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Abstract 

2Ökologieb li ro Hofmann, Bremen 

3f- o rstsac hvcrständigenbliro Schl echt ri emen, Nörten-H ardenbe rg 

"' UFZ CCl1Ire fo r Envirollmcntnl Research, Leipzig 

Sulphur (5) and nilrogcll (N) are essent ial ntn ricnt s für ptanls and ean bc laken up frolll balh thc soil 
and thc atlllosplll.:n: . Tn:cs grow producing IfCC rings which cOlllain IllHricms acc ordin g 10 thcir 
avui lnbility during cach growing period. Thcy henee can pro vidc information on (he chronology 01" 
Sand N impacts on ccosystcms and their changes relrospecl ivd y and a mClhod a llowing 10 anal ysc 
S and N conlcnt in tree rin gs as we il as thei r S- :l11d N-isolopic com positio ll has beeil dt.!wloped. Trcc 
ri ngs of oak wen: alla lyst.!d 1'01' trec ring width , elcmcntal eO llccnt ral ion of S, N, Mn. Ba, Al. C l, K, P 
and 15 olher elcments. In orde r to di stingu ish bctween difTerent S ami N sources, stable S anel N isotope 
analysis was carrieel out. It was possib le to analyse th c iso topic compos ilion ofS and N in the tree rings. 
The results gavc ins ight il110 the part ic ipation 0 1' diffe rent S and N sources duri ng different growth 
periods. Togc ther \\'i th thc conccn trati on of the rcspcctive elemcllt. the isotopic eompos il ion prov idcel 
usc fu l informat ion on long-tcrll1 changcs in thc Sand N impacts on forest ccosystems. Thc resuhs 
revea lcd obviolls Irends 01' c- ilher Sand N incorporat ion l'or nutritional purposes only as we il as thc-ir 
accmnulation duc to poll uti on stress. Tree ring width .md the c-lemellial composition of Ihe Iree rings 
(cspcc iall y thc Mn/ Ba-ratio) prov idcd uscful and to some extc nd necessary data 1'01' a valid in terpre tation 
of thc trends observed. Thc rcsults demonstrale thc fcasibililY 01' lIs ing the S anel N isotopc ana lys is o f 
tree rings as a sourcc of inf'o rmation abollt changes in S ,md N impac ts on ccosystcms. 

Keywords: natu ra l isotope variations; tree rings; dendrochronology; Sand N pollut ion; 
fin gerprinting 

Zusammenfassung 

Retros pekti ve Ana lyse von Schwefc l (5)- und S tickstoff (N)- E intrii gc n in ein 
\Valdökosystcm anhl.lnd der stabilen S- und N- lsotopcnanalyse in Jahrringcn - Schwefel 
(S) und Sticksto ff (N) s ind essent ie lle r flan zcnnährstofTe, die sowo hl aus dem Boden al s 
auch aus der Atmosphäre aufgenommen werden können. Bäume bi lden bei m Wachstum 
Jahrr inge, in die auch die Nährstoffe e ingelagert werden. Im Hinblick auf eine Chronologie 
der Nährstarrverso rg ung vo n Sund N im Wa ldökosys tcm sowie de ren Veränderungen 
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wurde eine Methode zur Analyse von S- li nd I·Gehalten li nd deren Isotopenverhältnissen 
in den Jahrringen nusgearbe itc t. Um zwischen verschiedenen S- und N-Quellen unter
sche iden zu können, biete t s ich die A na lyse der stab ilen Isotope an, da Sund N unterschied
liche r He rkun ft sich in ihrer !so topc ll zusammcnsctzung unte rsche iden . l ah rringe einer 
E iche wurden hinsic ht lic h des Jah rringzlI wachscs, der e lementaren Zusammensetzung 
(i nsbesondere S, N, Mn, Ba, A I, Ca, K und P sowie 15 anderer Elcmcmc) sowie des S- und 
N- Isotopenverhältni sscs un te rsucht. Die Ergebni sse gaben Einblick in die Betei li gung 
von Sund N aus unterschi edlichen Quellen wührend verschiedener Wachstull1speri oclen. 
So konnt e aufgeze igt werden, dass e ine rse its S und N al s Nährsto ffe genutz t we rden, 
da rübe r hinaus aber auch e ine A kkul11uli erung diese r E lem ente e rfo lgt , wcnn e rhöhte 
Eint räge durch Luftve rschmutzung respek ti ve Düng ung den Eintrag von S und N in das 
Waldökosys tem verände rt haben. Die Jah rringzuwachsiinderungen sowie die e lementa rc 
Zusammensetzung (hier insbesonderc das Mn/ Ba-Verlüiltnis) stcuern wert vo lle, zum Tei l 
für ci ne Interpretat ion unabdi ngba r notwcndige Informat ionen be i. Die Ergebnisse zeigen, 
dass d ie stabile S- lind N- Isotopenana lyse an Jahrringen e insetzbar is t, um re trospekt iv 
Info rmationen über Ve ränderungen im Stomlaushalt von Waldökosystemen zu erlangcn. 

