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ABSTRACT

Van Dam, H. (1987) Acidification of moorland pools: a process in time.
Doctoral thesis, Wageningen, 175 p.

Changes in chemistry, particularly pH, of a number of soft-water meorland
pools in The MNetherlands are described. Several groups of organisms,
including diatoms, and direct measurements are used to infer past pH values.
Diatoms were s&tudied from preserved samples from the beginning of the 20th
century, from recent samples and from sediment cores. O0ld data about
chemistry, wmacrophytes and human impact were obtained from published and
unpublished documents.

In isolated pools in nature reserves the pH.declined to ¢. 4 from initial
values between 4 and 6 at the beginning of this century. Small inputs of
nutrients by agriculture, fisherlies or swimming retards acidification. The
diversity and dissimilarity of diatom assemblages decrease by acidification,
particularly in clear water pools. Acidification boosts the growth of the
dlatom Eunotia exigua.

Sulphate concentrations were extremely high in 1977 and 1978 in two clear
water pools vwhere more than half of the bottom surface was exposed to the
atmosphere during the extremely dry summer of 1976 and decreased afterwards,
parallel to Juncus bulbosus, E, exigua decreased with a delay. Apparently
reduced sulphur compounds, which accumulated in the bottom due to
atmospheric deposition 1In the decades before, were oxidized in the dry
sumzer of 1976. No such changes were geen after the dry summer of 1921. In
these two pools the pH declined from 5-6 in 1920 to c. 4 in c. 1980. In a
brown water pool, where only a small fraction of the bottom was exposed in
1976, changes by the drought were small. Also the decline of pH in this pool
since 1920 (c. 0.5 unit) was relatively small. .

Palaeclimnological studies were condicted 1in three pools, which were
supposed to be pristine. However, it appeared both from coring results and
documented evidence that these pools had pH values between 4 and 5 in the
early 19th century and became subsequently more alkaline by nutrient
enrichment. After 1900 the paols were acidified because anthropogenic
enrichment was finished and acid atmospheric deposition increased.

To follow the effect of future changes of acild atmospheric deposition and
understand the processes involved, chemical and bilological monitoring should
continue. Input of buffering substances in some moorland pools could
maintain weakly acid conditions in Duteh surface waters.

Nothing from this thesls may be reproduced or published in any form without written permiesion
from the authors.

Niets ult dit proefschrift mag worden gereproduceerd of gepubliceerd, in welke vorm dan ook,
zonder voorafgaande, schriftell jke toestemming van de auteurs.
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Een goed ven behoort op de wind te liggen.

Het komen en gaan van vissen en waterplanten met rozetvormige groeiwljze
in Nederlandse vennen is voor een belangrijk deel een cultuurverschijn-
sel.

Natuurlijkhelid is geen geschikt criterium om wateren te heoordelen.

Ri jkewaterstaat {1986). De waterkwaliteit van Nederland,
indicatief meerjarenprogramma water 1985-1989. Staats—
drukkerl j, 's—-Gravenhage.

Patrick e.a. vatten de soortabundantieverdeling van kiezelwierencombina-
ties ten onrechte samen in een log-normale verdelingskromme.

R, Patrick, M.H. Hohn & J.H. Wallace (1954), Notulae
Naturae, Academy of Natural Sciences, Philadelphia 4l6:
1-16.

H. van Dam {1982). Nova Hedwigia/Beiheft 73: 97-115.

De kwantitatieve vermindering van het taxonomlisch onderzoek aan zoetwa—
terorganismen belemmert de vooruitgang van biologlsche waterbeoordeling.

Frequente veranderingen in nomenclatuur en taxonomie van zoetwaterorga-—
nismen belemmeren de vooruitgang van bicloglsche waterbeoordeling even-
eens.

Indien biologen criteria voor de beoordeling van waterkwaliteit op grond
van het planktonbestand duidelijk formuleren, 2ijn analisten uwitstekend
in staat deze beocordeling uit te voeren.,

P.F.M. Coesel {1981), Distribution and ecology of desmids
in a Dutch broads area. Proefschrift, Universiteilt van
Amsterdam.

Het maatschappelijk effect van biologische monitoring moet niet worden
overschat: blologische signalen van negatieve milieuveranderingen worden
nu ook genegeerd of onvoldoende serieus genomen.

W.J. ter Keurs & E. Meelis (1986). Environmental Honi-
toring and Assessment 7: [61-168,

Privaticering van het beheer van unatuurgebieden zal de collectieve
waarden van deze terreinen benadelen.

Leven 1s een grensvlakverschijnsel, goed leven een tijdsverschi jnsel.

Herman van Dam
Verzuring van vennen: een tijdsverschijnsel
Wageningen, 27 mei 1987
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De auteur is veel dank verachuldigd aan federeen die hem het werken aan
dit proefschrift mogelijk heeft gemaakt.

Het Van Tienhoven Studiefonds verleende een bijdrage in de drukkosten.




HOOFDSTUK 1

INLEIDING
Motivering en doelstelling

Bij de aanvang van dit onderzoek, in 1976, was over de invloced wvan zure
neerslag*® op Nederlandse oppervlaktewateren nauwelijks iets bekend. In
gehieden met een veel geringere atmosferische zure depositie dan in ons
land, zocals Scandinavié (OECD 1977, EMEP-CCC 1984), loopt de visstand van
kalkarme, slecht gebufferde wateren al sinds de jaren twintig terug als
gevolg van verzuring van het oppervlaktewater door zure neerslag (b.v. Almer
e.a. 1974, Braekke 1976)

Schadeli jke invloceden van zure atmosferische depositie op bomen en daarcp
levende korstmossen zijn in dichtbevolkte en geIndustrialiseerde gebleden al
meer dan honderd jaar bekend (Nylander 1866, Von Schroeder 1873). Barkman
(1958) en De Wit (1976} toonden aan dat de korstmossenflora op Nederlandse
bomen door de invlced van zure neerslag sterk is verarmd.

Daarom werd verwacht dat wverzuring van kalkarme, slecht gebufferde
wateren ook hier vastgesteld zou kunnen worden. Tot deze wateren behoren
voornameli jk vennen en kalkarme duinmeren. Vennen =zijn wvan oorsprong
voedselarme plassen op plelistocene, kalkarme zandgrond, met een wisselende
waterstand (Figuur 1). Doordat deze geheel of grotendeels door de neerslag
van water worden voorzien, ia de chemische samenstelling van het venwater
erg gevoelig voor antropogene beinvloeding. Veel vennen hebben dan ook hun
oorspronkell jke karakter verloren na bemesting met landbouwwater, visserl],
zwemmen enz, Uit een ori&nterende studie bleek dat gelsoleerde vennen in
Hoord-Brabant en op de Veluwe tussen ca 1920 en ca 1975 waren verzuurd (Van
Dam 1978).,

" Voedselarme, en in het bijzonder matig voedselarme, vennen herbergen ka-
rakterigtieke levensgemeenschappen en behoren tot de meest waardevolle
natuurelementen van ons land., Omdat dergelijke wateren in de ons omringende
landen veel minder algemeen voorkomen, zijn de Nederlandse vennen ook
internationaal van betekenis. Betrekkelijk ongestoorde vennen zijn zeldzaam
en komen bijna alleen nog In natuurreservaten voor {Westhoff e.a, 1970,
Dierasen 1972, 1975, Schroeveras 1979, Westhoff 1979, Coenen 1981).

Teneinde gegevens te kunnen verschaffen, die nodig zijn voor het voeren
van een doelrreffend beleid mer betrekking tot de bestrijding van verzuring,
was systematische studie van de invloed van =zure mneerslag op vennen
wenseld jk. '

Verzuring is een tijdaverschijnsel, in de dubbele betekenis wvan het
woord. Daarom moet het proces ook in de tijd worden gevelgd. Wanmeer een
verzuurd ven als een onwenseli jke toestand wordt beschouwd, 13 het voor een
juiste beoordeling van die toestand nodig te weten hoe een 'normaal' of
'typisch' ven eruitziet. De concepten 'normaal' of 'typisch' =zijn meeilijk
te defini&ren en hebben weinig betekenis zonder lange-termi jngegevens.
Ecologische analyses of interpretaties die op korte~termijngegevens (1-3
jaar) zijn gebaseerd, kunnen zeer misleidend zijn. Lange-termijn
veranderingen zijn wvaak geleidelijk en subtiel, maar worden dikwijls
overschaduwd door ultzonderlijke gebeurtenissen, die zich gedurende een
korte periode voordoen. Hierdoor is het moeilijk om te beoordelen of een
*De term zure neerslag wordt hier en verder gebruikt voeor (potentieel}
verzurende natte en droge depoaitie.




Fig. 1. Verspreiding van de 900 vennen, betrokken bij het onderzoek van de Stichting
Onderzoek Levensgemeenschappen, 1957-1959 (P.J. Schroevers, ongepubliceerd).

waargenomen verandering een trend of natuurlijke fluctuatie is (Likens 1983,
1984}.
haast zure neerslag beInvlceden cok andere factoren de chemie van vennen,

hetgeen o.a. blijkt uit de grote verschillen in zuurgraad tussen vennen, met
name 1in het verleden {Kersten 1985).




Ontwikkelingen in het botamisch onderzoek van vennen

De opzet van dit onderzoek is in sterke mate bepaald door de resultaten van
vroegere botanische onderzoekingen van vennen. Om de lezer in staat te stel-
len dit onderzoek 1n een historisch en elgentijds referentiekader te
plaatsen, geeft het volgende een overzicht van ontwikkelingen in het bota-
nisch onderzoek van Nederlandse vennen, zonder dat naar volledigheid is
gestreefd. Af en toe worden deze in de context van het onderzoek in de buur-
landen geplaatst. De schaarse en weinlg systematisch verzamelde waarnemingen
ult de negentiende eeuw worden besproken door Heilmans (1925) en Beijerinck
{1926), Behalve voor de provincie Noord-Brabant (Mol 1986) bestaat er voor-
alsnog geen bibliografie van botanische literatuur over vennen., In de over-
zlchten van Dresscher (1976a,b) zijn verwi jzingen naar algologische litera-
tuur over vennen opgenomen,

Ca 1900 ~ ca 1940

De studies ult deze periode werden verricht door individuele anderzoekers en
hadden een zuiver wetenschappelijke doel. Hoewel de onderzoekers een sterke
belangstelling hadden voor de betrekkingen tussen de organismen en hun
milieufactoren, beschikten zij niet over de faciliteiten om regelmatipg uit-
gebreide chemische analyses te verrichten. Hierdoor konden zij deze hetrek-
kingen slechts in algemene termen aanduiden.

In aansluiting op scortgelijke studies in kalkarme, stilstaande wateren
in het Zwarte Woud, door destijds vooraanstaande algologen als Schmidle
(1893) en Rabanue (1915), onderzocht Heimans (1925) sieralgen (Desmidiaceas)
uit 21 vennen bij Olsterwijk. Hij vond grote floristische verschillen tussen
het costelijk en het westelijk deel wvan dit gebled. Al tijdens =zijn
waarnemingsperiode {(1919-1925) nam hij een voortdurende verarming van de
aanvankeli jk zeer rijke en bijzondere flora van de Centrale Vennen (in het
westelijk deel) waar. Bij vermoedde dat kleine hydrolegische veranderingen
in het gebied hier debet aan waren.

Beijerinck (1926) bestudeerde de verspreiding en sefzoenperiodiciteit van
zoetwaterwleren uit ongeveer 200 vennen 1In Zuldwest-Drente. Naar de
voorkomende soorten macrofyten verdeelde hij de vennen in drie groepen,
waarvan de wlerengemeenschappen door verschillende gidssoorten werden
gekenmerkt. De mesotrofe (matig voedselrijke) en oligo-mesotrofe (matig
voedselarme) groep komen ongeveer overeen met de flora van respectieveli jk
de westelljke en oostelljke vennengroep van Helmans (1925). De derde groep
omvatte zeer voedselarme, ondiepe heiplassen en hoogveenpocelen,

Het werk van Heimans en Beijerinck kon zich meten met het buitenlandse
onderzoek op dit terrefn. Donat {1926) vond een verarming van de sieralgen-
flora in Noordduitse laag-alkaliene wateren door voedselverrijking. Dobers
(1929) deelde als een der eersten algescorten in naar het pH-traject waarin
zij voorkomen. Budde (1942) vond een nauwe relatie tussen de pH en het
voorkomen van algesoorten in een complex van vennen en kalkarme meren bij
Minster. In Belgié werd de relatie tussen pH en het voorkomen van sieralgen
onderzocht door Van Oye (1%35) en Van Oye & Cornll (1941). Het grootste
aantal scorten werd bij een pH tussen 53,5 en 6,8 aangetroffen. Verschillende
van deze onderzoekers realiseerden zich daarbij dat niet slleen de pH, maar
ook andere factoren het voorkomen van algesoorten bepalen, =zodat bij een
zelfde pH soms verschillende algengemeenschappen kunnen voorkomen.

In tegenstelling tot het microfytenonderzoek 1liep het Nederlandse
macrofytenonderzoek 1in kalkarme (en ook andere) wateren sterk achter op dat
in het buitenland. Terwijl b.v. Wirtgen (1865) reeds uitvoerig de vegetatie
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van Eifelmaaren beschreef, Pearsall (1920) de relatie tussen aquatische
wacrofyten en bodemsamenstelling in het Eagelse Lake District ondetzacht en
Iversen (1929) rapporteerde over de relatie tuszen pH en macrofyten in
Deense meren, duurde het tot 1933 eer Van de CGriendt op systematische wijze
de water- en moerasplanten van 13 venmen bij Oisterwijk inventariseerde. In
samenhang met de voedselrijkdom van het water onderscheidde hij een zevental
vegetatietypen, waarbij hij een positief verband tussen het aantal soorten
en de mate van voedselrijkdom constateerde. Beijerinck (1936)  gaf een
globale indeling van vegetatietypen van vennen op de Dwingeloosche Heide in
relatie tot voedselri jkdom, humusgehalte en diepte van het water.

In tijdschriften voor natuurliefhebbers werden in verschilliende bijdragen
aspecten van de plantengroei van vennen belicht. Beijerinck (1933) ging in
op bhouw, verwantschap en verspreiding van veenmossen en classificeerde de
goorten mnaar de zuurgraad en de mate van voedselrijkdom waarbij zij
voorkomen. Globale beschrijvingen, b.v. Thijsse (1915, 1316, 1929),
Beljerinck {1924), Sloff (1928) en Van Vroonhoven (1935), ontsloten de
botanische rijkdommen van gerenommeerde vennengebleden voor een groter
publiek. Voor een aantal vennen I8 het mogelilijk om met behulp van deze
beschrijvingen, eventueel aangevuld wmet ongepubliceerde floristische
gegevens, oude foto's en herbariumvondsten, achteraf een tamelijk volledig
beeld van de toenmallige macrofytenvegetatie te schetsen, zcals in Lemalre
(1977), Van Dam (1983) en Hoofdstuk 4 van dit proefschrift, Over de meeste
Nederlandse vennen bestaan uit deze periode echter geen publikaties of
rapporten. Soms 1s herbariummateriaal beschikbaar, dat verzameld is in het
kader van de plantengeografische kartering van Nederland (Mennema e.a, 1980,
1985},

Ca 1940 - ca 1970

In deze pericde vindt het onderzoek op meer georganiseerde wljze plaats
dan in de vorige periode, waardoor er meer sprake is van teamwork. Hoewel
zulver wetenschappeli jke motieven nog steeds een rol blijven spelen, richt
het onderzoek zich steeds meer op natuurbehoud en —beheer, Dit hangt samen
met de sterke blologische verarming van de voedselarme componenten van het
landschap als gevolg wvan agrarische en industri&le ontwikkelingen. Vooral
aan het eind van dit tijdperk worden uitvoerige fysische en chemische metin-
gen aan de onderzochte vennen verricht, waardoor een correlatieve analyse
van de relaties tussen organismen en hun milieufactoren mogeli jk wordt.

