNOWIEAZEMENLS ...t e et et eneneseene s 249
RETEIEICES ...veenieeieceieiieeece e tete et et et ve s s s neaesbeseseneasennanennes 249

12. Brown trout in Lochnagar: Population and contamination by metals and organic
micropollutants
Bjorn Olav Rosseland, Sigurd Rognerud, Peter Collen, Joan O. Grimall,
Ingrid Vives, Jean-Charles Massabuau, Reinhard Lackner,
Rudolf Hofer, Gunnar G. Raddum, Arne Fjellheim,

Ron Harriman and Benjamin Pifial...................ccccoooviviiciioiiiiiiiiee oo, 253
TIHTOAUCHION <ottt ee s st aeeesanen 254
The fish population in LoChNagar..............ccoeeiniiiriiesieiee e 255
Physiological status and osmoregulation in relation to water chemistry ....... 262
Metal concentration in fish OIgans ..........ccoeoeeeeiennnrcnien e 263
Persistent organic pollutants (POPs) in liver and muscle

and polycyclic aromatic hydrocarbons (PAH) in liver.........c.ccceoveene 274
Liver histology as an indicator of oXidative SIress.......cccoveorroeeevcevreecencecenen. 278
SUIMIMATY ...ttt etete et ae ettt tess e en e st s s et e smesen s e e s s eas 281
ACKNOWIEAZEMENTS. .....coruirrieiieiiieeieieee et seetesease s e e essesese st esen s s e saesseseasne 283
REfEIENCES ..ot rae et 283

Part I1I: Anthropegenic impacts from atmospheric pollutant deposition

13. National, international and global sources of contamination at Lochnagar
Neil L. Rose, Sarah E. Metcalfe, Anna C. Benedictow, Martin Todd

AnAd Jim NICROISON..........c.c......ccoooiiiiiiiee et e 289
INFOAUCHION ..ttt ettt ettt s se st s smeesnae s 290
Modelling source attribUtion...........cccooveeniviiincciiiin e 291
SCOLHISH SOUICES ...cvevvieiieeereeceieee et n e st en e sae s e 292
UK SOUTCES .envereieenieeeeiraienicressecestrsstcostesasesstessssessnsssssmssssssesssssssssssssssansnsannse 295
EUFOPEAN SOUICES ....cuevurirmterecreeecieiiteserssesss e s e stssaeesssbnnseseteessenasensssasnnas 300
Intercontinental and global SOUTCes ........c.ccovineciiiniicecs 306
DISCUSSION. ..cveeriieeieienttrereetesresseeerceeseesesteaesassareresssesssseesessassnssnsessresnonssses 307
SUITIMATY .....ooeieererieneeicetaeie e et eereesesssssesaetssrerssrn st e e sn b et ersea e sssnssssresssnes 310
ACKNOWIEA@EMENLS. ...ttt 311
RETETEICES ....ocovveveeeeeeetecn ettt ettt e se e et ams s s sse s sae s s ens 311

14. Acidification of Lochnagar and prospects for recovery

Donald T. Monteith, Chris D. Evans and Catherine Dalton .............................. 317
TITOAUCHION ..ottt cteeeeetre s e e se s eeaaeeseeees st e s aaseersnea et e saseneenbnssnsans 317
The chemical composition of lake water and its acidification by acid

POIULAILS .....ccoeveeeneieerenieessnieecerereeseeessseeeeranesessesessaceessneesaseanarsssnasss

The importance of acidity for lake €COSYSIEMS.......cccovvminiiniienerecieicieennas
Palaeolimnological reconstruction of lake acidity
Evidence for recovery from acidification from environmental monitoring ... 327