1.lnlroduction 

Research in to the innuenee o f anthropogenie sulphur and ni trogen pollut ion on eeosys
tems has been eondueted for ITIa ny years and stab le isotope analys is is an obv ious tao I 
for assessing thc deve lopmenl o f Sand N po llution over the years in spee ifie areas. Thc 
primary condi tion fo r such studies is a d ist inct di ffe rence betwcen the isotopic eomposition 
0 1' Sand N in the sources and s inks. I f Ih is pre rcqu is it c is me t, changes in Sand 
po lluti on patterns can be traced. 

Stable isotope ana lys is has been successfull y used to trace pollutant S in thc environmcnt 
and to identi fy sources 01' S pollut ion (WINN ER et a1. 1978, KROUSE & GRINENKO 199 1). 
Fossi l rue ls tc nd to be enri ehed in HS (N IELSEN 1974) anel the refore, atmospheri c S 
compounds, w hich main ly stem from the combus tion of' f'oss il fuc ls, a re expec ted to bc 
enriehcd in 3~S. T he S prcsent in nat ura l ceosystcms has a lower 3 ~ Sp2S ratio. 

S is a plant nutriclll, hut in arcas where environmenta l pollution is prcscnt alld leads to a 
surp lus S supply, gaseous S species li kc S02 or 1-12S entcri ng thc plallls ean lead 10 severe 
damage if S is not rcadily incorporated into the plant 's Illc labolism or detox ified (l AGER & 
KI.EIN 1980, KELLER 1984, RENNEN IlERG 1984). Vegeta tio n aequ ircs S by at least two 
mcehanisms: uptake of sli lphatc from thc so il via the root system, and lIptake of S from the 
at l1l osphere Ihro ugh the stomata on the leaves. S wi th in thc plants thereforc eonsists of a 
mixtu rc from bOlh S sources. Becausc ofthei l' dirTcrcn t S isolOpie »)signaturcs«, it is possihle 
to distinguish S 0 1' al1ll0spheric orig in 1'1'0111 soil -derivcd S (c.g. GEBAUER cl a l. 1994). 

For N, the major pollution sources a ll difte r in lhe ir charac tc ri slic iS010pic compositions, 
and Ihi s can be lIseci to reveal the spec ilic origin of N pollution. A n increase in the use of 
ISN stah le isotope techniques in ecologica l research in thc pas t deeadc ( L ATJII,\ & MICII ENER 
1994) is duc to the need for a N tracer. In ecology ami ecotox icology these stab lc isotopcs 
can eas ily be used as tracers of change w ith time (J UNG & J UNGl-IA NS 198 1, FAUST 1993, 
J UNG ct al. 1994, 1999, MÖCKER ct a l. 1996). In cnviro nmenta lmoni toring, the dcterminati on 
of I SN/ I ~N variations a llows 10 traee or igi ns and quantiti es, as in diagnos ing the impac t 0 1' 
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natura l and alllhropogenic compounds on plants and ecosystems (G EIM UER & SCII ULZE 
1991 , I-I ÖGBERG & JOII AN ISSON 1993, GEIli\ UER cl a1. 1994, HOFi\IAN N et al. 1997, JUNG et aJ. 
1997). 

InteraClion of ammon ia (N I-I)) ,md sulphur dioxide (S02) is known 10 bc importanl in air 
pollulion chemist ry and c lTecls so il acidificat ion, nutricnt cycl ing and plant hcalth. The 
northwest of Lowcr Saxony in Gcnnany, f'o r examplc, was classified f'or a long time as an 
»area of low level of air poi lulion«, thus thc mean annual S02-concentral ions measurcd 
were below I O~lg SO:/m3

. Ncvertheless the soi ls werc strong ly aeidificd and major damage 
10 Ihe forest ccosystcms was notcd. A eombined analysis 01' N ami S air pollution and thc 
low buffer capacities of the soils finally Icd 10 an undcrstanding 01' thc real impacts onlO 
Ihe forest ecosystems. (B 01TNER 1992, NAGEL et al. 1994). If both substanecs are rcleascd 
inlO thc air during the same period, they rcaet rapidly and farm ammonium sulphale, with 
the eonscqucnec that the concen trations of S02 and N I-13 in the air are diminished. 
Nevert heless, Ihc potential for acidification is maintained alld arter deposition inlO thc 
soi l system this is realiscd by microbial aClivilY 10 its fuH cxtenl. Thcrcl'ore the conecntrations 
in the air alone lead to an underestimation of pollution from Ihe air. 