In 1942 stelde de HNederlandsche Natuurhistorische Vereeniging de
Commissie voor het Onderzoek der Vennen in, met als taak een vergell jkende
limnologische studie te maken van vennen, venen, poelen en plassen 1in
Nederland. €. wvan Rijsinge fungeerde als wvoorzitter en J.G. Sloff als
secretaris-penningmeester. In 1943 werd een werkkamp te Boxtel gehouden en
vorm en diepte van enkele vennen werden opgemeten. Na enkele jaren werd de
Commissie opgeheven. De leden publiceerden globale beschrljvingen van enkele
vennen (b.v. Margadant & Van der Wijk 1942), terwijl van het Groot Huisven
een uitvoerige vegetatiebeschrijving verscheen (Mérzer Bruiljns e.a. 1943).

Van Heusden & Meijer {1949) gaven uitgebreide 11jsten van mossen en
vaatplanten, vegetatiebeschrijvingen en enkele chemische eigenschappen,
waaronder pH en alkaliniteit, van 45 vennen uit verschillende provincies. De
samenstelling van de mossenflora hing nauw samen met pH en voedselri jkdom
(Meijer 1958).

Bij het onderzoek in de Oisterwijkse vennen, onder auspicién van de
Hydrobiologische Vereniging (H.V,) , werden de effecten van interne beheers—
maatregelen gevolpd. Van Dijk e.a. {1948) inventariseerden flora en
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vegetatie wvan het Goorvennencomplex bij Odisterwiijk. In het Voorste Goorven
en daarmee in verbinding staande vennen kwamen plantescorten uit een =zeer
voedselrijk milieu voor, waarvan de sanwezigheid werd toegeschreven aan
lozing van afvalwater door een café. Op grond van onderzoekbevindingen werd
de lozing gestaakt en de modderlaag werd uit de vennen verwijderd. Na de
schoonmaak keerden enkele hogere planten uft matig voedselrijk milieu terug,
b;go)de sleralgen was dit niet het geval {Van Dijk & Westhoff 1960, Heimans
i .

De H.V, organiseerde eveneens de inventarisatie van flora en fauna van de
Gerritsfles bij Kootwijk (Dresscher e.a. 1952). In vergeli jking met 1918 was
het aantal scorten sieralgen achteruitgegaan, hetgeen als verzuring werd
gelnterpreteerd. De basisgegevens van dit onderzoek zijn deels vastgelegd in
een randponskaartensysteem, dat door de H.V. werd opgezet en nog in het
archief wan deze vereniging aanwezig is, Het plan om in dit systeem alle
biologische en chemlsche waarnemingen aan Nederlandse wateren vast te leggen
bleek te ambitieus en moest na enkele jaren worden verlaten.

Wartena {1954) onderzocht sieralgen van 56 Drentse vennen, 21j wvond een
vermindering wvan het aantal scorten in vergelijking met het onderzoek van
Beijerinck (1926), maar kon de precieze oorzaak hiervan nlet aangeven.

Zeven biologen, in dienst van de Stichting voor Onderzcek van Levensge-
meenschappen ($.0.L), Inventariseerden van 1957 tot 1959 de plantengroel van
ca 300 vennen in heel Nederland. Het onderzoek had tet doel de onderzochte
vennen in een aantal typen in te delen, als basls voor het aankoopbeleid van
natuurgebieden., Een globale beschriiving van de vegetatie van elk ven, al of
niet vergezeld van vegetatieopnamen, werd neergelegd in een excursieverslag.
De pH—metingen, die met Iindicatorpapier In veel vennen werden verricht, zljn
onbruikbaar. In zwak gebufferd water wordt zo altijd een pH van ca 5,4 geme-—
ten (H.X.,M, Moller Pillot, pers. meded.).

Er verachenen enkele publikaties over bijzondere vennen en zeldzame
plantescorten {o.a. Van Donselaar 1958, Van der Voo 1965), terwijl Van der
Voo (1962) het verband tussen het voorkomen van vegetatlietypen en menselijk
handelen in een vijftigtal Twentse vennen samenvatte. Uit het onderzoek
bleek dat de botanische kwaliteiten van de meeste onderzochte vennen in
sterke mate negatief door menselijke activiteiten, o.a. pntwatering en
bemesting, werden heInvloced, evenals in Noord-Duitsland (Tiixen 1958). De
botanisch ri jkste vennen waren niet altijd degene dle het minst door de mens
waren belnvloed. Zo kan gedeeltelijke verwijdering wvan het sediment de
ontwikkeling van zeldzame planten bevorderen (Westhoff & Van Leeuwen 19539),
Een samenvattende publikatie wvan het omvangrijke onderzoek bleef achterwege.

P. Leentvaar legde de planktonanalyses van enkele tientallen vennen vast
in exzcursierapporten. Hij introduceerde het begrip metatrofie, dat een
kunetmatig overgangsstadium tussen oligotrofie en eutrofie aangeeft; terwijl
mesotrofie geen overgangsstadium, maar een permanente toestand ia, die
bl jvoorbeeld door de. chemische samenstelling van de bodem in stand gehouden
wordt (Leentvaar 1958). Hoewel deZe auteur geen kensoorten voor metatrofe
wateren kon aanwijzen (er werd een combinatie wvan oligo— en eutrafente
planktonsoorten aangetroffer), meent Schroevers (1962) dat deze wel bestaan.

Geelen {1969) bestudeerde maandeli jks de kwalitatieve en kwantitatieve
samenstelling wvan plankton in twee vennen bij Hatert, over een periode van
drie jaar. In een voedselarm ven trof zij een fytoplanktongemeenschap van
het goudwiertype aan. In een ven dat door landbouwwater en kokmeeuwen werd
verontreinigd, kwam het groenwiertype voor. In het laatste ven was de
biomassa van het fytoplankton acht maal zo hoog als in het eerste ven. Deze
verschillen kwamen overeen met die welke Leentvaar (1967) 1in wel en niet
door meeuwen verontreinipde vennen bij Hilversum en Leersum aantrof.
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Ca 1970 - 1986

Meer dan in de wvorige perioden vindt het onderzoek aan universiteiten
plaats. Hoewel het academisch onderzoek vaak zuiver wetenschappeli jk is,
heeft het wvaak een maatschappelijke motivering en richt het zich
rechtstreeks op problemen die voortvloeien uit ontwikkelingen in de
maatachapplj. Mestoverschotten en zure neerslag hebben sterke invloeden ap
chemie en biologie wvan de zwak gebufferde wateren, die worden beschreven
door vergelijking van inventarisatiegegevens met die uit de vorige perioden.
Met de computer is het mogell jk  geavanceerde  statistische
verwerkingsmethoden toe te passen op grote gegevensbestanden. Relaties
tussen planten en hun milieu worden niet alleen door correlatieve analyse
van de mate van voorkomen in het veld met aldaar gemeten omgevingskenmerken
opgespoord, maar ook met causale analyse door middel van kweekexperimenten
in het laboratorium.

Schoof-van Pelt (1973) bestudeerde de onderverdeling in gemeenschappen
van het oeverkruldverbond* op enkele honderden plaatsen in Nederland,
Frankrijk, Groot-Brittanni& en Ierland, Daarbij werden ook ongepubliceerde
opnamen ult vennen varn W. Diemont en $. Sissingh uit 1936-43 en van het
S.0.L.-onderzoek wuit 1957-59 betrokken, Vooral associlaties wuit matig
voedselarme en matig voedselrijke vennen, o.a. de Blesvaren-Waterlobelia-
associatie, waren door ontwatering en voedselverrijking sterk achteruit
gegaan, De vegetaties van de meest geisoleerde vennen waren het minst
veranderd.

Strijbosch (1976) typeerde de vegetatie van 27 vennen bij Hatert. Hij
onderscheidde asan de hand van vegetatie en chemie drie typen: 'ongestoorde'
vennen, door kapmeeuwen bemeste vennen en door agrarische activiteiten met
mineralen verrijkte vennen.

Negatieve effecten van voedselverrijking op venvegetatlies werden ook
elders 1in Nederland, Belgié, Westfalen en Nedersaksen geconstateerd (b.v.
Liilbben 1973, De Blust 1977, Dierssen 1973, Wittig 1980, Helming e.a. 1984),

Coesel & Smit (1977) onderzochten sieralgen uit Drentse vennen, waarvan
een dertigtal door Beljerfnck (1926) en Wartena (1954) was onderzocht, In
vijftig jaar was het aantal scorten met de helft verminderd. Ten gevolge van
voedselverrijking waren vooral socorten uit matig voedselrijke milieus
achteruitgegaan. In voedselarme plassen waren zeldzame soorten verdwenen,

Coesel e,a, (1978) inventariseerden sieralgen in vemnen bij Oisterwijk,
waarvan er 15 eerder door Heimans (1925, 1960) werden onderzocht. In de &
best onderzochte vennen kwamen in 1916-25 195 soorten woor, 1in 1975 nog
slechts 68. Evenals in Drente waren vooral soorten uit matig voedselrijke
milieus verdwenen door invleeden van landbouw, visserij etec. De sterke
achteruitgang van sieralgen door voedselverrijking van oorspronkeli jk
voedselarme tot matlg voedselrijke wateren is alom in Neordwest-Eurcpa
waargenomen {b.v, Férster 1970). In enkele gelsoleerde vennen vonden Coesel
e,a., (1978) een achteruitpang van zeldzame soorten door verzuring.

De Vries (1984) onderzocht verachillen tussen kilezelwlerencombinaties van
het open water en van veenmosverlandingszones van Drentse vennen. Notenboom—
Ram (1976) gebruikte een inventarisatie van kiezelwieren ult 46 Veluwse ven-
nen voor een indeling wvan de onderzochte wateren naar voedselrijkdom en
hydroblologische waarde, die zij van de meeste locaties groot tot zeer groot
achtte., De bloleglsche waarde van vennen bij Turnhout, die door landbouw en
*Naderlandse namen van plantengemeenschappen en plantesporten in dit Hoofd-
stuk en Hoofdstuk 7 zijn in overeenstemming met respectievelijk Westhoff &
Den Held (1969) en Van der Mel jden e.a. (1983).
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recreatie met voedingsstoffen werden verrijkt, was lager dan die van onge-
stoorde vennen iIn hetzelfde gebied, =zoals Caljon (1975) door middel van
fytoplanktonanalyse vaststelde.

Biere e.a. (1983) onderzochten aantallen hogere plantesoorten in
betrekkelljk ongestoorde Drentse vennen. Het aantal scorten nam toe met de
venoppervlakte en af met toenemende igolatie (afstand tot andere vennen),
overeenstemmend met de verwachting.

Het verdwljnen van soorten van het oeverkruldverbond uit Oisterwijkse
vennen door verzuring bleek in 1978 uit de publikatie van Hoofdstuk 2 van
dit proefschrift. Roelofs (1983) en Arts e.a. (1986) vonden dat in ca 60%
van de onderzochte laag-alkaliene wateren in verschillende provincies
{voornamelijk wvennen) waar na 1950 nog waterplanten met rozetvormige
groeiwijze (blesvaren, oeverkruid en waterlobelia)} voorkwamen; deze waren
verdwenen ten gunste van knolrus en veenmos. Arts (1386) geeft een uitvoerig
overzicht van de achteruitgang van soorten ult het ceverkruidverbond. Uit
laboratoriumexperimenten bleek dat deze veranderingen te maken hebben met de
koolstof- en stikstofhuishouding wvan genoemde soorten (Roelofs e.a. 1984,
Schuurkes e.a., 1986).

Higler (1979) deed verslag van een nieuwe maltidisciplinaire studie wvan
de CGerritsfles bi} Kootwijk. Directe metingen van de pH en veranderingen in
de miero— en macroflora gaven aan dat het verzuringsproces zich sinds 1950
had voortgezet, Van Dam & Bel jaars (1984) constateerden een sterke verzuring
van Belgische en Duitse vennen, aan de hand van kiezelwieranalyses. Geelen &
Leuven (1986) wvonden in 35 laag-alkaliene wateren {(pH 3.7 - 10.4) de
geringste diversitelt van fytoplanktonscorten In de meest zure wateren.

Opzet van het onderzoek

De lange voorgeschiedenis wvan dit proefschrift geldt niet alleen de
ti jdsperiode wvan ten minste enkele honderden jaren die wordt beschreven,
maar ook de wording van het boekje zelf.

De amanleiding tot het onderzoek, waarmee in 1976 werd begonnen, was de
participatie in de 'Landinrichtingsstudie Midden-Brabant' {Harms & Kalkhoven
1979, Werkgroep Methodologie 1983). Om de effecten van menselijke
beInvloeding ap aquatische levensgemeenschappen aan te geven werd de recente
hydrobioclogische toestand van beken en vennen vastgelegd en vergeleken met
de vroegere toestand (Van Dam 1979, 1983).

De blologische hoedanigheid van de vennen werd getypeerd wet behulp wvan
planktonmonsters uit de periode 1916-1929, die in verband met onderzoek van
Heimans (1925, 1960) aan sieralgen (Desmidiaceae) werden genomen en
zorgvuldig zijn bewaard, en planktonmonsters uit 1975. Uit de monsters
werden kiezelwleren (Bacillariophyceae of Diatomeae} bestudeerd, omdat deze
eencellige algen (microfyten) goede indicatoren zijn voor tal van
milieuvariabelen, met name de zuurgraad {(pH)} van het water (Hustedt 1939,
Cholnoky 1968, Merilfinen 1967, Kalbe 1973). De recente vegetatie van hogere
water— en meerasplanten (macrofyten) werd vergeleken met oude gegevens. De
biologische veranderingen werden gerelateerd aan veranderingen die in
hydrologie, landbouw en recreatie hadden plaatsgevonden.

Een aantal vennen bleek verrijkt te zijn met voedingsstoffen door toevoer
van water van landbouwpercelen, bemesting ten behoeve van de visstand of
door excretieprodukten wvan badgasten. De macro- en miecroflora wvan
gelsoleerde vennen, gevrijwaard van dergelijke storende invloeden, bleken te
zijn verarmd door verzuring (zie ook Caesel e.a. 1978). Soorten die in
West-Europa zeldzaam zijn, waren verdwenen ten gunste van algemene soorten.
Dit onderzoek (Hoofdstuk 2) was een van de eerste studies waarin de
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schadeli jke gevelgen van zure neerslag werden vastgesteld buiten ScandinavIe
en Noord-Amerika.

Suurmond (1980) inventariseerde kiezelwleren in monsters die rond 1920 en
in 1978 werden genomen uit 16 vennnen bij Oisterwijk, Kootwijk en Dwingeloo.
Daar verzutring door atmosferische depositie niet rechtstreeks is aan te
tonen, maar slechts als 'restverklaring' overblijft na eliminatie van andere
verstorende invloeden, werden slechts locaties gekozen, waarvan niet bekend
was dat er andere verstorende beInvloedingen hadden plaatsgevonden. Ock de
Veluwse en Drentse vennen bleken verzuurd, maar de humeuze Drentse vennen in
mindere mate dan de overige (Hoofdstuk 3). Verschillen in de mate van
verzuring van niet-humeuze vennen werden toegeschreven aan varliaties in
gevoeligheid voor droogte (waterdiepte) en in de mate van behossing rond de
vennen, Bij c¢ontact tussen venwater en grondwater wordt het venwater
verrijkt met =zwavelverbindingen, die =zich als gevolg van de hoge droge
depositie van zwaveldioxide 1in (naald)bossen in het grondwater van de
zandgebleden ophopen (Kemmers & Jansen 1980, Oosterom 1982, Stuyfzand 1984).