FUture prediction.........ccccoieiinicecccieiecin et e i s ts s e e asesan s 336



TABLE OF CONTENTS

15. Trace metals in the catchment, loch and sediments of Lochnagar: Measurements

and modelling
Edward Tipping, Handong Yang, Alan J. Lawlor, Neil L. Rose

and Laura Shotbolt

TNETOAUCTION <.ttt ve et et ve e e abe s ebneesneaseessran sanes

IMETHOAS ..ottt eerr et se e e e v e e e ren e e e taensssesaseesaseeerarnaans

Trace metals in atmospheric depOSHION. .......ccccovverirereerericieee e 347
Trace metal inputs from weathering ..............ccccccoivinininnniicnce 348
Trace mMetals i1 SOML.......ovvieeeeeeiecie et e et et e e s seanreaen 350
Trace Metals IN BIOtA......cc.oooiiiiiiiceercceec e r e ease e ave e s s aneaaenes 350
Trace Metals in 10Ch Waler ..........ooovvieeiiiiccreeeie et r e e e earee e 351
Trace metals in 1och SEdIMENtS .........voivvvevicieecee et et 354
Trace MEtal tOXICILY c.voeeriieieiirerrteecre et et eebe s crete e sia e 356
Dynamic MOAEIlNG .........cccoccivimiiniicniriciccvcvcetene e 358
DS CUSSION ... veicuvvieeeeiienrerieset e s etessesereesereesssreessses s e seseessseessaesenssrenssraesseeasanesns 365
SUIMINIATY ..o ceteteeeieeeree s tee st esteeeearemeeesae e saeese e aneasasaeseesaseemaaaneemseaeseaseeenressreen 369
ACKNOWIEAZEMENS. ....ccvieirieieeteiect ettt ste s ene e st er e e e sr s 370
RETETEIICES ..o eeeeieieeece et ceer et e v e e e e ssee e s enae e s veaeesessassae s snaessneonnseans 370

16. Persistent organic pollutants in the sediments of Lochnagar

Derek C.G. Muir and Neil L. ROSE ............ooceevoeeeeeeeeveeeeeivieeeieesecsvrvsaceesmecveranisens 375
TNIFOAUCHION ...t e e e ee e anva e s e s e eeensesreseesaneses 375
MEthOAOLOZY ....coveveierieeeeetccte et e e san e aa e s se e nme e s 378
Results and diSCUSSION ...uee.evviieciereiveeecceeieireesnreessessesveseseresessesesenessnsessnsans 380
SUIMMNATY ..ottt e va s eas e beean e esaaentnansat e e e seneennon 395
ACKNOWIEAZEMENLS. ... ceeeuiieeieeniiieeeteeceeueeeestae e eas et e seerennsasesseesessesaeenserees 396
RELETEICES ..ovvieriiinieceeecee ettt sttt s s e ree e e e van e sneenseestesrnenan 396

17. Temporal and spatial patterns of spheroidal carbonaceous particles (SCPs)
in sediments, soils and deposition at Lochnagar

Neil L. Rose and Handong Yang .............cveeorcerencviccnnssenenessensesessssessesnes
INTOAUCLION .ottt sttt as
Atmospheric deposition of SCPs ...
SCPs in sediments and SediMENt rAPS.......occecceveereverrrecrnecnreereeereennereeeans
SCPs in catchment SOIS........c.cocoviiiiiiiiccicccte e
A SCP number balance ... et



TABLE OF CONTENTS

Part IV: Future impacts

18. Future climate predictions for Lochnagar

Helen Kettle and ROy TROMPDSOR ...........coueeveeceiciinniiniiniereenececcineeinsessasenesesnenes
Our changing clMAate.......cocoooeireierecieiiie e e
Projecting anthropogenic climate change ..o
Future climate projections at Lochnagar.............ccccociiiiiniiiinnccinninnn
Predicting water temperatures at Lochnagar.........c.co.ccocevevvniinnnninceninannan
Predicting ice cover at Lochnagar ...

Acknowledgements.........ccooireireciiiicci e
RETCIEIICES .veveeie i iecrttree e es e e e e s e e ser e e essennacaeassessanaes s snnnanesssensesnsareas

19. Past and future environmental change at Lochnagar and the impacts

of a changing climate

Neil L. Rose and Richard W. BattQrbee...............ueeceeeeeeeeevernecenireceneieneseneesisens
INIOAUCTION ...ttt ee et ee et e s aaeshe e sae e emensceenrsons
Past environmental change and present Status............cccovevveieeicncenneerenenes
Direct effects of CIMAte...........c.iiooieeieeeee et esee s
Indirect effects Of CHMALE «.........ocooeeoirie et
OtNET IMPACTES.....eeverueeeieirerreteeertee it eree e e esse s ssss e s e ssssrenr s seessesaansennes
CONCIUSIONS ....oiieieieeeiceiseereeetteeteste e et et ressaeee e e eeeemeassteeneensareaneeanseaseenerens

ACKNOWIEdEemEntS. . ......cocciuieiiriiiiiiiicc e
REfEIEICES ...eieeiieieere ittt b b