In temperatc climate zones lik c Europe, trees produce annual growth rings in which 
env ironmental conditions might be archived as metal s, nutricnts ami isotopes in tree 
rings can be uscd for thc reconstruc tion 01' environmenta l impact chrollologies (LE!'!' 
1975, HAGEMEYER 1993). I-! OF1\MNN & BORN (1987), who developecl specia l cori ng and 
preparation techniques, cou ld show 1'01' lead in tree rings of ring-porolls Irce species (like 
oak and ash) , that the tree-ring ehronologies litted exaetly to the hislOry 01' cllvironmental 
cffccts caused by a major loeal industrial poll ution source, when thc efTecls on thc soil 
sys tem and thc hcalth stat us of the tree is regarded. Using thc characterist ic pallerns of 
elements, isotopes and s ubsta nce s in tree rings and bark together, the speci fic 
cnvironmental impacts 01' various ind uslrial pollution sources onto loeal ceosystcms could 
be distinguished successfully by Ihis mcthod in furthcr studics (HOFMA NN CI al. 1998, 200 I). 

Furthcrmore , tree rings havc been wi dely uscd to rcconstruct pasl en vironlllental 
eonditions (SnIWEINGR UBER 1983 , DEi\N el al. 1996) and several projects aim at , e.g., 
gencrating a rctrospective analysis 01' thc past c\imale ami the inf1uencc 01' chang ing 
levels of atmospherie CO2 ove!' the last 10 000 years . The chang ing pallerns of tree ring 
wid th alld of the stable isotope compositioll 01' 1-1 , C, anel 0 in the tree rings werc analysed 
10 provide informat ion thereon (S/\ UHI]{ cl a!. 1995, 1998). Neverthe less, there is only li ttle 
literature on analysing Sand N ami their isolopes in trec rings for lang-term chronologies 
(POULSON el al. 1995, YANG cl a!. 1996, PENUELAS & ES'I~\RTE 1997, HOFMANN CI a1. 1998). 

In the sludy prcscnlcd here, we were airning at a retrospeclive eva luati on of anthro
pogenie S anel N cffccts Oll the ecosystem anel thcrefore we analysed N anel Sand their 
isotopie cOlllpositioll in Iree rings as weil as thc annua l growth changes. 

Tree spccies behavc differently concerning uptake, transport al1(\ allocation o f elements. 
One major aspecl is how thc water transport systcm from thc root to the leaves functions 
as physiological aetive or so luble substances are translocated with the \Vater. In some 
genera like Sahr and BeIlIla the water conduction takes place over the whole stCIll arca. 
Hence these Irees cannot gi ve ehronologics excepl for thc analys is of Iree ring cell 
compartmenls that havc been s table since ring f'ormation . Ring-parolis spcc ics like oak 
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(QllerCIIS Spp.) and ash (F rax il1 /1s spp.) howcvcr, transport water only in thc vcssels of 
thc lales t fOfmcd ring. Therefore these s pec ics are favourabl e for d endroanal ys is . 
Ncvcrtheless, LEI'I' & DOLLARD (1974) sho\Vcd thc principal im portancc of lateral transport 
Qver ring bounda rics, whieh has 10 bc assutllcd Cor many e lements. Further, thc type and 
locat ion for thc bounding of thc substanccs in thc trcc ring ti ssues is relevant. R /\DEMACI-IER 

(1 986) sho",cd that Ihere are thrcc leve ls of bi nd ing e lements: a reversible adsorpt ion a! 
thc S Urf~ICC of thc axial vessel wall s, whieh fUllction as a buffer alld ion exchange sys tem 
in thc wal er transpo rt sys tem from thc roOI 10 thc Icavcs and thercforc hi ghly mobile; 
second ly, bound at the ce ll wa ll s of thc latera l rny ce ll s alld adjaeent ce ll s, which is only 
mobi le undc !" ce rtai n conditions; and a thi rd w ithin cel l compartments, which is lIsua lly 
immobilc. HOFMANN & BORN (1986) found that the acidification ofthe so il , the avai labi li ty 
of the e lements alld the health status of the tree we re important factors. They showed that 
tree ri ng ana lysis cannot be expected 10 rcplace a ir po llu tion mcasurel11cnts dircctl y, but 
that thc analys is of thc growth and thc chcmica l c01l1pos iti on of thc tree rings togcthcr 
revea l an cnvirol1mcnta l chronology on a biologica l effcct levcl, wh ich cannot bc obta incd 
by phys ica l-chcllli ca l measurements alone. Thc key qucstion is the re lative importance of 
the mentioncd proeesses, how they afTect thc result s and how the reslllt s ean be interprctcd. 
This has 1O bc invcstigated for any substanec, (rcc spceies and loeal conditions speeifically. 
Results rc poned here were aehicvcd using oak trees. 