Het doel van het onderzoek dat in Hoofdstuk 4 wordt beschreven is om de
invloeden wvan waterdlepte en droge pericden op verzuring van vennen te
beschri jven, Analyses van planktonmonsters, genomen rond de extreem droge
zomers van 1921 en 1959 gaven uitsluitsel over effecten van vroegere
droogten, Biologische en chemische monsters van voor en na 1976 leverden
inzicht 1in de rol van een recente extreme droogte. Dit onderzoek
concentreerde zich in een drietal venmnen, die blijkens de resultaten van het
in Hoofdstuk 3 beschreven onderzoek verschilden in de mate van verzuring.
Het vroegere milieu van deze vennen kon goed worden gekarakteriseerd met
behulp wvan relatief veel oude planktonmonsters en oude gegevens over
macrofyten en pH,

Met de hierboven beschreven historische benadering werd de ontwikkeling
van de verzuring van vennen gedurende de laatste zeventig jaar beschreven.
Uit paleocecclogisch onderzoek bleek dat waterverzuring in Scandinavi& en
.Groot-Brittanni& tussen 1850 en 1900 is begonnen {Battarbee & Charles 1986).
Gezien de aanmerkelijk hogere zure depositie in Nederland werd verwacht dat
de verzuring hier eerder zou =zijn begonnen. Daar chemische analyses of
planktonmonsters van vennen uit de vorige eeuw ontbreken werd onderzocht of
palececologisch onderzoek hievover informatie zou kunnen geven. Dergelijk
onderzoek, waarblj restanten van organismen in onderwaterbodems (sedimenten)
worden bestudeerd, is in ondiepe wateren, waar wind en bodembewonende dieren
het sedimentatieproces meer dan in diepere wateren verstoren, moelli jker dan
in diepe meren. Met een team biclogen en een fysicus werd een methodologi-
sche studie uitgevoerd, waaruit bleek dat palececclogisch onderzoek in
vennen tot interpreteerbare resultaten kan leiden (Hoofdstuk 5). Dit leidde
tot het conderzoek van Hoofdstuk 6.
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Man-made Changes in Some Dutch Moorland Pools, as Reflected
by Historical and Recent Data about Diatoms and Macrophytes

Abstract

The diatoms of plankton samples taken between 1916 and 1929 and in 1975 from shallow poels,
which were originally oligotrophic, are compared. Data about the past and present distribution
of macrophytea were gathered from the literature and by field studies. Eutrophication caused
by agriculture and recreation, and acidification from precipitation led to important changes in the
biocenoses of the moorland pools during the last fifty years.
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1. Introduction

A complex of moorland pools {“‘vennen”, sing.: “ven’) near Qisterwijk (Fig. 1)
was originally oligotrophic due to its location in an area of nutrient-poor sandy soils.
Until 1840, the pools were situated in vast moor end heathlands, but subsequently
most of the heath and moor was reclaimed or replaced by pine forests. Most remaining
oligotrophic moortand pools are now surrounded by those forests. The pools are in-
fluenced by human activities in various ways, including eutrophication from agri-
culture and duck farming, fishing, Jowering of the groundwater table, etc.

Since the beginning of this century, the area has regularly been visited by hydro-
biologists, especially by J. Hemmans (1925, 1961, 1868), who foeussed his attention
ou the characteristic Desmid communities. Since 1816 he observed a progresaive
disappearance of the most prominent and characteristic forms. In 1975, the Desmid
communities were investigated again by Corskn, KWAKKESTEIN & VERSCHOOR
{1978). It became evident that since 1916 these developments continued without
change, i. e. the disappearance of forms continued. One group of moorland pools
appeared to be eutrophied, while others seemed to be acidified.

89 Internationale Bevue, Bd, 63, Heft 5
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In order to obtain more information about the causes and the effects. both old and
recent topographical and hydrographical maps were studied. From the literature.
including seattered reports, relevant data about the flora were gathered. From some
of the preserved samples, which were taken by HEIMaNs from 1916 to 1929 and by
CozmskL et al. in 1975, diatom slides were prepared, becanse diatoms are good environ-
mental indicators (see e.g., van Dam, 1974).

2. Material and Methods

From the plankton sgmples (mesh width of the gauze 60um) diatom slides were prepared by
cleaning with Hy0, (vaN DER WERFF & HuLs, 1957—1974). The cleaned frustules wers embedded
in Clearax and studied with a Zeiss Standard RA phase contrast micrnscope at a magnification
of x 1250. Diatoms were identified mainly using vax pEr WErFr & Huws (1957—1974), HusTEDT
(19271966, 1930), PaTricE & REmMER (1866) and CLEVE-EULER (1951~1855) a8 references. Tn
vach slide 500 frustules were counted and subsequently the slide was scanned for species not
represented in the count.

Ecological data were taken from BRADBURY (1873}, CHOoLNOEY (1968), FIERDINGSTAD (1965),
FoceD {1984), HusTeDT (1957), JopaENsEN (1948), Lows (1974), MERILATNER {1847), PATRIcK &
ReMER (1966, 1975), ScHEELE (1952}, ScHOEMAN (1973), SLADECER (1973), VAN DER WERFF &
Huws (1957—-1974), and other publications. For each sample, the relative distribution of the 500
frustules in classes delimited along the spectra of pH, saprobity, nutrient content, salt content,
ete., was ealeutated. Thie method is called ‘Microalgal Spectral Analysis’ (M8A) by Vax Laxpixe-
HAM (1978).

Chemical data were borrowed mainly from routine analyses by the Dommel Water Authority
(according to the methode of the Netherlands Institute for Normalization, sheet Nen 3235) and
from the investigations by CorsgL et al. (1978).

The most important sources for historical data about the moorland pools were many articles
in naturalist journals (e. g., THssE 1915, 1916) and reports (e. g. va¥ HEUSDEN & MEITER,
1948 ; Gras, 1957). Recent data were taken from Brtag (1976) or collected during field excursions.
Names of macrophytes are in aceordance with HEVEELS & vanN QostsTRooM (1976}, names of
‘syntaxa are taken from Wesrmorr & DEN HeLp (1969).

3. Results

3.1. Diatom spectra and diatom flora

There is & close correlation between the different kinds of species spectra, found in
the moorland pools of the Oisterwijk area, since oligotrophy in these pools ia generally
associated with an acid environment. When the moorland pools become eutrophic,
the pH rises. Because of this correlation, only the the pH-spectra are shown in Fig. 2.
Within certain limits, it is permissible in this particular area to consider these spectra
as also reflecting saprobian, trophic and halobian conditiors. Changes of pI are used
here #s a yardstick for the trophic state of the moorland pools. In accordance with
the authors mentioned previously, five classes are distinguished:
acidobiontic — occurring below pH 7 and attaining optimum development below about pH 5.5
acidophilous - — occurring at about pH 7, but attaining optimum development below pH 7
circumneutral — cecurring at about pH 7
alkaliphilous — optimum development above pH 7
alkalibiontic — occurring above pH 7

In the whele area 214 species and varieties were recorded; 27 had hitherto not
been recorded from the Netherlands. In the samples which were taken from 1916

g
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Table 1. Relative abundance (r.a.} of species (rows) in ssmples (co
+ =species present- outside the count. X =species

OR Al A Il AV AVI| METAI

1916 | 1919 1975 | 1919 1975 | 1920 1976 | 1975 | 1921 1975
Acidobiontic Species 244 | 31.0 634 | 30.0 96.8 | 67.0 79.2 [43.2 | 720 32.0
Anomogoneis serians - - 436 - - 0.2 - — - -
Funotia exigua 56 | 24 11.6 6.2 B6.O 1.2 60.6 | 39.2 | 12.2 166
Frustulia rhomboides v, sazonica 18.4 | 178 8.0 56 108 | 656 17.2 3.0 T4 48

X Nuvicula of, brevissima — - — - — - 0.6 04 | 420 08

# Navicule koefleri .4 2.0 — - - - 0.8 + 20 —
Navicula sudtilissima - 88 0.2 |182 -— - - 0.4 48 9.8

X Tabelleria binalis - - - - = - - 02| 3.6 -
Acidophilous Species 71.2 [ 396 314 | 498 26 126 126 | 428 | 216 28.6

X Achnanthes recurvaty - - - 04 — - - - - 5.0
Eunotia alpina — 0.6 — - - 1.0 — + - -

X Eunotia denticuiuta - - - - - 106 3.8 - — -
Eunotia elegans — - — 218 1.2 — — - — 3.6
Eunotia pectinalis 410 | 1.4 28 1.6 — 04 1.0 | 110 14 14
Eunotia tenelle - - 0.8 - — — - - 7.8 1.4
Eunotia veneris 1.0 | 224 0.8 8.0 14 - 1.2 4.8 18 8.6
Fruatulia rhomboides 0.4 0.2 22 - - - — 1.4 3.2 02
Navicula mediocris - - 0.2 1.4 — - - — - -
Peronia heribaudi — 1.0 0.4 - - - — - —_ 3.4
Pinnularia microstauron - - - 0.2 - - 0.4 - 3.0 —

x Surirella delicatissima 08 0.2 — - = - - - 32 06
Tabellaria fenestrate 27.0 | 122 232 5.2 + 04 48 |232 | 0.8 08
Tabellaria flocculosa - 04 — 7.2 — - 0.6 0.2 | — 34
Other species — 1.2 1.2 1.0 - 0.2 0.6 1.2-| 04 0.2
Circumneutral Species 14 (144 3.8 10.8 0.2 13.2 24 6.0 | 2.2 166

% Achnanthes levanderi — - - - — _ _ _ _
Achnanthes linenria - - — 0.2 - - - - —- —
Achnanthes microcephala - 02 02 0.2 — + - 02| 04 12
Cymbella cesutii - - - - - - — - - -
Eunotia lunaris - 12.8 3.8 1.0 02 |11.2 1.6 0.2 08 06
Fragilaria virescens [18:4 0.8 - .4 - + 0.4 3.6 ¢4 7.0
Gomphonema parvulum - - - 0.8 — - - 02 | — 0.2
Melogira ialica — - - 1.2 - - — - - —
Navicula pupula - — — 0.2 -~ - = — — 30
Naviculn radiosn - - - - - - — - —_ -
Navieula radiosa var, tenella - - — - — - - — - -
Navicula rotaeana - - - - - - - - - -

X Navicula tantula - — — - - 0.2 - 0.2 | — -
Neidium iridis 14 - - - - - - 1.2 | 0.2 —
Nitzschia gracilia - 04 — 46 - - - - - -
Nitzschia palea — - - - - 1.6 0.2 - — 3.6
Other species 0.2 0.2 - 1.2 —~ 0.2 02 0.4 04 1.0
Alksliphilous Species . 1.2 | 120 1.4 88 04 46 5.8 72| 24 180
Achnanthes exigua — - - - - - - - - 0.2
Achranthes lanceolatn - - — + 0.4 + - - - 1.4
Amphiplenra pellucide — - - - - - - + - -
Amphora ovalis var. pediculus - - 02 - - - - - - =
Anomaroneis extics 0.4 4.0 0.2 08 — + 4.0 1.8 22 28
Asterionella formose - - - - - - - - - 0.2
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lums). Only species with r. a. 2%, in any sample are mentioned.
hitherto not recorded from the Netherlands.
META II CP1 CPI1 CP 111 MH I MH 11 EH1 EH 11
1916 19975 1919 1975 1919 1975 1922 1975 | 1922 1975 | 1922 1975 | 1919 1975 | 1916 1975
73.4 302 0.2 13.4 — 410 — 120 04 0.2 - 1.3 - 302 - -
4.2 170 [ - 114 — 90 |- 52 |- o2 |- o8 |- 310 |- -
206 120 | - 20 40 | — 84 | 04 - - - 18 |- -
- 02 | - = - - I - - - - - - -
26 — - - - - - - - = - - - 06 | - -
- 1.0 0.2 — - 28.0 - 0.4 — —_ - -~ - - - _
206 20.2 5.6 194 110 274 20 440 30 20 1.6 1.6 1.0 22 02 02
- 06 | - - - - - - - - - - -
28 - - - - - - - - - - - - - - -
18 04 | — - - - - - - - - - - - -
- 12 |- = - - - - - - - - - - - -
- 40 | 26 40 | 52 50 | 08 168 | 10 — 04 02 | 08 — - 02
S - 0.2 - - - - - - - - - S
30 54 | — 54 | 08112 | 02 76 | 08 — + 02 |- o0z |- -
08 04 | — 04 |- - - 20 |- - - - - - -
D 1.2 06 |~ 48 |- 12 | 08 — - - - — - -
- 18 26 |- 24 |- 68 {- 02 |- o2 |- 08 |- -
10 08 |- o2 i—- 02 |+ 02 |- - - 02 |- 02 |- -
7.2 - - - - 30 |- - |- - |- - |- =
36 28 14 32 48 18 04 4.0 04 — + 0.8 - 0.4 0.2
- 2.4 - - — - + 1.8 + - - - 0.2 06 - -
04 08 04 3.0 0.2 20 0.6 046 + + 1.2 - - 0.2 - -
36 28.2 352 418 50.4 18.2 47.0 22,0 67.0 11.2 58,8 88.0 35.4 26.0 314 48
- - - - - - - - - - 30 - - - - -
- - 28 02 8.0 — 3.2 1.0 7.2 1.0 9.2 0.2 06 04 — 0.4
- 0.2 164 — 43.6 1.8 222 30 41.2 58 242 — 108 2.2 54 —
- - 26 04 04+ 0.2 1.2 08 0.8 - - 0.2 0.2 — - -
08 338 44 590 38 80 0.2 54 — 0.2 — - + 0.4 04 —
- 6.8 16 276 02 06 08 52 30 18 1286 04 24 04 - 14
- 2.2 08 -~ 14 02 0.8 04 0.6 1.0 1.0 + 1.8 04 24 02
- - - - - - - - - 1.4 0.6 67.0 - 218 - -
- 0.2 - 4.8 — 1.6 0.2 20 + - 02 - 1.6 + 0.2 04
- - - 0.2 04 - 26 — 04 - 0.2 — 2.8 + 48 —
- - - = - - 8.2 0.2 - — - - - - - —
- - - 1.2 - 3.2 - 0.6 - - - - —- - - -
- 0.2 02 -~ — — 0.6 02 - 0.2 0.8 — 08 - 20 0.8
28 - - - - - - - - - - - - - - -
- 0.8 - - - - - - - - 20 - - - 0.2 -
— 11.4 54 06 06 1.0 4.8 04 38 - — - 3.6 — 14.0 —
- 2.8 1.0 18 1.0 16 22 28 0.2 — 20 02 1.8 06 20 16
24 184 55.6 22.6 284 11.6 48,2 20.0 30.4 834 38.0 29.2 56.2 25.2 67.0 88.0
- - - - 0.2 - - - - 0.6 04 02 — - 0.2 1.2
- - - - - - 0.6 - - - 04 06 1.0 0.8 0.6 6.0
- - 1.8 - 1.0 - 6.6 - 1.0 —~ - - 0.2 -~ 9.0 -
- —_ 04 - - - + 0.4 - - - - 34 02 — -
0.8 1.0 4.6 58 11.2 6.6 114 74 68 14 1.8 0.2 04 - -
- - - - - - - - - 1.0 04 10 + 3.0 — —
- 17 -
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Table 1 (continued}
OR Al AIT AV AVI| METAI
1916 | 1919 1975 | 1919 1975 | 1929 1975 | 1975 | 1921 1975
Cocconeis placentula - - - - - 0.4 - 10 | — 0.8
Cymbelle microcephala 021! - - 6.2 — - - .o - 0.4
Fragilaria brevistriata - — - - - - - 02 | — -
Fragilaria cepucina — - - - — - - - | - _
Fragilaria construens - - 0.5 22 — 0.4 - [LX: S 6.0
Fragilaria pinnata — - - 02 - - - 021 — 2.6
Melosira granulaia - - - 04 - ~ = 1.2 | — -
Navicuwla card - 8.0 - - - - - - — -
Navicula cryptocephale - - - 0.2 - - 1.8 08 0.2 1.0
# Navicula laterostrale - - - - - - - - - —
Navicula minima - - - 0.4 — - - + _ 0.6
x Navicula modica - - = - - - - - 0.4
X Navicula pseudoventralis - - - - - - - < -
Navicula schoenfeldti — —_ - — — - - _ _ 0.4
x Navicule seminuloides - - - 04 + - — - _ —
Navicula seminulum — — - - = - = - - 0.4
Nawvcula viridula - - - - - - —_ — - _
Navieula vitebunda - - - — — — - - - —
Nitzschia of. confinis — - - - - - _ _ _ _
Nitzschia fonticola - - - - = 0.2 — 02| - -
Nitzechia linearis — — - - — - - — - —
Synedra acus - - - - - - - — _ .
Synedra tabulata — — 0.2 — — 1.0 — - - 0.2
Synedra tenera - - - - - - —_ — _ _
Other species 06| - - 42 - 2.6 - 04 | — 0.6
Alkalibiontic Species — — - - _ 1.4 — _ _ 1.0
Achnanthes conspicua - — - - - - - - - 02
Stephanodistus astraee - - — — — —~ — — — -
Stephanodiscus dubius - — - — - _ - - -
Other species - - - — — 1.4 — _ _ 0.8
.8 30 - 0.6 - .2 - 08 | 1.8 33

Unidentified species

to 1929, 187 taxa were found; in the samples from 1975, 164 taxa were present.
Species with a relative abundance =20, are listed in Table 1 according to their

pH-class.