2. Matcrhtls lind Mcthods 

Bascd on th e rcs ult s of a prcv ious 3tll1osphe ric pollution mon it o ring progra mmc 
(HOF~MNN ct a!. 1998), a rura l forest si tc in Nonhern Gcrmany was chosen for thi s study. 
The level 01' thc atmospheric S02 al the s ite is known to bc low (Iess than I 0 ~l g/J11 3 sinee 
1993), but thc arca is highly impactcd by N from pig and poultry fanning and s lur ry 
ap plications (FEDERAL AGENCY FüR ENVIHONMENT 1997). The s ite and the indi vidual tree 
was chosen out of a grcatcr population studied in the monitoring programmc, thus some 
intc rcs ting cnv ironmental ehanges wcrc know n from that si te. A rccently unde rtaken 

change in the so il dra inage system is rcport cd by the owner, that finall y led to destrll ct ion 
of the root sys tcm 01' thc trees and cnded in fungal deeay and death 01' some trces. Thc 
s ite, wh ich is ahout I heeta re in size, was in vcsl iga ted by C IR-aeria l photography in 
course of thc monitoring programme, that covcrcd an area of about 2000 km!. Further data 
werc ava ilable: pollu tion data from bark biomonitoring ofair po ll ution loads (S, N, 0 3~S, 50 
elcments; 125 s iles), biomonitoring w ith li chens for S02 and N impac ts ( 102 sites), data 

fro m so il and nccd le analys is (32 s ites), trcc ring growth reeords from 320 trecs and 
dcndroehcmi slry (3 s ites) . 

Trce ring sa lllples were taken for growth analys is by 5 mm inc rernent bore r (SlIunto) 
from 12 oak trces (QllerclIs robllr) at the partieular stand. Tree ring width was measurcd 
and analyscd usi ng the LlN TABrrSA P dcviccs (Rinntech GmbH, Heidelberg, Vcrs. 3.2) . 
After synchronisation and dating, g rowlh changes were ca lcul ated by ex prcss ing the 
ycarly growth rates 01' the indi vidua l speci mcn in percentage 10 the yearly Illcan growth 
ratcs of thc healthy sub-population in thc area. 
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Us ing these data on lifc rccords, a 1 20~yca r~0Id dying oak Ircc was lakcn cxcmplarily for 
dcndrochem ieal ana lys is. Sequcnces eovering periods of five years werc cu t out from a 
freeze~dried slem disc secl ioll, homogcnised and di vided inlO four s ub~sa rnpl es acco rding 
10 thc diffcrcI1l analyt ica l mcthoels: 

Thc S eonecntration was analyscd using an aUlOmatie S ana lyscr ( LECO SC I32). For 
dete rmining thc S-i sotope compos it ion 01' S in the trcc ri ngs, a ll S was eX lrac teel from Ihc 
wood a nel converted 10 SO.11- us ing a PatT Bomb ox idation proeedurc (SII ;GI' IW;[)T ct al. 
195 1). Thc S isotopic compositi on was rneasurcd on thc rcsul ting BaS04 us ing an clemen tal 
analyscr (CarIo Erba NA 1500) cOllplcel to a stable isolOpe ratio mass spcctromcter (F innigan 
MAT Delta S) accord ing 10 thc Tllethod described in GII.:S E~·I ANN et al. (1994). Thc S-isotopic 
compos ition of the sampies is cxprcsscd as a 0 34S vai llc, defined as 

o 34 S 060):::: '4 '~ S-1m plc 

[ 
)" Sj " S 

" s/" ~ S standard 

w ith CDT (meteoriti c troi lit c (reS) from Canon Diabolo Troili tc) bcing thc international 
standard. Eaeh sampi e wns 1l1casured at least t\\l iee. The rcprodueibility was beller than 

0.5 %0. 

For N iso tope analysis, thc wood ma terial 01' the trce rings was washcd, dried at 70 °C 
unt il weight constancy, allel pul veriscd. N ana lys is was earr icd out llsing thc mic ro-Kjcldahl 
technique. An a liquot o f Ihe rcsu lting amm on ium sulphate was used to delermine the 
ISN/HN isotopc rat ios (6 15N va lucs) using an on-line sys tem (Con Flo-[RM S) consisting 01' 
an e lcmcnta l ana lyser (Ca rI o Erba 1108) and a gas isotope mass spec trometer (Finnigan 
MAT 252). Each samp ie was converted twiee and measured s ix times. T he reproducibilily 
of the ö !SN values of thc sampies was bett er than 0.2 %0 in 90 % 01' cascs (GEHRE ct al. 
1994). Thc isotope ratios were expressed as 0 values: 

, " N f" ) :::: N N sa11ljllc (" / ... 
U \-,00 15 / " 

N N stllndnl'd 

Ca, A I, Mn and Ba were detcrm ined togc ther with 24 ol her elemcnts in the tree rings 
us ing multi -e lemen l analysi s performed by IC P-MS (inelu ct ive co upl eel plasma l11ass 
spec trol11cter; Pe rkin Eimer Elan 500). At leas t one doub le assay was made per samplc. The 
IC P-MS was ca l ib rated lI s ing multi -e lemc nt standa rd s (s impl e lin ea r), w hereby 
measurements were made in aser ies 01' three di IU lions ( 1 : 1; 1: 1 0; I: I 00) in order to comply 
w ith an optimal ca li bration range fo r the different orders 01' magnitude in whi eh e lemc11l 
concentralion s werc prcsent. Po tential perturbations are d c te rmin ed by means 01' a 
corrective solu tion ami hand[ed in accordance with DIN 38406-29 Scction 5.2 .2. Thc data 
are li sted in ppm dwt [p glg dwt], from which the ratios ofCalA[ a lld Mn/ Ba were calcu latcd. 