3.2 The original siate of the moorland pools

As may be expected in an area with oligotrophic soils, and as shown by older re-

cords, the coriginal bioecenoses in the moorland lakes are characteristic of a nutrient-
poor envirenment,

In the shallowest pocls {about 0.5 to 1.5 m deep), the organic materials accumulate
on the bottom and Sphagnum spp. grow luxuriantly, Juncus bulbosus f. fluttars is the
only submerged seed-plant. Belts of Carex rostrata and Eriophorum angustifolium
surround these moorland pools. Drosere spp. are found on hummocks of peat-moss
{Table 2, vegetation type 1).

In larger and deeper pools (2—3 m), situated in heathlands, the sandy bottom is
kept bare by the action of wind and waves. The Isoeto-Lobelietum assceiation was
widely distributed in these pools (vegetation type 2).

- 18 -
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META IT CP1 CPI CPIII MHI MHII EHI EHII
1916 1975 | 1919 1976 | 1919 1975 | 1922 1975 | 1922 1975 | 1922 1975 | £910 1975 | 1816 1975
- 82 |- - 12 02 | 06 - 12 06 | 02 + 88 12 |17.6 03
- - 22 22 | 10 02 | 82 06 | 62 02 |102 - 32 02 | - -
- 02 | 08 12 | - - + 02 | 10 04 | 06 08 | 22 + 02 2.4
- - - - - - - - - 02| 38 - 16 + 1.8 -
- 76 | 140 78 | 22 32 | 44 38 | 58 44 | 52 206 |140 10 | 18 220
~ 18 | 118 08 | 08 04 | 46 02 | 1.2 56 | 1.8 12 | 64 06 | 34 192
- 08 | - - - - - - - 328 |- + - 114 |- 08
14 04 | 18 04 | 22 - 12 04 | 06 08 | 08 + 40 08 154 —
- - - - - - - - - - - - - - 20
- - 28 08 | 02 02 | 14 02 | 02 08 | 30 02 | 14 06 | 08 14
- - 80 — 02 02 |+ 24 |- 12 ] 08 02 | 12 - 02 —
- - - - - - - - - - - - - - - 144
- - - - - - - - - 12 |- 12 |- oz 10 78
—_ —_ _ _ —_ - - _ —_ _ 32 - — —_ _ —_
- - 04 10 | 08 - 0 06 | 1.8 18 | 1.2 - 08 02 | 1.2 2o
- - 24 04 | 02 - - 02 |- - - - - - - -
- - - - - - - - | 28 18 |- - - - - 20
- — - — —_ - _ —_ —- _ _ — _ _ 90 —
02 — 02 02 [ 04 - 10 - 74 08 | 12 - 26 02 |- -
- - - - - - - - - - 0.e - - - - -
- ez | - = - - 02 - - 190 | 04 02 [ - - - -
- - - - - - 02 04 [ - 70 |- - - - - -
- - 20 — 34 - 1.6 - 0.6 — 0.6 - 04 -~ 06 -
- 26 | 26 22 | 34 06 | 52 32 | 3.0 20 | 22 30 | 48 48 | 42 04
- 30 | 06 08 | - - 26 - 02 32 | 02 02 | 56 74 | 14 05O
- - 08 04 [ - - 12 - 02 04 |+ - 22 08 [ - 438
- 04 |- - - - - - - 24 |- = - 10 | - 02
- - - o4 |- - - = - - - - - b2 |- -
- 28 | - - - - 14 — - 04 | 02 02 | 34 068 | 14 -
- - 28 20 | 1.2 18 [ 02 20 |- - 04 02 | 1.5 — - 20

At the transition of nutrient-poor cover.sands and loamy depositions of the rivulets
there was an oligo-mesotrophic environment. These conditions were optimal for many
gpecies of the Eleocharetum multicaulis and the Potamion graminei (vegetation
type 3). :

yI']):'eheq original chemical composition of the water and the diatom associations of the

pools with the above-mentioned vegetation types canmot be adequately described
because the material is scarce. In all three types species of acid, oligotrophic environ-
mentes, Frustulia, Eunotia, Pianularia ete. dominated as can be seen in the analyses
of metatrophic moorland pools Meta I (1921), Meta II {1816) and OR (1916) (Table 1,
Fig. 3b, c). In Table 3 the chemical conditions in those mootland lakes ate listed,
which are supposed to be undisturbed. The data are derived from measurements in
the least disturbed pools in 1975—1976 and from some scarce analyses dating from
19201926,

_19_




594 H. vax Dam and H. KooyMaN-va¥ BLOKLAND
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Fig. 2. Histograms of pH spectra. Ordinate: relative abundance of pH-groups. Abscissa: pH-

groups {1 = acidobiontic, 2 = acidophilous, 3 = circumneutral, 4 = alkaliphilous, 5 = alkali-

biontic). Black bars 1816—1929, white bars 1975. The broken part of the first bar of META I

represents the relative abundance of Naviewla cf. brevissima, which may be either acidobiontic or
acidophilous.
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Table 2. Chemical composition of the water in different types of moorland pools

property unit oligotrophic eutrophic
oligo-dystrophic hypertrophic
oligo-mesotrophic
pH 3.1-5.4 6.5--9.2
Conductivity (25 °C) wS/cm 44140 85—285
Tdem, corrected for pH wS/em <120 85-285
Oxygen saturstion Y 68—125 46—168
BOD% mg Oy/t 0.4-7.1 0.8—16
Coli-Eijkman MPN =49 =17
NH}-N mg/l 0.1-2.2 0.1—4.2
NO;N mg/l =0.05 =0.05
NO;-N mg/l =0.2 =0.6
PO%--P (ortho) mg/l =0.02 =0.2
PO%--P (total) mg/1 =0.1 =1.0
o mg/l 614 2035
503 mg/l 5-10 20
Na* mg/l 3-8 10—-14
K+ mg/l 1-2 6—8
Ca?+ mg/l 1-5 14-27
Mg2+ mg/l 1-2 3-5
Total hardness °D 0.4-1.0 1.3-7.0
Alkslity meq;] =0.1 0.6-1.6
8i0, mg/] <0.6 0.3-9.7
Fe mg/l =0.2 =0.9
Colour mg Pt/ 2-8 1569

Table 3. Vegetation types. Species between brackets characterize more than one
group. Speeies with an apostrophe are trivial and may be found both in well-developed
and in degenerated specimens of the type

Vegetation type Related syntaxa Characteristic species
1. oligo- Rhynchosporion Andromede polyfolia, Carex lasiccarpn, C. rosirata’,
dystraphentic alba, Oxyecocco- Drepanocladus flustans’, Drosera intermedia, D.
Sphagnetea rotundifolia, { Eleocharis multicaulis}, Erica tetralic’,

2. oligotraphentic

3. oligo-
mesotraphentic

Igoeto-Lobelietum
(Littorellion p. p.)
Potamion graminei
Eleocharetum multi-
caulie

(Littorellion p. p.)

Eriophorum angusiifolium’, Juncus bulbosus’,

( Menyanthes trifoliata}, Molinia caerulea’, Myrice
gale’, Nerthecium ossifragum, ( Nymphaee alba’),
Oxycoccus polustris, { Potentilla palusiris), Sphagnum
crassicladum’, Sphagnum div. spec., { Utriculeria
minor). Hydrocotyle vulgarie and Juncus effusus
may indicate irregular changes of the water table,
guanotrophy, or beginning eutrophication by agri-
culture.

Iaoctes lacusiris, (Litlorella uniflora), Lobelia
dortmanna

Apiuwm inundatum, Deschampsia setacea, Echino-
dorus repens, (Eleocharia multicaulis}, Hypericum
elodes’, { Littorella uniflora), Luronium natans,
Myriophyllum alterniflorum, (Nymphaea alba),
Pilularia globulifera, Polamogelon gramineus,

{ P. natans’), P. polygonifolixs, Ranunculus flam-
mula’, R. ololeucos, Scirpus fluiions, Sparganium
angustifolium, 8. minimum, Utricularia intermedia,
{U. minor}, U. ockroleuca, Feronica scutellata
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Table 3 (continuation)

Vegetation type

Related syntaxa

Characteristic speciea

4. eutraphentic

b. saprobic

Magnopotametalia
Hydrocharition
Phragmition
Magnaoearicion

Bidention, Agropyro

Rumicion crispi and

others

Alisma pleniago-aguatica’, Carex pseudocyperus,
Cicute virosa, Elodea canadensis, Equisetum
Sluviatile, Hydrocheris morsus-ranae, Mentha
aquatice’, { Menyanihes trifohate), Nuphor lutes’,

{ Nymphaen alba ), Nymphoides peltata, Phragmites
australis, Potamogeton lucens, (P, natans), P. prae-
longus, ( Potentille palusiris), Rumez hydrolapathum’,
Ranunculus lingua, Stratiotes aloides, Typha spp.,
Utricularia vulgaria, Scirpus lacustris’. { Rovippa
amphidbia} may indicate irregular changes of the
water table,

Glyceria mazxima, Epilobium hirsutum, Lemna minor,
Lycopus europaeus, Oenanthe aquetica, { Rorippa
amphibia), Polygorum hydropiper, Spirodela
polyrkiza.

Fig. 3. The most abundant or most typical diatom species from some samples with their relative

abundances. a) CP L, by META L, ¢c) AL

Achnanthes microcephala
Fragilaria construens
Fragilaria pinnata
Navicula modica
Anomoeoneis exilis
Nitzschio palea

Eunotia lunaris
Achnanthes linearis
Cymbelle cesnli

Navicula minima
Eunotia pectinaliz v. minor
Cymbella microcephala

16, Fragilaria virescens

—-
W WWek o n oo

Fig- 3a

o
%

i

-
-

Eunofia exigua

Eunotia lunaris

Eunotia veneris

Naviewla pupula v. mulata
Ancmoeoneis exilis
Fragilaria construens
Fragilaria constr. v. venter
Tabellaria fenestrato
Eunotia pectinalis v, minor
Surirella delicatissima
Peronia heribaudi
Cymbella microcephale
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Fig. 3b
Navicula of. brevissima 420/, Bunotia exigua 170,
Eunotic exigua 12 Exnotia veneris 9
Eunotia tenella 8 Frogilaria vivescens 7
Frustulia rhomboides var. Achnanthes recurvata 5
sgzonica 7 Frustulia rhomboides var.
Navieula subtilissima ] saxonica 5
Tabellaria binalis (geptum) 4 Fragilaria construens v. venler 4
Pinnularia microstauvron 3 Nitzschia palee 4
Surirelle delicatissima 3 Eunctia elegans 4
Eunotia veneris 2 Peronig heribauds 3
Tabellaria flocculosa 3
Navicula pupula 3
Amphora venele .6
Asterionella formosa .2
Cocconets placentula .8

3.3 Man-made changes

Three important processes take place in the moorland pools: eutrophication from
agriculture (and birds), eutrophication through swimming and fishing activities, and
acidification by precipitation. To facilitate the orientation, the following letter combi-
nationa are used to designate the moorland pools as follows:

EH  — moorland poole which were already eutrophic about 1920 and are now hypertrophic (fre-
quent blooms of blue-green algae)
MH  — moorland pools which were mesotrophic about 1820 and are now hypertrophic

META — moorland pools which were oligotrophic or oligo-dystrophic about 1920 and are now
metatrophic, 3. e., both oligotraphentic and eutraphentic organisme are present

CP — central pools which were mesotrophic about 1920 and have since become acidified

A — moorland pools which were oligotrophic or oligo-dystrophic about 1920 and have since
become acidified

The abbreviations are followed by roman numerals {Fig. 1}.
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Fig. 3¢

Eunotia veneris 220 Anomoeoneis serians 44%,
Frustulia rhomboides var. Tabellaria fenestrala 23

saxonica 18 Bunotie exigua 12
Tabellaria fenestrata 12 Frustulia rkomboides var.
Eunotig lunaris 12 saxonica 3
Navicule sublilissima ] Eunotia luraris 4
Navicula cart 8 Eunotia pecltinalis var, minor 3
Anomoeoneis exilis 6 Neviculs mediocris .2
Navicula hoefleri 2

3.3.1 Eutrophication by agriculture

Moorland pool EH T was already connected with the mesotrophic rivulet Rosep
(Fig. 4a, b) before 1835, when the first reliable and detailed maps were produced.
Moreover, EH I received the drainage water of the fields around the hamlet ‘‘Het
Stokske™. Therefore, this pool was already eutrophic by the beginning of this century,
as can be conciuded from the fragmentary data about plankton and vegetation
(type 4). The diatom association in 1919 also indicates alkaline eutrophic conditions
(Fig. 2). This situation may have already existed for a long time, hecause the local
population must have used fish from the pool as a source of protein, A rather similar
situation was found in MH I, which was also connected with the Rosep.

About 1840 CP 1 was connected by a ditch with EH I, CP I, CP II and CP III
became serially connected in e. 1870. CP ITI drained into the rivulet Reusel (Fig. 1).
In this way EH I discharged eutrophic water via the central pools into the Reusel,

Consequently, the original stands of vegetation on the CP’s {types 1 and 2} gra-
duslly disappeared, most rapidly in CP I and most siowly in CP III. In the main
current, type 4 vegetation developed very well (Fig. 4c). The water soldier {Stre-
tiotes uloides) was very ahundant, owing to the slight manuring by the influx of drain.
ing water. The water soldier and other plants were dredged every autumn by the
local farmers to fertilize their fields. Nutrients were removed from the water by this
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d} Typical aspeet of the central pools in 1977 (PETER CoEsEL)
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¢} The oligo-dystrophic Lammerven {A V) (foop vaxN OscH)

action, which is the only way to assure the continued existence of Stratiotes-fields
(G. van WIRDUM, pers. comm.}.

Between the eutrophic main current and more remote locations which remained
oligotrophic due to percolation of nutrient-poor ground water, mesotrophic condi-
tions were produced. This became an environment well suited for type 3 vegetation.
At some places mesotraphentic quivering bogs were found, with a Scorpidio-Cari-
cetum diandrae association (Scorpidium scorpioides, Carex lasiocarpa, Eriophorum
racile).

! The diatem eommunities of the CP's in 19191922 indicate neutral to alkaline
conditions (Figs. 2, 3a), but acidophilous species ocourred as well, as is expected in
accordance with the local vegetation types. Several colorimetric pH-measurements
in 1925—1929 gave values of pH 7—8.

In 19186, & tea-garden was built near the connecting ditch between EH I and CP 1.
The sewage water was discharged into the ditch, and' consequently a saprobic type
of vegetation developed in part of CP I (type § vegetation) (vaN Dk ¢ al., 1960).
For this reason, the CP’s were cleaned in 1950--1951 (vax peEr WERFF, 1955). CP 1
and II were completely drained by pumps and the stands of vegetation and the bottom
sludge were removed. After this operation the pools filled spontaneously with upwelling
ground water. The discharge of sewage was discontinued, and the connection with
EH I was severed. At that time s process of acidification hegan in the central pools.

EH T has beeome hypertrophie since that time. Blue-greens are frequently ohserved,
and the stands of vegetation (type4) degenerated, with submerged water plants
completely disappesring. The cause is the excessive inflow of nutrients from drainage
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K¥ig, 4f) The metatrophic Groot Aderven (META 1I) {Joor vaxn Oscw)
of the arable land ncar “Het Stokske” (Fig. 1) and the Rosep. Before the reclamation
in the *“thirties™ of the area where this rivulet criginates, the water was mesotrophic
to eutrophic. After reclamation, the pastures were amply fertilized and intensive
live-stoek production developed eapecially in the last decade. Consequently the
rivulet became polluted by drainage and sewage water. The pH-spectrum of EH I
{Fig. 2) shows a bimodal curve. The acidobiontic maximum is caused by Funotic
caigua. The explanation of the present abundance of this species is obscure. All other
speeies are tvpical of neutral to alkaline eutrophie environments.

Similar proeesses occurred in KH [I, which was also conneeted with the rivalet
Rosep since prior to 1900 and likewise received drainage water from a neighbouring
hamlet. MH 1 had & connection with the Rosep abont 1900, The stands of vegetation
belonged to type 2 and partly to type 3 owing to the slight entrophication. The diatom
association (Table 1) indieated ncutral 1o alkaline conditions, Since then, MH T be-
came & blue green coloured poal from the influx of cutrophic drainage water and from
guanotrophy (rearing of ducks), MH IT was hypertrophivd not only from an influx of
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Rosep water, but also by sport fishing (foddering and fertilizing). In Table 3 the
chemical conditions of the MH's and EH’s in 19751976 are presented. The effects
of enrichment with nutrients are obvious.