106 Ancuc Gicscmann ct al. 

3. Rcsults :lIId Discussioll 

3.1. Sulphur studics 

Thc S concct1lrat ion in thc trce rings (Fig. I) was Illore or less constan t between 1880 
a nel 1940, rc ncc ting thc levcl ors taken up rroJll lhc so il and/or atl110sphere rar nu rriti onal 
purposes (base line) . Bctwcen 1950 and 1980, the S concentratio l1 in thc tree rings incrcased, 
g iving ev idence 01' higher S inpu t anel a surplus in thc amoullt of S ava ilablc to thc trec. 
These resu lt s lally we il with thc finelings 0 1' GUYErn: cl al. ( 1989), who reporleel an inc rease 
in the S eonten t in JUI/iperus sp. tree rings to be e lose ly re lated to an expans ion 01' 
ind ustrial aetivity in thc growth arC<l. Th is Ill cehan islll secmcd to work unti l major ehanges 
oecurcd in thc tree after 1985, when it got in fectcel by fungi. 

S ppm 
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300 

100 

o : 
0 

~ ~ ~ ~ 
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" 
Fig. I Sulphur conccruration in the tree rings 

The Ca/A I-rat io in thc so il111atrix is known w be an imponant indic<lwr ofsoil aeid ificat ion, 
that marks a change 01' so il bulTc r status, This is re nectcd by thc same ratio in the matrix 0 1' 
thc trcc rings. GUYETrE et a l. (1992) and GUY E'ITE & CUTI'EI{ ( 1994) reported the special role 
0 1' the Mn/ Ba-rati o in the process 01' so il acidilication by S02' W hde the Ca/A I-ra ti o 
descri bes the status 01' ac idifi cat ion in gencra l, the Mn/ Ba-rati o g ives a proxy 1'01' the 
S impact. It is a specific indicator 0 1' that portion orthe ae idifieation w hieh is eaused by the 
air-pollution depos iti on 01' sulphur compounds, 

At the loea tion lInde r eval uat ion, the so il ac idity dropped in the pe riod 1935 - 1945, 
ind icated by a drop 01' the Ca/A I-ratio in the tree r ings (F ig. 2). This was followcd by a 
change 01' the Mn/ Ba ratio in these tree rings (F ig. 2) to a leve l over 1. Aeeording 10 
G UYErrE c l a l. ( 1992) and G UYl.T rI': & CUrrEI{ ( 1994), these ehanges in Mn/ Ba as we ll as Ca! 
Al specifically indi ea tc that attl1 0sphcric sulphur compolillds are one major cause in the 
process of so il ae iditicati on in that are<!. Thc lree has 10 manage the surplus supply. One 
poss ible s ink tor S on it s way up li'om the rools to thc le<.lVes is the trunk. I-I ere, the ee ll s 
ami vesse ls may fun c ti on as a regulati ve and ion exchange system with a h igh storage 
capac ilY. Thc nutri cnt eonditi o ns reach in g th c Icavcs Ill ay he nee bc kepl eo nstant 
(RADEM/\CII EI{ 1986), Thc course o J'lree ring width (Fi g. 3) shows, that growth is still kept 
on a normal leve l du ring Ihi s time. 
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Fig.2 Rati os 01" Ca/AI ami MnIßa in the trce rings indicaling ecosyslelll changes in soil pI-! due to 
acidification alld S impacts. Normal soils belong 10 tbc exchange bufTer status alld tbc ir soil pH 
has values < 4.2. Ihc corresponding Ca/Al ra lios in thc trcc rings are < 10. Ca/Al rati os < 10 
indicalc a drop o f' soil pl-l below 4.2 as critica l value fo r Ihc change 10 an inferior bulTer system 
duc to ~lcidificati on. A correspondin g inereasc orlbe Mn/ Ba rali o 10 valucs grcater I indicalc 
that S plays a major role in acidification. 
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Fig. 3 Growlh changes in tbe Iree rings. Pcrcc tltagc growlh 0 1' thc dalllagcd individual comparcd 10 

Ihc mcatl curve of' thc hcallh y subpopulalion in the area. 

Around 1980 the S concentration dropped, then sharply increaseel in 1985 to an extremely 
high Icvcl (Fig. I). Thc latter gocs along with an obvious growth supprcssion in the tree 
rings (Fig. 3). The decJine is linked to a majo r change in the sire condilion: A change in the 
drainage syslem drowlled the plot anel the trces showed severc damage, rot, and some 
even died. Thc specimen under evaluation was chosen espec ially being part of thc latter 
group. The trec rings from this final perioel of thc life 01' the tree showcd fungal decay. 