3.3.2 Swimming and sport-fishing

META I was famous for its vegetation of Lobelia dortmanna and Isoeles lacustris
(type 2), and remained so until late into this century. This pool is traditionally used
as a swimming pool. The numbers of visitors were very limited in earlier days, but
now 20,000 or more people bathe here annusily. Lobelia and Isoetes have now disap-
peared. In 1921 the diatoms (Figs. 2, 3b) indicated acid conditions. Tabellaria binalis,
typicel of Lobelin-lakes in Northern Europe, occurred here (Table 1). Since then this
species has disappeared from META I. The pH-spectrum indicates metatrophic
conditions, so that oligotraphentic and eutraphentic species are present without a
special optimum in the mesotrophic area. The actual measurements of the pH give
values between 3.4 and 7.0.

Rather similar developments took place in META II (Fig. 4f). This pocl has been
used ag s fish pond since 1032, To create suitable conditions for the fish-stock, the
“ven” was regularly limed and fertilized, and the fishes were fed. In earlier times
the vegetation cantained elements of the types 1, 2 and 3. At present, species of the
types 1, 4 (degenerated) and 5§ are present. The diatoms (Fig. 2) also indicate meta-
trophic conditions.

3.3.3 Acidification

After cleaning, the central pools acidified rapidly (vaAN DER WERFF, 1955; vaw
Dux et al., 19680). This can also be deduced from the pH-spectra (Fig. 2). The type 4
and 5 vegetation greatly diminished and disappeared rapidly. The type 1 and 3 vege-
tation developed luxuriantly in the “fifties”, but now type 3 has degenerated with
only Hypericum elodes remaining rather abundant.

The acidification is not only visible in these three moorland pools but also in iso-
lated pools such as A I, A II and, to & lesser extent, A V (Figs. 2, 3¢, 4e). The vege-
tation stands of these pools belong mainly to type 1, but in A IT, elements of type 2
were also to be found in earlier daya. A decrease of type 2 is also known from other
isplated moorland pools in the area, such as A III, A IV, and A VI. Unfortunately,
no detailed chemical analyses of these pools are known to have been made in the
twenties, but Hrrmans (pers. comm.) never measured pH<4 by colorimetric field
methods. In 1975—1976 considerably lower values were measured frequently, e. g.,
pH 3.1 in ATV, Only in A II, a time series can be reconstructed from such measure.
ments: 1925: pH 6-6.3; 1947: pH 5.2; 1975: pH 3.8,

The most probable reason for the rapid decrease of the pH in the moorland pools
ig the acidification of the precipitation, which has heen observed since the “fifties”
all over Western Europe. From the data supplied by VERMEULEN (1977) it can be
ealculated that the natural deposition of SO, in a moorland pool with an area of
15 ha (like A IV) should be less then about 0.3 ton/year. The actual deposition is
0.8—1.5 tons/year.

Comparative hydrobiological changes by an acidification of precipitation are re-
ported by Grauw (1876) and HENDREY ¢f al. (1976}, who observed a severe decrease
of our type 2 vegetation in Swedish lakes cansed by a decline of pH from about 6 to
about 4 in the last thirty years. ALmMER ef al. (1974) deduced a lowering of the pH
from a shift in the species composition of benthic diatom communities in a Swedish

lake.
40 Internationale Revue, Bd. 63, Heft &
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4. Discussion

The natural history of the moorland pools near Oisterwijk illustrates the processes
that have influenced the Dutch environment in general. Until the end of the 19th
century, man (i. e., the farmer) enhanced the diversity of the landscape. The largest
part of the Pleistocene area in The Netherlands (bordered by dotted lines in the
inset of Fig. 1) was still oligotrophic. Relatively nutrient.rich areas, such as the
lower reaches of the brook-valleys or the immediate surroundings of human sett.
lements, were only small nuclei in the predominantly seminatural landscape.

By small-scaled human activities, the differentiation of the environment increased.
Pre-existing trophic gradients (gradual transitions) were enhanced and new ones
were created, as in the central series of moorland pools in our area. By creating a
eomplex trophie gradient in a prevailingly oligotrophic environment, suitable con-
ditions for mesotraphentic organisms were produced, which were previously almost
non-existent. In this way, external forces promoted the diversity within and among
the moarland pools.

In our century, however, technology advanced and it became possible to reclaim
and drain areas which had earlier been unsuitable for cultivation because of swampi-
ness and/or lack of sufficient nutrients. Artificial fertilizers became available and
are used in large quantities. Intensive live-stock farming produces a surplus of slurry,
which is spread over the fields. Consequently, oligotrophic areas now comprise only
small islands in vast eutrophic areas, in contrast with the originsl situation. An in-
version of the trophic pattern of the landscape has taken place. Oligotrophy no longer
dominates over eutrophy and gradients are difficult to maintain (vAN LEEUWEN,
1866; ScHROEVERS, 19664, b).

When the catchment area in the upper reaches of the rivulet Rosep was reclaimed,
the water in the brooklet eutrophied in such a way that EH I became hypertrophie.
The connection with CP I was cut off to prevent hypertrophy of the three central
pools. As a consequence, the conditions of existence for the trophic gradient were
removed and the oligo-mesotraphentic macrophytes disappeared. They were not re-
placed by the oligotraphentic macrophytes of type 2, which inhabited the pools before
1840.

In some isclated pools, acid precipitation acidified the water. Here the oligo-
traphentic type 2 is replaced by elements of the oligo-dystraphentic type 1. The
environment of type 1 has also changed, however, as observed in the very dry summer
of 1976. On the dry shores, seedlings of the Bidentjon and of related species were fre-
quently observed { Polygonum hydropiper, Lycopus europaeus, Eupatorivm cannabinum,
ete.). In former times instead of these species, elements of the Nanocyperion, especially
of the Cicendietum filiformis, became abundant in dry vears (Cicendia filiformas,
Juncus mutabilis, Pilularia globulifera ete.). We may conclude from these facts that
the moorland pools are acidified by the precipitation, but that this does not neces-
sarily mesan an oligotrophication or a decrease of nutrients. Owing to the appreciable
deposition of sulphates, nitrates and other ions, more nutrients may become available
for the plants.

Many of the other moorland pools are eutrophied through human activities such as
swimming, fishing and agriculture. The original biocenoses disappear in such lakes.
The types 1 and 2 vegetation are replaced by type 5 or by impoverished forms of
type 4 (without Stratiotes aloides, etc.).

The developments in the composition of the diatom communities also indicate
that only two types of communities will survive in future, viz., the type of extremely
acid envircnment (characterized by Funotia exigua and Frustulia rhomboides var.
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Fig. 5. Diagrammatic representation of the impact of eutrophication and acidification on differ-

ent types of moorland pools (designated by letters). Numbers indicate vegetation types;

an apostrophe indicates degeneration of the type. The base of an arrow represents the
situation by about. 1920, the head that of 1975.

saronice) and the eutrophic-saprobic one (characterized by Asterionella formosa,
Melogira granulata, Synedra ocus, Nitzschia palea, ete.). The mesotraphentio species
will disappear or greatly diminish. The processes are summarized in Fig. 5.

5. Summary and Conclusions

1, The spectral analysis of diatom communitiea is a suitable methed for tracing
ecological differences within and among moorland pools.

2. A comparison of historical with recent date concerning the macrophytes may
give reliable information about anthropogenic changes in the environment.

3. In nearly all moorland pools near Oisterwijk the biccenoses have seriously
deteriorated as the result of human activities in the last hundred years. Agriculture,
recreation and acidification of precipitation are especially important factors. By the
inversion of the trophic pattern of the landscape, trophic gradients cannot be main-

40"
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tained and the biological differentiation within and among the pools declines consider-
ably.

4. Most probably, only two types of moorland pools will uitimately survive via.,
the hypertrophic type (enriched by run-off and drainage water, fishing etc.) and the
extremely acid type (acid precipitation). The processes are summarized in Fig. 5.
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Impact of acidification on diatoms and chemistry of Dutch moorland pools

Herman van Dam®, Gillis Suurmond® & Cajo J. F. ter Braak®
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Absiract

Otld (ca 1920} and recent (1978) diatom assemblages from sixteen pristine moorland pools are compared by
analysis of pH-spectra, diversity (Hill’s index), (dis)similarity (number of species in common, Dyer
dissimilarity) and principal component analysis. The pH-spectra of clear water poels indicate that the
formerly wide range of pH (4-6) is very narrow now (3.7-4.6). No significant change of pH (ca 4.5) is observed
in hrown water moorland pools, Diversity sigaificantly declines in clear water pools and has a tendency torise
in brewn water pools. The number of species in common does not change. The Dyer dissimilarity
significantly decreases in clear water lakes, no change is found in brown water lakes. The first principal
component (PC 1) explains 619 of total variance between samples and is nearty completely determined by
Eunotia exigua. PC | has a strong positive correlation with both the absolute and relative sulfate
concentration and other factors related 10 acidification {CaZt, APY, Mg?t, electrical conductivity). PC1 has
a negative correlation with factors characterizing humic acid waters (K MnO,-consumption, Fe, (Na®™ +
Kh/(Ca2™ + Mg ete.). Old samples have low scores on PC 1. Recent samples from clear waters have high
scores on PC L. The original variation, caused by regional factors, is replaced by a sulfate controled variation.
The factors which are responsible for the recent differences in sulfate concentrations between pools are
discussed (sulfate reduction, accumulation by dry deposition in adjacent pine forests and drought). Some
observations contribute to the opinion that acidification may be considered as eutrophication and not as
oligotrophication.

precipitation is about 4.3 (Anonymous 1979).

In spite of this severe pollution no investigations
focussed on this problem have been carried out in
the Netherlands up to now, although Coesel er al.

L. Introduction

The growing use of fossil fuels has caused an
increase of atmospheric sulfur in the last decennia.

The deleterious effects of acid rain upon aquatic
ecosystems have been studied in Scandinavia and
North America (Braekke [1976; Almer e ql. 1978).
The extinction of fish populations is very cbvious,
but also other components of the ecosystem, viz.
thespecies composition of plankton and periphyton
changes thoroughly by acidification.

The Netherlands are in the very centre of the acid
rain area of north-western Europe (Granat 1978).
World's lowest annual mean pH yet recorded is 3.8
in 1967 at De Bilt (Fig. ). The present pH of

{1978) and Van Dam & Kooyman-van Blokland
(1978) present strong evidence for the adverse
effects on desmids and diatoms in moorland pools
(Duteh; ven; German; Heidetiimpel). These waters
areinageologicenvironment that is highly resistant
to chemical weathering and have relatively low
concentraiions of major ions and hence a low buffer
capacity. Such waters are extremely vulnerable to
inputs of acid precipitation {(Wright & Giessing
1976).

Hydrobiologia 83, 425-459 (1981).  0013-8158/81/0833-0425/507.00.

© Dr W. Junk Publishers, The Hague. Printed in the Netherlands.
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Fig. !. Location of the study areas. x = rainwater gauge
{Anonymous 1979).

Diatoms are widely used as pH-indicators in
actuo-and palaeolimnology since the conception of
the pH-classification scheme of freshwater diatoms
by Hustedt (1939). Miller (1973) and Berge (1979)
used the diatom assemblages in cores of
Scandinavian lake sediments as a record of past
pH-conditions to assess the impact of acid precipi-
tation. Berge (1976) compared diatom samples
from 1949 and 1975 to establish a decrease of pH in
some south Norwegian streams and ascribed this
shift to the acidification of precipitation.

Many moorland pools are shallow and poor in
sediments, Therefore we used old samples to esti-
mate the past environmental conditions, A large
number of aigal samples in moorland pools have
been collected between 1916 and 1955 for studies on
desmids (see e.g. Heimans 1969). In 1978 new
samples were taken at the same sites.

According to the theories of Thienemann (1920),
Franz (1953), Van Leeuwen(1966), Margalef(1975)
and May {1975) complex and delicately balanced
ecosystems are confined to a predictable environ-
ment (stable conditions) with a low input of energy
and matter. Complex natural ecosystems (with a

high diversity) arc fragile, i.e. very sensitive to
perturbation. Perturbation means a relatively
unpredictable environment, with a high input of
energy and matter. These unstable conditions only
permit structurally simple, robust ecosystems (with
a low diversity) to exist.

The pH of unpelluted rainwater, in equilibrium
with CO, in the atmosphere is 5.6-5.7. The present
pH of many moorland pools is in between 3.5 and
4.0. This is a difference of about 200 peql-L H'.
With this increase in hydrogen ion concentration all
original pH-values of the moorland pools between
about 4 and 6 will be concentrated in the narrow
range between 3.5 and 4.0. So, similarity of the
environment in the moorland pools will increase by
acidification.

1t may be expected therefore that acidification
causes a decrease of diversity and dissimilarity of
the diatom assemblages in moorland pocls. We will
test these hypotheses. Besides, the acidification is
shown by comparison of pH-spectra of old and
recent diatom samples. Multivariate analysis of
data gives insight to changes in species composi-
tion, diversity, dissimilarity and their relationships
with water chemistry.

Also other processes than pollution of rain water
may beresponsible for the acidification of moorland
pools, e.g. the severe drought of 1976 and the
reafforestation of the caichments. Theirsignificance
will be discussed.

2. Study sltes

Moarland pools are shallow {depth less than ca
3 m) soft water lakes with no visible in- and efflux.
They are part of the heath {podzol) landscape with
poorly buffered sandy soils. The surface area of the
sixteen pools we studied (Fig. 1; Table 1) varies
from about 0.1 1o |5 ha.

Eight poels are situated in the province of North-
Brabant, near Qisterwijk (B}, two in the Veluwe
area (V), and six in the province of Drenthe (D).

Thebottom of most poolsinthe B-and V-districts
is sandy and often covered with a thin layer of
detritus and peat. No detailed knowledge about the
hydrology of most pools is available. V1 (Fig. 2)
and V2 are situated some tens of meters above the
aquifer. Their watershed is hardly larger than their
surface and sealed by an impermeable iron-pan
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DISTRICT/ Number  Sorface Bottom®  Basin Brownor  Surrounding Surrounding
name of pool area (ha) clear landscape landscape
approx. water® ca. 1920° 19787
BRABANT
Galgeven Bl 14,7 sand probably clear heath with regrowth  forest
unsealed of forest
Schaapsven B2 14 sand unknown clear heath with regrowth forest, heath with
of farest regrowlh of forest
Diaconieven B3 1.3 sand rather clear forest planted forest
sealed before 1900
Brandven B4 1.4 sand rather clear forest planted forest
sealed before 1900
Achierste B5 14 sand probably clear forest planted forest
Goorven -unsealed before 1900
Klein Bé 1,0 sand slightly clear heath, forest forest
Aderven seated planted before 1900
Middelste B? 03 sand unknown brown forest planted forest
Wofsputven before 1900
Groot Huisven B3 29 sand unsealed clear heath heath, [orest
VELUWE
Gerritsfles vl 5.0 sand sealed clear beath, sand dunes heath, locally with
regrowth of forest:
sand dunes
Kempesfles v2 ta sand sealed clear sand dunes with sand dunes with
regrawth of forest regrowth of forest
DRENTHE
Kliplo D! 04 sand possibly brown forest planted forest
unsealted after ca 1920, heath
Poort 1L D2 0,1 peat unknown brown bog surrounded by bog surrounded by
forest planted forest
after ca. 1920
Schurenberg D3 1.1 sand possibly clear forest forest
unsealed
Diepveen Da 19 peat unknown brown forest planted forest
aler ca. 1915
Reednveen D5 0.1 peat unknown brown bog surrcunded bog surrounded
by heath by forest
Pooel in Dé - 0,3 peat unknown clear sand dunegs, heath sand dunes, heath
Echienerzand

* Sand botloms are often covered with detritus.
® Rased on chemical data from 1able 5'(section 4.6). These do not always correspond with the actua) water colour which is seen in the

fieid. The water of DI looks clear and that of Dé tooks brown.

* Forests consist mainly of Scots pine, sometimes mixed with some birch and/ or oak.

(Schimmel & Ter Hoeve 1952). Also B3 and B4
have sealed basins (Ter Hoeve 1949). BS is aquifer
fed and consequently has a larger basin than the
previpus moorland pools. Transitions betweenthese
extreme types occur,

DI and D3 have a sandy bottom. The other
D-pools are tarns in smali patches of bog, which are

situated in depressions between inland sand dunes
(Fig. 3}. In some pools the peat has been excavated
partially in former times,

The vegetation of most pools belongs to the
oligo-dystraphentic type {(Van Dam & Kooyman-
van Blokland 1978). The vegetation of sorme of the
pools in the B- and V-districts belongs to the
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Figs. 2a & 2b. Parcof the clear water mootland pool VI (Gerritsfles) about 192042a) and in Octeber 1979(2b). In 1920the pool was inan
open landscape of heath and inland sand dunes, with Juniperus communis as the only tree. The open waler was poor in macrephyles
(some Carex rostrata). In 1979 the pool issituated ina Molinia caerulea *heath® with regrowth of Serwia pubescensand Pinus spivestris.
Around the poolisa dense belt of Suncus effusus{foreground). followed by a girdle of Sphagnum spp.. Eriophorum angustifolium and J.
butbosus (with duck tracks) and a 2one with C. rostrara, colonizing the formerly open water. Fig. 2a from Thijsse { 1926). Fig. 2b photo by

Roel van Beek
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Figs. 3a & 3b. Part of the brown water moorland pool Dd (Diepveen) before 1920(3a). and in May 1980 (3b). Before 1920 the pool was
stillin tie open jlandscape of inland sand dunes, with Pinus sylvestris as the solitary tree on the left and a girdle of Scots pines around pool
D3 (backgreund right). In 1980 the pooel is situated in plantations of Scots pines. Dominant aquatic magrophytes in both figures are
Carex rostrata and Eriophorum angustifolium. Photo: W, Beijerinck (3a), Roel van Beek (3b).
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oligotraphentic type, as described by these authors.
The most prominent species of this type (Lobelia
dortmanna L., Isoetes lacustris 1.} were rather
abundant about 1920, but are nearly extinet now,

After 1840 the heathlands and inland sand dunes,
which surrounded all the moorland pools were
gradually reafforested with Scots pine (Pinus
sylvestris). The envirans of B3 to B6 were already
reafforested before 1900 while V1 is still in the open
landscape,

3. Methods
3.1, Diaroms

Sampling, slide preparation, identification and
counting have been described in detail by Van Dam
& Kooyman-van Blokland (1978).

Heimans sampled the moorland pools about
1920 with a plankton net, but he certainly did not
collect pure plankton. When he hauled his net, he
also gathered parts of macrophytes and some
bottom material, as can be seen in the samples
preserved. The old and recent samples were taken in
the same way. The net plankion gives a picture of
the microcenoses of the whole pool, which is
shallow and well mixed by wind. Sometimes
squeezings of Sphagnum were gathered.

The most important references for identification
were Van der Wertf & Huls (1957-1974), Hustedt
(1927-1930, 1930, 1931-1959, 1961-1966), Patrick
& Reimer (1966, 1975), Cleve-Euler (1951-1955)
and Foged (1977). 1n general the nomenclature of
Hustedt (l.c.) was followed. The lanceolate
Nitzschige were identified according to Lange-
Bertalot (1976) and Lange-Bertalot & Simonsen
(1978). In each slide 400 valves were counted, while
the whole slide was scanned with a low magnifica-
tion (X 12%) in order to list the most prominent
species outside the count.

The pH-spectra were calculated with the ecolog-
icaldatafromtheliterature mentioned by Van Dam
& Kooyman-van Blokland (1978). Data about the
geographical distribution of species were also
borrowed from the literature.

3.2. Chemistry
pH and conductivity were measured on the spot

with a Metrohm E 488 pH-meter and a Yellow
Springs [nstruments model 33 conductivity meter

respectively. The pH-meter was calibrated before
and after each measurement. Water samples were
collected in polyethylene bottles and stored at4°C.
Conductivity, pH, nitrite, ammonium, and bicar-
bonate were analysed the day after sampling; other
ions within one week in the laboratory of the
‘Waterleidingbedrijf Midden-Nederland’. All anal-
yses were made in unfiltrated water, with the
exception of sulfate, which was determined gravi-
metrically after filtration through ordinary filter
paper and permanganate conéumption (filtrated),
which was determined after running through an
asbestos filter.

Iron, calcium and magnesium were measured by
atomic absorption spectrometry (AAS) using a
Perkin Elmer model 703, Aluminium was analysed
by flameless AAS with a Perkin Elmer model 306.
Nitrate was determined according to Muller &
Widemann (1955). All other determinations were
carried out according to ‘Nederlands Normalisatie
Instituut’ (1965-1968). In the laboratory conduc-
tivity was measured at room temperature and
converted to conductivity at 25 °C according to
Goltetman (1969).

3.3, Sraristics

Increase and decrease of individual species, eco-
logical and geographical classes were tested by the
Wilcoxon signed rank test (SRT), according to
Lehmann (1975). Differences of these parameters
between the areas (B + V) and D were tested by the
Wilcoxon rank sum test (RST), according to
Lehmann (1975). These tests were carried out
two-tailed.

Principal component analysis was performed
with a program writtenin APL, using an eigenvalue
and eigenvector algorithm based on Jacobi's
method (Wilkinson 1965). Programs for diversity
analysis were written in Fortran 1V and for dissi-
milarity analysis in APL. Batch runs were done at
the CDC Cyber 72 computer of TNO({The Hague},
interactive computerwork was done at the Cyber
171 of TNO.

4. Resuits

4.1 Taxonomy, ecology and distribution of diatom
raxa

Thetaxonomyandecclogy of freshwater diatoms
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are relatively rather well known. Mast European,
and especially Dutch diatoms can be identified
easily with the floras mentioned in section 3.1
However, some variable forms are difficult to
identify. Therefore the 24 most common taxa are
listed here with some annotations about their
taxonomy and ecology. All taxa which could be
found are listed in the appendix.

Achnanthes minutissimna Kirzing

A. microcephala (Kitzing) Grunow is included
in this taxon because H. Lange-Bertalot (pers.
comm.) concludes the type material of both species
to be identical. The species occursfroma pH aslow
as 4.4 (Besches al. 1972y up to 8.4 (Schoeman 1973)
and is considered to be pH-indifferent by Foged
(1964) and Merildinen (1967). This seems to be one
of the few diatoms which is rather indifferent with
respect to pH; in the Netherlands however, high
abundances are only observed in slightly acid to
alkaline waters and the species is therefore to be
classified as circumneutral, Occurs only with small
numbers in most of the pools studied.

Anomoeoneis exilis . lanceclata Mayef

This taxon is sometimes difficult to distinguish
from A. serians var. brachysira f. thermalis
(Grunow) Hustedt, which occurred rather rarely.
The latter taxon has about 27 transapical striae in
{0 xm, the former one more than 30. A. exifis f,
lanceclata is considered to be circumneutral by
Foged (1964) and Merildinen {1967). Renberg
(1976} found this taxon abundantly in some lakes
with pH 5-6. The distribution in our samples
suggests that it does not thrive well in the most acid
pools (pH lower than 4.5 to 5).
Anomoeoneis  serians  var.  brachysira  (De
Brébisson) Cleve

This variety is considered to be acidophilous by
many authors {e.g. Jorgensen 1948; Foged 1964;
Merildinen 1967). According to Hustedt (1957)
rarely in the North Sea Lowlands and mare
common in the northern countries. Most abundant
in BS, especially old samples.

Cocconeis placentiila Ehrenberg

We include the varieties in the species, because
these are not ecologically different from the typical
species {Cholnoky 1968). The species is alkali~
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philous and is very common in meso-eutrophic
waters(Vander Werff & Huls 1957-1974), although
it may be found in small numbers at a pH as low as
4.7{Jargensen 1948). In accordance with the litera-
turedata the species occurs mostly insmall numbers
in the pools studied.

Crmbella microcephala Grunow

Characteristic for eutrophic alkaline lakes and
ponds and therefore alkaliphilous (Jergensen 1948;
Van der Werff & Huls 1957-1974). Occurred
sparsely in most moorland pools, but codominant
with Achnanthes minutissima in an old sample
from BS,

Eunotia alpina (Nigeli) Hustedt

This species is sometimes difficult to distinguish
from long and slender forms of E. funaris
(Ehrenberg) Grunow, especially when the valve has
a width of ca 3 um, which is beyond the limit of
Hustedt (1931-1959), who gives a maximum width
of 2.5 um for £. alpina, but below the upper limit of
3.5 pum, given by Patrick & Reimer (1966) for
E. naegelii Migula, a synonym for E. alpina. Incase
of doubt we favoured £. alpina when the length-to-
breadthratiowas morethanabout 30,inaccordance
with both Hustedt and Patrick & Reimer.

E. alpinais acidophilous and is more common in
northern and mountainous areas than in the
lowiands (Jergensen 1948; Hustedt [c; Cleve-
Euler [951-1955; Meriliinen 1967). Occurred fre-
quently, but most times with low abundance in the
B- and D-samples and rarely in the V-samples.
Rather abundant in some recent [r-samples.

Eunctia denticulata (De Brébisson) Rabenhorst

If the small spines are present (Fig. 4a) this
diatom is easy to identify. Often some spines or
even all have been lost (Fig. 4b). With some
experience the last forms can be distinguished by
their shape and stronger silification from similar
forms, like E. exigua.

E. denticulara is acidophilous {Merildinen 1967;
Chaolnoky 1968) and has its main distribution in
dorthern and mountainous regions. Occurred
rather abundant in some old B-samples, recently
only in small numbers in a few B- and D-samples.

Eunotia exigua (De Brébisson) Rabenhorst
Qur concept of this highly variable species is in
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Figs. 4-15. 4. Eunotia deniiculaia, 5. E. exigua. 6. E. exigua/tenelia - complex, 7. E lunaris, 8. £ 1enelia. 9. E. vereris. 10. Navicule
heimaniit. 1. Niszschia pereinuta, 12. Pinnularia spjcrostauron, 13, Tabellaria binalis. 14. T flocculosa, 15. T. quadrisepaa.

accordance with Hustedt {1931-1959). The very
wide range of this taxon is depicted in Fig, 5. The
dimensions of thesec specimens are: length
6.7-28.9 pum, breadth 2.5-3.8 pm with (18) 20-24
(26} striae in 10 um. In Fig. & the complex of
£ exigua and E. temella is drawn (length
7.8-39.6 um, breadth 2.5-3.0 um, 18-22 striae in
10 um). This form is rather similar to E. tenella, but
the striation is finer than is common for this species
{16-20 striae in 10 um).

E. exigua in natural waters is strongly bound to
acid habitats {pools, lakes, bogs and streams)and is
therefore acidobiontic (Jargensen 1948, Symoens
1957, De Graaf 1957; Van der Werff & Huls
1957-1974; Merildinen 1967, Cholnoky 1968), Such
habitats generally have a low mineral content, but
this does not mean that E. exigua is oligotraphentic.
The species thrives equaily well in acid mine
drainage with a high mineral content and a high
load of metals like Mn, Fe, Al, Pb, Co, Cu, Zn and
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Ni (Stjerna-Pooth 1953, 1954; Besch ez af. 1972,
Hargreaves ef al. 1975). It is probably the most
resistant diatom for heavy metals. Mass occurrence
is reported at a sulfate level of 1150 mgl-!, while the
upper limit is about 4000 mg I-!. No records are
made below pH = 2.5, Hargreaves e! al. (l.c.) and
Stjerna-Pooth (l.c.) mention that in such stressing
environments anomalic and small forms (Fig. 5a, b)
are abundant.

The species is present in atl but three samples. In
old samples it had a mean occurrence of 28 valves,
in the recent samples it was present with a mean of
248 valves. In the recent samples the abundance (a)
is significantly correlated with the sulfate concen-
tration as follows: a = 378 X log [S0}] - 255
(r? = 0,67) and more strongly with the quotient b =

[s0%] /( [SOF1+[CI ]+ [HCOg]). a="703b-139
(2 =0,89).

Eunotia lunaris (Ehrenberg) Grunow

See also the remarks on E. alpina. In the counts
of this taxon {Fig. 7} the forms belonging to the var.
subarcuara (Naegeli) Grunow have been included.

E. lunaris is circumneutral, but has a slight
preference for weakly acid waters (Jorgensen 1948;
Hustedt 1957; Patrick & Reimer 1966). The species
decreased significantly from a mean of 43 valves in
the old samples to a mean of 17 valves in the recent
samples.

Funotia rhomboidea Hustedt, E. renefla (Grunow)
Hustedt and E. vereris {(Kiitzing) Q. Miiller

See also the remarks on E exiguae. The three
species are closely related and not always easy to
distinguish,

One of the first questions which must be solved in
order to separate the species in this group.properly
is whether asymmetry is {0 be considered as a
species character. Most authors depict only sym-
metrical forms of £ veneris (e.g. Hustedt
1931-1959), but in some cases asymmetrical forms
are found (e.g. Manguin {942; Meriliinen 1969).
The asymmetrical specimens are rhomboid in girdle
view. Van der Werff & Huls (1957-1974) picture
symmetrical and asymmetrical forms from the
Netherlands. Recently the asymmetrical £, faba f,
rhomboidea Foged, which is commonty found
mixed with symmetrical forms of this species, was
described {Foged 1972).
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Hustedt (1950: 435, T, 34, Fig. 28; T. 36, Fig,
34-41) describes E rhomboidea, which is very
similar to E. tenella. In Hustedt's type material of £.
rhomiboidea the asymmetry was a constant feature.
However, in our material gradual transitions
between the two species frequently occurred
(Fig. 8). Symmetricaland asymmetrical valves were
often rather abundant in the same sample. Any
separation of the two ‘species’ would have been
arbitrary. Therefore we include £ rhomboidea in
E. tenella. E. rhomboidea cannot be maintained as
a species.

Accepting that asymmetry is not a constant
fedture in some species the second question that
must be solved is the distinction between E. renella
and E. venerfs. The terminal nodules, which are
removed from the ends of the valve (Fig. %) are very
characteristic for the latter species (Hustedt
1931-1959; Cleve-Euler 1951-1955; Patrick 1958).
These nodules are very distingt and at some depths
of focus they appear as a notch in the ventral
margin {Patrick I.c.; Cleve-Euler L.c.). The ends of
the valve are acute to acutely rounded (Hustedt |.c.;
Patrick, l.c.}. In E. rewnelln (Fig. 8) the terminai
raphe nodules are close to the apex, which is
rounded (Hustedt l.c.; Petersen 1950; Van der
Werff & Huls 1957-1974; Patrick & Reimer 1966).
As a thumb rule one may state that E. veneris has
the nodule on about 1/8 of the valve length and £
tenella on about 1712 of the vaive length. The
dimensions in our material are for £. veneris: length
18-30 um, width 3.0-4.8 um, 16-18 striac in 10 pm,
E. tenella: length 10-21 am, width 2.9-4.8 pm,
[9-20 striae in 10 um.

At least two authors do not separate the asym-
metrical forms in this group according to the above
mentioned criteria. Foged (1950, T. 3, Fig. 8, 9;
1977, T. 10, Fig. 27; in Berge, 1979, T. t, Fig. 23,
T. 3, Fig. 18) and Wuthrich (1975, T. 9, Fig. 1,
4-12) depict asymmetrical specimens as £. rhom-
boidea which fit in our concept of £. veneris. The
specimens of Foged (1950, T. 3, Fig. 6,7, 11; 1977,
T. 10, Fig. 26) and Wuthrich (1975, T. 9, Fig. 2, 3) fit
in our concept of E. renella.

E. tenella (including E. rhomboiden) is acid-
ophilous (Jergensen 1948; Foged 1950; Hustedt
1957; Meriliinen 1967, 1969). The asymmetrical
forms are found in acid, oligotrophic to dystrophic
small Sphagnum-Carex rostrata - and Lobelia -
lakes in north-western Germany and southern

~ 43 -




434

Scandinavia (Foged 1950; Hustedt 1950; Behre
1956). Such lakes are very similar to our moorland
pools. £. vereris is also acidophilous and has a
mountainous tendency (Hustedt, 1931-1959;
Jorgensen 1948; Symoens 1957; Van der Werfl &
Huls 1957-1974; Meriliinen 1967). The optimal pH
is probably slightly higher than for E. renella.