Highly mobil e nurri ents such as Kare reported to accumu latc in the most currcntly 
f0n11ed tree rings ( LÖVESTM.,·I ct al. 1990). For S Ihis secms not to be thc case, as trces al 
other s ites do not show such a sharp incrcasc in Ihe S content in Ihe youngest ring period 
(HOFMA NN el al. 1998) . This observed pattern cannot be atlributed only 10 lateral transport 
of S towards the cambium . The sudeleIl high S conccillration is l11uch more linked to that 
known change in the s ite conditions aJ1(1 hea lth status of the trec and funga l infestalion . 
Theref'orc, thc obscrvcd high inerease 0 1' S eoneentration in the youngest tree rings in 
Fig. 1 does nol re fleet the aetual air polluti on levels no r the accul11ulated S burden in the 
soil any more, thus the S-air-poJ[ulion levels in the area have been dcereasi ng at that t ime 
(NLÖ 1998), 
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Thc S-iSOlOpic composition in thc tTcC rings (Fig. 4) changed ovcr thc ycars and clcarly 
shows distincl trends. Thc ö HS values first dccrcased slcadi ly from va lucs Qver +5 0/00 
ara und 188010 a va lue of +0.5 0/00 in 1950. In lhc area where our research was conducted, 
peal (S 3~S value: + 14 0/00) was thc major matcrialuscd fer hcat ing purposes in former limes. 
It was slcadily rcplaccd first by coal (with ~F'S valucs ranging dowll 10 - 20 %0) al1(\ after 
thc secand wo rlel war by e il and fina l1 y gas (0 34S va lucs around + 10 %0). Thc S-isotopic 
composili on of the tTee ri ngs sccm 10 renee t these changes in the origi n cf atlllospheric 
S02' Arier 1950, the trend towards less positi ve SJJS viJ lucs SIOPS characlcri stically and 
turns inlo a s li ghlly ri sing trend , the 8 J4S va lucs bccamc more pos iti ve. Thi s change in 
S-isolopie compos ition is parallc lcd by an inercasc in S conccn tralion in thc tree rings 
(F ig . I) and is closcly re lated to the gencral incrcase in S pollut ion duc to thc expand ing 
industrial isat ion throughout Germany a rter World War 11 , whi ch goes a long with an cxpan
d ing lI SC of' foss il fll c l resomees. 

S HS '\., 

6,-------------------~--------------------------,6 
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5 ~ -'::l::-------- orö "s o ... 
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Fig.4 Sulphur isotope rali os in thc Irce rings 

A third trend ea ll be observed starting around 1970 with a stccp increasc in the 8 HS 
va l li es o f the tree rings. At Ihis time, a regiona l S cmitter wcnt into operation. Henee, thi s 
change in S- iso topic eomposition probably is closcly rela ted to the invo lvemcnt 01' S from 
this cmittc r anel does not re llec t the general trend 01' atlllospheric S pollut ion originating 
froJ11 the long-distance transport. S from the local cmiss ion souree had high Ö 3~S va lues 01' 
arounel + I 00/00, while the average Ö 3~S va lues of thc SO~ ai r pollution in the arca und er 
observation in thc 1990s was mcasurcd in thc range of +3 %0 ( H OFMANN et al. 1998). Up 10 

here these trends could bc found aga in in another study at 2 rurthcr s ites in North Gerll1any 
(HOF~ IM'''N ct aJ. 1998).The impact o f thi s regional Cll1itlcr was rcdueed since thc mid 19805, 
whcre a drop in the öHS va lues of' the Ircc rings sec lll to start. Howcver, frolll thc mid 80s 
Oll no major change in the S-isolopic composilion was observed, although a high increase 
in S conceJ1lra tion in thc trce rings bccarnc apparcnt. This goes along witll growth reduction 
01' lrec rings ami manifest funga l dccay. During Ihis pcriod, thc S po ll ution in the area did 
Ilot increase a t 30 11 , it evcn decreased slightly. Thus thc f'unga l infcctioll originatcs from the 
root systcm alld leads to a change o f' the S incorporation, duc 10 <l changcd health status 
or lhe trcc. Furthcl"more, dilTc renccs in thc phys io logy and Illctabo lis l11 of the fun gi compared 
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10 the trce might have an innucncc on thc S-i sotopie eomposilion. GIESEI'-oI ANN ct Ol l. (2003) 
showcd that myeelium ol' lhe obligate biotrophie pathogen powdcry mildew (Bfllmeria 
graminis r. sp. tritici) and thc underlying leaf material ditTcred in their S-isotopie eompo
sition. They varied dcpending on thc dcve lopmenta l stagc or the fungus, implying that 
differenees in the mctabolism al1(l! or trans loeation 01' S eompounds frol11 thc plant into 
thc pathogen oeeur. 