Bath species were found in most samples of the
study area. E. feneila is slightly (not significantly}
less abundant in the recent samples than in the old
ones. £ veneris decreased significantly from a
mean of 57 valves in the old to three valves in the
recent ones.

Fragilaria capucina Desmaziéres

Alkaliphilous (Jargensen 1948; Hustedt 1957;
Van der Werff & Huls 1957-1974). Occurs errat-
ically. Rather abundant {39 valves) in a recent
Bl-sample,

Fragilaria virescens Ralfs

Circumneutral {Hustedt 1957; Merildinen 1967),
but best development in slightly acid waters
(Schroeder 1939; Scheele 1952; Salden 1978). Most
abundant in the alpine and northern areas of
Europe (Hustedt 1957, Symoens 1957). This spe-
cies decreased significantly in the (B + V)-samples
between 1920 and 1978. [t was not present in the old
D-samples, but occurred rather abundantly in the
recent samples D and D3.

Frustulia rhomboides var. saxonica (Rabenhorst)
De Toni

This taxon is considered to be acidobiontic by
Hustedt (1957) and De Graaf (i957) but acid-
ophilous by other authors (e.g. Jorgensen [948;
Van der Werff & Huls 1957-1974; Merildinen
1967). We share the first opinion, because the taxon
is reported to be most abundant in humic acid
waters. Cholnoky (1958), Harrison (1958) and
Bennett (1968) found mass development of
F. rhomboides var. saxonica in rivers that were
polluted with zcid mine drainage. Silfversparre
{1937}, Valin (i958) and Eloranta & Kettunen
(1979} mention either the species or the variety,
which behave ecologically very similar, to be very
commen in regions of sulfite discharge from wood
pulp factories. Thus one would predict this taxon to
increase with growing acidity of the water, like
Eunotia exigua.

However, in the study area the mean abundance
decreases significantly from 89 valvesin old samples
to 39 in the recent ones. It is more abundant in the
samples of the Drenthian district, that is generally
rich in humic acids, than in the other samples,
which are from relatively humic poor water.

Navicula heimansii Yan Dam & Kooyman

This species (Fig. 10) is described by Van Dam &
Kooyman (in prep.). The dimensions are: length
28-35 um, breadth 4.5-6 pm, 16-18 striaein 10 um.

The species was not found in the V-samples.
Qccurs with low numbers in some B- and D-
samples. Abundant in an old sample of B5 and a
recent sample of D2. Possibly acidophilous. To
avoid circular reasoning it would have been better
to omit this species from the calculations of the
pH-spectra, but this does not influence the resuits
significantly.

Navicula subtilissima Cleve

This typical inhabitant of hogs and nutrient poor
lakes is often found with Frustulia rhomboides var.
saxonicg and small species of Eunorig (Hustedt,
1961-1966) and therefore classified as acidobiontic
by De Graaf (1957} and Merildinen (1967). After
having done the main body of the research it
unfortunately appeared that the rather similar
Navicula hoefleri Cholnoky was included in the
counts of N. subtilissima. N. hoefleri is acidobiontic
(Hustedt |.c.).

Both species decrease significantly in the B- and
V-samples between 1920 and (978. No significant
changes occurred in the D-samples.

Nirzschia gracilis Hantzsch

Circumneutral according to Jorgensen {1948),
Hustedt (1957), Foged {1964) and Meriliinen
(1969). Occurred in low abundances in a number of
samples; has a tendency to decrease from 1920 to
1978. Most abundant in an old sample of V2.

Nitzschia perminua Grunow

Fig. 11. Valves slightly constricted in the middle,
20-25 um long, about 3 pm wide. Transapical striae
very finely punctated, about 30 in 10 pm. Keel very
excentric, with 9-11 fibulae in 10 um. Central
fibulae equidistant. The specimens correspond well
with those of Hustedt (1943: 231, Fig. 80, 82-87)
and specimens of the type slide of Grunow (Lange-
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Bertalot & Simonsen 1978: 85, Fig. 160a, b).

Considered to be alkaliphilous {Hustedt 1943).
The species occurred erratically in some B-, D- and
V-samples and was commoner in the old B-samples
than in the recent ones. Abundant in an old sample
of BS.

Pinnularia appendiculaia (Agardh) Cleve

Recorded by Jergensen (1948} as acidophilous.
Cholnoky (1968) gives an optimal pH of 6,5-6,8.
Regarded as circumneutral by other authors
(Hustedt 1957; Foged 1964) as the species may be
present in alkaline waters, but generally in low
numbers (Schoeman 1973). In our experience the
species has its highest abundance in acid waters and
therefore we consider the taxon to be acidophilous.

Relatively scarce in the samples, but rather
abundant in an old sample from V1. Decreases
significantly from 1920 to 1978, especially in the
D-samples.

Pinnularia microsiguron (Ehrenberg) Cleve

Fig. 12. This species is extremely variable {see e.g.
Hustedt 1930; Lund 1946; Merildinen 1969, Foged
1974, 1977). Fig. 12b represents a typical form of
the species, while Fig. 12a is related to var.
brebissonii (Kiltzing) Hustedt. All intergradations
between these two extremes were found.

The species and its variety are circumneutral
(Hustedt 1957; Foged 1964} but have an optimal
development in weakly acid waters (Joargensen
1948; Van der Werff & Huls 1957-1974; Patrick &
Reimer 1966; Cholnoky 1968). ’

Scattered occurrence over the whole study area,
has a tendency to decrease from 1920 to 1978. Most
abundant (73 valves} in V1 in 1960.

Tabellaria binalis (Ehrenberg) Grunow

Fig. 13. The Dutch material is elliptical in valve
view and similar to the Danish forms (Jergensen
1948). However, there is no reason to separate this
form from the typical constricted form as figured by
Hustedt (1931-1959), becavnse there is a gradual
transition from constricted to elliptical forms
(Cleve-Euler 1951-1955).

T. binalis is a typical inhabitant of Lobelia-lakes
in the former heath- and moortand area of north-
western Europe and is also found in Scandinavian
Lobelia-lakes. Acidobiontic (Hustedt 1931-1959;
Jorgensen 1948; Cleve-Euler 1951-1955), The rela-
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tive abundance in some cores from acidified
Scandinavian lakes increased during the last
decennia (Miller 1973; Berge 1979).

Regularly present in the old B-samples. Mass
occurrence in BE, Recently only a few frustules in
the study are.

+
Tabellaria flocculosa (Roth) Kiitzing

Fig. 14. Acidophilous (Jergensen 1948; Hustedt
1957, Van der Werff & Huls 1957-1974). Patrick &
Reimer {1966} state that the short individuals (as in
our figure) are more often found in acid water of
bogs and ponds, whereas the longer enes seem to be
more often found in oligotrophic to mesotrophic
waler.

o rather small quantities in most of the samples,
rather abundant in the old samples from B2 and
Di.

Tabellaria quadriseptata Knudson

Fig. 15. This species is often confused with T.
Jenestrata (Lyngbye) Kiltzing (see e.g. Van Dam &
Kooyman-van Blekland 1978). Characteristic fea-
tures of T. quadrisepiata are: the gradually tapering
terminal inflations, the peripherai position of the
mucilage pore and the marginal spines, which are
visible in the light microscope {Knudson 1952;
Patrick & Reimer 1966; Koppen 1975).

The species is confined to acid (dystrophic) water
with a low mineral content (Knudson 1934; Florin
1957; Patrick & Reimer l.c.; Plinski & Witek 1976,
Sims 1978) and we therefore classify the species as
acidobiontic. Tn the study area the species was
present in nearly all samples and had a tendency to
decrease in the B-samples from 1920 to 1978,

In total 194 species and varieties, belonging to 36
genera were found. Al taxa are listed in the
appendix, together with their pH-class and notes
about geographical distribution. The distribution
of 24 taxa occurring at least with 20 valves in one
sample, is listed in Fable 2. The samples are in the
order oftheirscore onthefirst principal component.
and the species in the order of their loadings on this
component {see section 4,5).

The increase or decrease of the species from 1920
to 1978 was tested by SRT. When two or more
samples of one pool at one moment were available,
one sample was drawn at random. The selected
samples are indicated in Table 2. The species witha

- 45 -




436

9 - o+ - - - - - - - L + 8-+ - 0 €t & 1’ 1A 086 dN
o - - - T+ - - - s - T 68 b £ 1L+ - 1 L 1+ 4+ ¢  vsg 67 JdN
L T A S T EO0 - 4+ T 4 eSSt iE e IA 09, aN
®o- - - - - 3 - - - - - - f£ 02 - - 19 6 I - @ 1A 81l WA
- - - e + 1 T - - - €8 - - 1Im- st T € © € T I8 14 619 dN .
-9 4+ - - %9+ + € WET T - € 9 6 - ¢ F 9 b ¢ 6 BE %We dN
s -+ - - - 1 - +- - W 5 ¢ =l - 8 SEE ST b T 6 @ 81 &N O
91 - - - - - - 4 - -t - s, - - - + 8 sl v ¢ RN W s dN e
T S T 9 Sl - - 9 o €T o 08 9% 1A 056 dN
L e I e S e % - PNo¥ If O 0 I 31 4N @
9 - v - 019 o+ £¥ s owo - e v - T T € w o 0 vsd T dN
no- - o - - - T - L S S T < BT S+ S+ 1A StL  an
I T I I < 2 R 2 A 1 S DR T [ I o1 6l dN
- 6 - - - 1 s T - v W~ 9 - oS 6 - 11 1T 8w 6 E£f A8 05%  dN
§ - - - - - 9 9 - - P -8 - 9% - - % - o & & 1A 8L dN
L A I T N S = - - - 4+ & & 6 B 03 d ¥WE dJN =
[ T S S A R -6 f wr s mof £ £l 8 6L dd
e T T S -t - w1 ft8 - W o¢ ] d3
st - £ - - - - o9 - e T S S S S A dN m
9 - - - - -y oz - - - ool - - I € Wl o9 % @ 1A N
L - - - - e o+ -1 z g - ST - B9 8 8 f6 6 05 2 AN e
P T e s s -+ - T &8 W - dN e
R S L B S B A oo ¢ ¥ W £l 3 dN
o - - u - 0 - - - - -+ - - S+ 4+ - - - 4+ % o+ @  sa AN =
F oo - - - - - - - a - I &Lz - 19 @ f S 9% 9% 1a AN e
€ - - - - - g - - - - t - T 6 - - o0 82 - £l L8 P TA dN e
9 - - - 4 -~ - 4 - £+ - - S m- - €T 0 s e 8 1A dN
T - - - . g N T + - O B T A S dN m
B T - - IR T[N S 1A va
T | B A - - v - - - + o % o ir 6 9q dN .
S - - - I ¢ 6 - L s T 9 9 ur €a dN =
m fandmm =T OZ X 3 OO L T T - m m Ed T 2 g H]
P §ifgsf FFIEE O§POEOfodf§LoFosoFosofofoxr e ¢ oE
P 33fgzd §f 533 F s 3 o3 8% 8 2 & 7 g 3 ¥3 B 2 5 3
2 nmm.m».mm 3z g F ¥ 5 3§ g3 ¥ oy &£ 9 §I § § FE ¥ o« T i
T S35 FE § &8 §¥% % § & 3 = s gF F I OE F ¥ O3 E g "R
BT - A S O F L s iy B OE OGS = %5 = )
33 § 2 & 8 3 3 £ F = F & ¢ 2 g & é
$E s | g 5 Fs7 23 3 ®
s §F F 3 )
EI- F:4 B

‘uestigdwos ssimaved Jo0)
Pasn sydwies Juaoor sjequiAs trado ‘uosuedwos aswned 10) pasn sadwes Pro soquiAS PASOL) “sounu Buopnlg o Suzasnbs = § ) "Suizasnbs-wnufoyds = g5 ' vods wnuioydy
Pu® srsaqng snaung jo Jnzaanbs = 05 ‘worueEld uonTINAWIPIS = 4§ ‘U0IYuE(d 130 = Y N ‘SRSCGITG SAKAL IC DUUDwIIOp DIfIQET ‘P4opfiun oyasontT wos) sniydids = g7 ‘pues
wooq = g ‘prw woNeq = W ‘Furzaanbs-wrisisdeoy e og = vy 'PAAIEGE 10U = - Junca Y} IPISING PIAIsqe = 4 3|duits Y3e3 u) s3133ds 1ad saa[eA Jo JaquInN 7 4924

- 46 -




Table 2. (Continued).
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Table 3. Species which significantly ¢hanged in abundance
between 1920 and [978.

Increased P Decreased P
Anomoeoneis e xilis 0.026 Eunotia lunaris 0.016
Cocconeis placentida 0.036 Eunoria veneris 0.034
Cyclotella meneghiniana 0.025 Frustulia rhamboides
Eunotia exigua 9.001 var. saxonica 0.004
Eunoria polydentufo 0.046 Surirella aretissima  0.008
Fragilaria vavucheriae 0.007

Navicula minima 0.042

Nitzschia gandersheimiensis 0.024

Rhoicosphenia curvata 0.029

Stauroneis phoenicenteron  0.044

significant change in distribution are listed in
Table 3. Eunotia denticutata, Fragilaria virescens
and Tabellarie binalis occurred rather abundantly
in some pools about 1920 and were very rare in
1978, when they occurred sparsely in some pocels in
which they were absent before. As the test is based
onranking, the remarkable decrease is not reflected
by the results of the test.

1t is noticeable that most of the increased species
are typical for eutrophic, circumneutral or alkaline
waters. Only Eunotia polydentula and £, exigua are
species of acid water. From the description of the
autecology of the latter species it appears that also
this species is often found in eutrophic waters. All
the decreased species are indicative for an acid,
oligo-mesotrophic environment,

[n each sample the abundance of the species with
an alpine, boreo-alpine, boreal or mountainous
distribution in Europe (marked by M in the
appendix) was added, Theseabundances were com-
pered pairwise. Again with the SRT and the
hypothesis that there was no change in the
abundance of M-species there is a significant
(P << 0,01) decrease of these species. The optimal
development of M-species is in slightly acid water
that is poor t¢ moderately poor in nutrients. A
decline of these species means either a deviation
from the optimal pH or eutrophication or both.

4.2 pH-specira

pH-spectra of one old and one recent sample of
each moorland pool are given in Fig. 16. When two
or more samples of one pool in the same period
were available, one sample was drawn at random.

Nygaard’s (195%) method to estimate the pH
quantitatively from the pH-spectrum according to
Hustedt (1939)- was gauged in Finnish lakes by
Merildinen (1967). From the latter publication it
appears that Nygaard's indices e, € and w are not
suitable for the determination of the pH from pH-
spectra when the pH is less than about 5.

Nevertheless it is useful to summarize the whole
pH-spectrum in one number, say R. If we assign the
numbers !, 2, 3, 4 and 5 to the pH-classes acido-
biontic, acidophilous, circumneutral, alkaliphilous
and alkalibiontic respectively and suppose the
number of valves in each of these classes to be ny, n,,
™, hy and ng respectively, then R = Zin;/Zn;. The
values for R, and R, (0 = old, r = recent} are
printed in the top right corner of each diagram in
Fig. 16.

All B- and V-pools acidified more or less. In pool
B8 R decreases only very slightly. However, acido-
biontic species increase considerably in this pool
too, at the cost of acidophilous species. This
in¢rease is counterbalanced by an increase of
species {from neutral or alkaline, eutrophic waters
{e.g. Achnanthes lanceolata, Navicula seminulum
and Rhoicosphenia curvaia). Therecent pH-spectra
of B8, B2 and B4 are distinctly bimodal.

All old B- and V-spectra are unimodal. Thismay
indicate that the water contains enough nutrients
for eutraphentic species, but these cannot thrive
well because of the acid conditions.

Old and recent pH-spectra of D1 and D2 are very
similar: apparently no acidification accurred. In D3
and D5 the spectra shift to the right. These pools are
now less acid than in earlier days. D4 and D6 are
raore acid now than in former times.

Thedifferences R R weretested by SRT. Inall
pools together R decreased significantly (P =
0.002). In the group {B + V) the decrease is even
more significant (P = 0.00(), but not in D (P =
0.34). From RST it appears that R differs not
significantly between the two groups and that R is
significantly lower in (B + V) than in D (P </ 0.05).