It has to be kept in mind as wcll that under eertain eonditions thc tfee root system might 
grow inlo areas morc eondueive to their devclopmcnt and henee obtain aeecss to S sources 
ofdifferem S-isotopie eOl11posilion. YANG cl a1. (1996), for instancc, rcponcd a striking link 
between (5 3~S va llic and thc age of tree rings in Tamarix aphyl/a. This trec grows in a 
desert environment and is adaptcd to loeal eonditions . The atilhors s t,lI ed that the ir 
observa tions are not related to anthropogenie S input into the system, but instead rcneel 
root growth and S lIplakc 1"1'0111 different S sourees in the soil of Death Val ley where the 
trees grow, e.g. su lphalc frol11 groundwater ralher than from surfaee water. Howcver this 
seems not to be the case for the trces we have been working on. The so il eond itions in thc 
research area beeame in 1986 IllLlch wctter, wi th partly anacrobic conditions and a ehanging 
S avai lability in Ihe soil-fungi-root systcm. 

3.2. Nitrogen studies 

The main sources 01' N available to plants are ammonium and nitrate in the soi l so lution 
eilhcr as products 01' microbia l minerali sation , or from artificial fertilisation. In addition , 
anthropogenie atJ110spherie N compo llnds are plant-availablc. The 15 N/14N isotope ratio 
measured in the plant result s from thc 15N/PN ratios of eaeh individual nUlritional N source 
and is proportional to the anlounl in whieh e ither 01' thcm is laken up by the plant. 

FlIrthermore, mctabo lie processes in plants in general di sc riminate against the heavier 
ISN isotope. Ncverthelcss. the N- isotopic compos ition or different compartmcnts in an 
eeosystcm providcs inrormat ion on the partieipation of differcnt N sourees . The area 
wherc the study reponed hcre has beeil condLlclcd, formcrly eons istcd 01' peal-land <lI1d 
sandy hills. Betwccn 1910 and 1917, agrieulluralland lISC slarted in this aren. lt is reported 
that during this period high <I1l10unts of mineral fertiliscrs were applied for the first time in 
this area. This led to aperiod of incrcased Neoncentrations in thc trce rings abollI 1910 
(Fig. 5) with inercascd lsN/1 4 N ratio (Fig. 6), elearly indieat ing an input ofll1inera l rcrliliser 
bearing a high Ci 15N vaillc. Abotlt 5 years later, the N concenlration went down again to a 
level observed prior 10 thc fcrt ili sation pcriod. At the same time, a declining trend in thc 
(5 lsN val lies 01' the tree rings bcc<lmc obvioLis and continued Ihrough 10 thc beginning 01' 

thc sevent ies, short ly intcrruptcd by a s ligh t increase of the (5 15N va lucs in thc first hall' of 
the fifties. Although thc N eonccntration did nOI increase in parallcl, thi s change in 
N-i sotopic composition again seems 10 bc duc 10 the use ofmincral fcnili sc r. Thc N eoneen
trations in the Irec rings showcd a more or less a stcady state lIntil 1950. Thereaftcr thc 
N eoneentralion in the phys iologically inact ivc heartwood rings increases cxponentially 
up 10 1980. Frolll 198 1 up 10 thc lalcst built ring in 1992 wc have physiologiea lly aClive 
sapwood rings , whcre translocation processes are possible. Hcre N inercascs towards Ihe 
eambial zone in an over-cxponcntial way. 
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Fig. 6 C hangcs of the 15 N/ I~N ralias (8 15N va lucs) in the Ifee rings with time 

Thc 8 15N va lues decreased steadily (cxcepl für thc inte rruption mcmioned above) until 
thc bcginning of the sevcnti es. Then thc t rend turns inlo raising ö ISN val ues up 10 a 
plaleau in the mid o f the e ightics, which is kept during the lates t periods. 

These findin gs fit we il to the land-use dala reported: After the second world war, wood 
was taken out of thc forest land, mainly ror healing and bui lding purposes. After 1950, 
agricliltural land usc was intens ified with general app lication of fcrti lise rs in thc research 
area, but not d irecily at the rorest silC. This can c learl y be seen in the shift OfÖ!5N towards 
more posi ti ve va l lies in (he mid fifties. In the seventies larger pi g and poultry farming 
slarted in the region wilh slll rry applieation to the fie lds, re lease o f ammonia and input of 
N into thc environment. This was intcllsi fi cd up 10 the ninetics, reaehing the highest 
density of pig and poultry farming and slurry application in Gennany with eorresponding 
cxtrcmcly high NHJ eoncentrat ions in the air (DÖHLER el a!. 2002, MOHR et al. 2002). 

The ehanges in the trend of the Ö 15N va lues reneet these changes in land USC, fertiliser 
application and in tensificati on of pig and poultry fanni ng in Ihc arca, with Ihe cxceplion of 
the latest period, when the trce was infected and dicd. 

The N coneentrations in the {ree rings seern to be kcpt al a stcady level unt il the 19505. 
This indicatcs a baselinc 01' N, which reneeIs the lree's ab ility to cont ro l its N supply as a 
major nutricnl. S imilar findings arc rcponcd by BUKATA & KYSER (2002). Only in thc case of 
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excessive N supply does the Neoncentration in the tree rings increase markedly. Thc 
sharp increase 01' the N concentrati on observed starting from the mid eighti es on can be 
duc to a mixturc 01' cvents: an increase in the N impac t onto thc env ironment as weIl as 
changing so il cond itions resultillg in growth reduction orthe tree rings and fungal infect ion 
of the tree follo\Vcd by it s dcath. Further more , it Iws to be taken into aecount , that a 
known problem in in terpreting N data from tree rings is the lateral transport of substances 
across the ring boundaries via the ray cells (L EI'I' & D OU.!\RD 1974). This proecss must be 
more or less important depcnding upon thc trec spcc ies, the s ubstances and the 
cnvironmental conditions, but no systematic study Iws beeil publi shed. Espeeiall y for 
physiolog ieal aeti ve subs tanees like the major nutricllts , Ihi s proeess is known to be 
relevant. In the case o f N in tree rings , POULSON et a!. (1995) and PENUELAS & ESTIARTE 
( 1997) found that N is mobilised again in the sapwood and lateral translocation ofN towards 
the active cambium region is assumed. After heartwood formation , relocation is not poss ible 
any more. 

Taking all thc observations and the tree ring da ta together leads to a picture of the 
history of environmenta l impacts and tree react ioll s at the s ite under eval uati o n. They 
reveal that in the course of thc long-Iasting S impacts through air pollution and resulting 
soil aeidification, thc major ecosystem changc in the bulTcr systcm of the so il had already 
started 50 ycars ago. In the foll owing years, the conccntrations within the tree, first 01' S, 
than 01' N, ehangcd . Thc xylem tree rings runcti on as a phys iologieal regu lati ve and 
detoxify ing sink (RADE1-. IACII EK 1986). Whcn healthy, and if N is not supplied in surplus, 
N gets remobi li sed from the older rings as storage sys tcm IOward s the eambial zone, 
where N as nutri ent is dcmanded for tree ring gro\Vth (POULSON cl al. 1995). S howcver 
seems not to bc trans located from tree ring to tree ring. I I' both the S- and N - inputs 
increase excess ively, the xylem Illay fllnction as a regulative sink, where substances whieh 
are not needed 01' cvcn would be of toxie potential are storccl. I r these regulative fl.lnction s 
are not suffie ient, thc substanccs will flow on towards thc Icavcs in the CroWIl , Icading 10 

observable effccts on photosynthcsis, growth and hca lth status . Thc inte rmediate phase, 
whcre effects arc not yet obviollS, can last for many ycars or even deeades. In the ease 01' 
the tree we report on here, some 40 years after thc ccosystcl11 fi rst ehanged, a secondary 
Ioeal change in the \Vater drainage systcm led to the final breakdown of the trec 's bas ic 
funetions resulting in growth reduetions, fungal infcetions and death 01' the tree. 

4. Conclusion 

These initial result s prove that the S coneentration and thc stable S-i sotope ratio as weil 
as the Neoncentra ti on and N-isotopc ratios can be ana lysed sueeess fully in Iree rings . 
They all clear ly showcd trends over timc whieh reflcet the reaclion of the tree to the 
recorded hi story 01' environmental impacts on the ecosys tem w ith respect to loea l 
conditions and thc changing inputs 01' Sand N. 

The results furth ermore show that the interpretation of one parameter on its own is 
d ifficull. Only by eons idering elemental , isotopic and growth dala 10gether a bettcr 
lInderstanding of wlla! happened in the eeosystcm ean be obtained . 

The result s emphas ise that the ineorporation of substanees into the tree rings is nol a 
passi ve m irror of po ll ution level s in the en vironmcnt. fUrihermore, they suggcs t that 
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subst<!llCC conccntrati oll data as weIl as growth data 01' !['cc rings are bioindicators in thc 
sense Ihat they give arccord of thc complex reactions 01' thc trcc 10 challging env ironmental 
condilions. Thc physiology and hcalth of thc trce play an imporlant part in how thc 
uptakc, metabolism, transport , and incorporat ion takes placc. Natura lly, a trce has 10 

contra] its internal conditions likc 31lY other organism. These biological effecls are recorrlcd 
in thc tree rings. 

Conscq ucntly. thc va luc of dcnd rochcmistry shou ld bc more seen in a supplcmcntury 
way inslcad 01' rcp laccmcllt of technica l mcasuremcnts 01' cnvi roll lllcn tal conditions. They 
provide us with informati on Oll thc hislory 01' biologic31 cITcCIS, g iv ing us a cJuc w hc n 

major c hangcs in th c s ys tc m anel hca lth status occurrcd ami limits were exceedcd. T hi s 

information is m os t va luable a s it cannot be eva luated by a ny o thcr technica l mcans . 
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