The old pH-spectra are more diverse than the
recent ones. The later ones are very similar, [n
earlier days the diversity of pH-spectra was greater
within the (B + V)-group than within the D-group.
Now the situation is reversed.

For the present it is not possible to estimate the
pH with R. From visual inspection of Fig. 16 one
gets the impression that the pH has fallen { to 2°
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points in the most acidified pools (V1, V2 and BS).
In the other B- and ¥-pools the decline is .5 to |
point.

From several pools more than one recent and old
sample is available. For B5 and V1 the pH-spectra
are given in Fig. 17 and 18. Data for the period
between ca 1920 and 1978 have been included in
these figures too. The stations A, B and E in B5 are
arranged in a transect from west to east. In about
1920 there was a clear pH-gradient in this direction.
This gradient seems to persist until ca 195¢. How-
ever, this is difficult to assess because of the lack of
dataatstation B, In 1950 the pH was already lower

than in 1920. The decrease continues after 1950.
Now the differences between the stations are
definitely less distinct than in 1920.

The same process can be observed in VI (Fig. 18).
[n contrast with BS, the exact localities of the old
sample stations are not known. 1t is sure that these
samples were taken at different places, just as in
1977 and 1978. The increase of acidobiontic species
is nbvious, There seems to be a turnover point
between 1960 and 1965. However, these data have
to be interpreted cautiously because of the high
variability of the abundance of acidobicntic
diatoms in the middle-peried.
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Fig. 13. Histograms of pH-spectra for all samples from V1
(1916-1%78). Each column represents one sample. The number
of valves in tach sampie is indicated. R iy the mean R for each
period. Type of sample: sec Table 1.

From Fig. 17 and 18 it also appears that seascnal
variations are less important than are changes in the
long tun.

4.3 Diversity

Indices of diversity are meant to summarize the
species-abundance distribution in one number.
Some indices, e.g. the number of species in the
sample, are especially susceptible to the contribu-
tion of rare species; others, £.z. Simpson's (1949)
measure of concentration, are more sensitive to the
contribution of the most abundant species. The
family of diversity indices suggested by Hill (1973}
makes it possible to examine these different aspects

of the vector of abundances of a sample in a
systematical way {Kempton 1979). Hill’s family is
defined by A, = (Z2m D1/ (17, where (), my, ..., 77)
is the vector of relative abundances of species in the
sample; a may be any real number. Some special
cases are:

A oo : the reciprocal of the relative abun-
dance of the rarest species in the
sample

Ay=T : the number of species in the sample

A=cH : H=-Zm,In m, the Shannon-index

%, =(Ex®!: thereciprocal of Simpson’s measure
of concentration

Aun ! the reciprocal of the relative abun-
dance of the commonest species
(the dominance index of Berger &
Parker, 1970).

Thus A, becomes more sensitive for the contri-
bution of dominant species when a increases. Low
values of a emphasize the richness component of
diversity, high values of o« stress the evenness
component.

The median diversities of old and recent samples
from the (B + V)-pools and D-pools are given in
Fig. 19. In addition to A also S, i.e. the number of
all the species recorded in the inspected sample, is
given. It appears that § within the group (B + V)
was greater in 1978 than in [920, although the
difference is not significant (P = 0.09, SRT). For
a 20 A, significantly decreases in this group
(P < 0.01). A, (including S) decreases in Dfor all g,
but not significantly (P > 0.25). From RST it
appears that the diversity of the groups (B + V) and
D did not significantly differ in 1920, but in 1978 the
diversity in(B + V}is smaller thanin D for e 2 0.25
{P < 0.05).

From the stations B5A and B5B samples are
available from ca [950 (Table 2). The diversities for
all 2 (including S) are higher in 1978 than about
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1920. The diversities of the period in between are
higher than in gther periods. In V1 several samples
for all periods are available (Table 2). In this pool
4, gradually declines with time. The differences
between ca 1920 dnd 1978 are significant for a =
0.50 (P < 0.05, RST).

4.4 Dissimilarity

As Dyer (1978) stresses, a major drawback to
most applications of {dis)similarity indices has been
the general inadequacy or complete omission of
formal statistical analysis. He develops a method to
estimate the variance of the mean of dissimilarities
by allowing for the covariance between dissimilari-
ties that have one sample in common. This method
wiil be applied on two measutes which differ in their
sensitivity for the contribution of rare species.

The number of species in- and outside the count
that is common to both samples in examination,
say P, weighs all the species, regardless of their
abundance, equally well. Strictly speaking P is a
similarity measure, but the statistics can also be
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used in this case (Dyer 1978). Q is the index as
suggested by Dyer (1978, formula 13), which is
related to Simpson’s (1949) measure of concentra-
tion and stresses the contribution of the dominant
species. Q has an expected value of zero if the
organisms are dispersed randomly.

Four different kinds of mean dissimilarities are
of interest. They are the mean (o) of the dissi-
milarities of old sampies, with a typical element
denoted by dy |, the mean (1) of the dissimilarities
of recent samples, with a typical element denoted by
dy; the mean (o-r) of the changes in dissimilarity,
i.e. the differencesdy, -d forallK.k,Landl and
the mean (z) of the valvesd g, +d, - d,,-dg, for
all K.k, 1. and |. z may be interpretated as the shift
of the centroid of species composition with time.
The variances of these means are calculated by
Dyer’s method and tests are based on these
variances.

The results of the calculations for the 16 pates of
samples which are marked in Table 2 are given in
Table 4. Let us denote the area by a superscript and
the group by a subscript. PB ¥ V does not change
significantly with time, becauseﬁB;rv issmallerthan
twice the square root of its variance. Nevertheless
there are changes, because (57) BV > (§2B+V The
increase of pB*Y with time indicates that two
dissimilarities with cone sample in common are
more interdependent in the recent {B + V)-samples
than in the old (B + V)-samples. Besides, thereisa
significant change in the place of the centroid of
species composition. For P no significant changes
are found in the area D.

The Dyer dissimilarity Q decreases significantly
in the (B + V)-pools. Also z is significant. Q does
not significantly increase in the D-pools, but the
change in species composition is significant.

Thus, changes are most obvious in Q. which
stresses the differences which are seen at a rather
rough inspection of the slides. The differences fade
awzy with more careful inspection, as is the case
with P,

4.5 Principal component anaiysis

Principal compenent analysis (PCA) visualizes
the position of diatom samples in the vector space
of species in a graphical display. Dissimilarity and
diversity can approximately be read from the graph
(Ter Braak, in prep.).
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Table 4. Dissimilarity statistics.

estimate of mean dissimilarity (Dyer 1978, formula 9)

var (3): estimale of variance of ﬁ {Dyer 1978, formula 12)
23

variance of the dissimilarities {Dyer 1978, formula t0}

B estimate of covariance between two dissimilarities which have
cne sample in common

. significant at P <7 0.65 ievel

Area Group I Var (ﬁ) a2 ]
P: number of species in common

B+¥ o 13.36 .04 T2 184
r 10.98 6.427 zn 9.24
a-r 237 5.614 3175 734
z 227 1.084 10.72 1.23

D ° £2.40 6.382 15.44 186
r 16.67 3.067 13.02 .67
or -4.27 8.271 26.86 285
z 193 0.040(1.52pP 9.13 -1.17
Q: Dyer dissimilanty

B+ YV 0 0.2¢ 0.0011 0.0071 0.0016
r 0.05 0.0010 Q.0048 0.0015
o-r 0.15° 0.0032 0.0160 0.0045
2 0.59* 00115 0.0498 0.0170

D o 0.13 0.0033 60125 0.0009
r 0.13 0.0038 0.0102 0.0016
o-r -0.05 ©.00935 €.0293 0.0035
z Q.10+ 0.0022 00113 0.0002

® between parentheses var (3) with the assumption that 5 = o

The Dyer dissimilarity Q (section 4.4) is an
unbiased estimator for half the squared Euclidian
distance, that is used as a distance measure in PCA.
As the real Q is approximated rather well by
projection of the samples in a few dimensions it is
possible to estimate ) from the graph.

A diatom assemblage that is poor in species and
dominated by one or two species will be far from the
origin in the vector space of species. A diverse
assemblage, with many species in low abundances
will be clase to the origin. In noncentred PCA the
distance of the sample to the origin of the graph isa
measure for Simpson's (1949} measure of concen-

tration, i.e. the inverse of Hill's (1973) index for
a = 2. Thus A, can be read approximately from the
graph for each sample. Tn centred PCA, however,
the origin of the graph is not the real origin of the
vector space of species, but the centroid (the point
representing the mean abundance of each species).
The real origin can be calculated and added to the
graph.

To examine which species are responsible for the
position of the samples in the vector space of species
the loadings of the species are plotied simuita-
neously with the scores of the samples in a ‘biplot’
{Gabriel 1971). The loadings are scaied to a sum of
squares of unity, while the scores are scaled toa sum
of squares equal to the corresponding eigenvalues,
These scalings correspend to an Euclidian distance
biplot, which can be interpretated in terms of
species counts, the diversity index 4, and the Dyer
dissimilarity Q.

PCA was done according to Orloci (1966), after
centering the species, but without any further
standardization. Only the 24 species that are present
with at least 20 valves in one of the 57 samples
(Table 1) were used. According to Whittaker &
Gauch (1978) it is a corollary that, for a vegetation
fairly rich in species, reduction of the number of
species used for ordination only slightly reduces
ordination efficiency. 1n our case this can also be
argued theoretically. From section 4.4 it appears
that differences are best seen with a dissimilarity
measure that is not sensitive for the contribution of
rare species, i.e. the Dyer dissimilarity Q. As
already noted, the Euclidian distance, used in PCA,
has a simple relationship with Q.

The purpose of our ordination is not only to
visualize the data of diatom counts in a convenient
graph, but also to correlate principal components
with environmental parameters. As species often
have a non-linear relationship with environmental
parameters a simple Gaussian ordination, based on
an eigenvector method and a suitable data trans-
formation (Kooijman 1977} was carried out.

The first and most important principal compo-
nents of both ordinations are very similar; the other
principal components are different. Because the
first component has a very significant correlation
with acidification, as will be discussed in the next
section, only the linear PCA is dealt with here.

The results are given in Fig. 20. Threedimen-
sionally the ordination has about the shape of a
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Fig. 26. Biplots of principal component analysis. Samples used for pairwise comparisons are underlined.

toad-stool. In the first two dimensions we look at
the stem and the side-projection.of the umbrellain
the second and third dimension we look at the
bottom of the umbrella, in which the stem is
projected as only a small circle, The first principai
component (PC 1)} represents 61.3% of total vari-
ance; PC 2and PC 3 represent 9.1 and 6.39 of total
variance respectively. Thus Fig. 20 explains 76.7%
of the total variance. The projection of the real
origin is indicated by * in the plane of PC 1 and
PC 2. To approximate the inverse of A, one has to
measure the distance of 2ach sample to the point at
a distance of 116.2 units from & perpendicular
above the plane of the paper. The distance of the
realorigintothespace of PC 1, 2and 3is 1 10.0 units.

PC | completely separates the recent (B + V)-
samples from the old ones, manly by Eunoria
exigua, which is dominant in the modern samples
(at least 174 valves in each sample). This cluster
includes D6. The old B3- and B4-samples are very
close to the recent (B + V)-cluster. all other old
B-and V-samples have a low score on PC I, and
thus a low abundance of E. exigua. It is easily seen
that the species composition differs among these
samples, e.g. BS has a relatively high proportion of
E. veneris and Tabellaria binalis, while B6 and B7
are rich in T. quadriseprate and Frustulia rhom-
boides var. saxonica. The cluster of oid V-samples
partly overlaps the old B—cluster in the first two
dimensions, but is separated in the third dimension.
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The old V-samples are relatively rich in Eunotia
lunaris, E. tenellaand E. veneris. Old B-samples are
differentiated by Tabellgria binglis and T
quadriseprata.

The recent (B + V)-samples are very close toeach
other, so that their mean Dyer dissimilarity is low.
Incontrast, the 0ld{B+ V}-samples are more spread
out, so that their mean Dyer dissimilarity is high
(see also Table 4). Above that there is a consider-
able shift of the centroid of the cluster with time.

All samples with a high abundance of Eunociia
exigua are far from the real origin and thus have a
low diversity. This is also the case for other samples
with dominance of other species, e.z. old B6 with
Tabellaria quadrisepiata, old B8 with T. binalis and
an old Vi-sample with E. veneris. Old (B + V)-
samples are closer to the origin than recent ones,
therefore the former ones are more diverse.

Also recent D-samples have a higher score on
PC I, and thus a higher proportion of E. exigua,
than old D-samples. There is a shift on PC 2 and
PC 3 too, which is caused by a decrease of E.
veneris and Frustulia rhomboides var. sexonica.
Also Tabeliaria quadriseptaia and Eunotia tenella
contribute to the move of the D-cluster with time.
As the intersample distances within the two D-
clusters are about the same, the Dver dissimilarity
does not change with time, although the shift of the
centroid of the cluster is significant (see also
Table 4). The recent D-samples have another direc-
tion to the origin than the old ones, but their
distance from the origin does not change (with the
exception of Dé); neither does diversity.

Furthermore it is interesting to see that the
samples of VI and B35 from about 1950 are very
close to the old samples. The Vi-sample of 1965 is
in the cluster of recent samples, while the V1-
sample of 1960 was still close to the old samples. S,
major changes apparently occurred after this year.
Also note the increase of Eunotia exigua in V2
between 1973 and 1978, which will be discussed in
section 5.2.

The general conclusions from PCA are that the
variation within recent samples, especially in the
Veluwe- and Brabant-districts, totally differs from
the old variation. While there was a great dissi-
milarity between the old samples, with generally
high diversities, there is only a rather small dissi-
milarity in the recent samples, with low diversities.
The variation that is left, is mainly caused by

differences in the relative abundance of only one
single species: Eunotia exigua. In the Drenthian
samples there is &lso a shift in species composition,
among other things an increase of £, exigua, but no
clear change in dissimilarity and diversity.

4.6 Chemistry and diatoms

The results of chemical analyses are given in
Table 5. The analyses of some old samples Trom
moorland pools and some measurements of precip-
itation chemistry have been included. This table
gives not only the absolute amounts of major ions,
but also some ratios. The relative composition of
the cations Ca2t, Mg2*, (Nat + K™T) and the
anions HCQ;, SO% and Cl-is visualized in Fig. 21.
Thisdiagramcomprises cation-and anion-triangles,
which are combined for economy of space.

The old pH-measurements have been made in the
field by colorometry. Almer et a/. {1974) report that
measurements with color-indicator solutions are
close to electrometric measurements, the color-
indicator values seldom being more than two-
tenths of a unit higher. Thus the magnitude of the
old measurements is correct. Calculated pH-values
from the CO;-HCO; equilibrium (see ez
Golterman 1969) are 6.5 and 6.8 for the old samples
from B6 and BSB respectively. This is not in
agreement with the direct measurements, which are
about4.5and 5.5 respectively. CO, was measured in
the field and HCO; was determined after one or
more days in the laboratory. pH and the concen-
tration of inorganic carbon compounds may change
in this time. Also in the recent samples pH has a
tendency to increase, when measurements in the
field and the laboratory are compared. Probably
the figures for HCO7 are too high, especially in the
old samples.

The chemical parameters have been divided in
seven groups, depending on the degree of correla-
tion with the first principal component (PC 1). PC |
has a very strong positive correlation with the
parameters of group | in Table 5 and a very strong
negative one with the parameters of group 7. The
parameters in these groups are very strongly inter-
correlated too. PC 1 is strongly correlated with
group 2 and 6, well correlated with group 3 and §
and not correlated with group 4.

The strongest correlations are not found between
PC | and the absolute concentrations of ions, but
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between PC | and some ratios, (Na®™+ K1)/ (Ca2®
+Mg? + Nat + K*), CaZt/(Ca?t + Mg¥™ +
Nat + K*) and Mg?+;(Ca?™ + Mgi* + Nat +
K *} are the relative concentrations of (Na* + K7),
Ca?" and Mg?" referred to their sum (= sum of
major cations) and define the pointsin Fig. 21. The
ratio Ca2%/(Ca?* + ClI-) can be used as an easy-to-
measure surrogate for the relative Ca2t-concentra-
tion, because the proportion of Mg2™ is rather
constant in surface and ground waters, the propor-
tion of K* is fairly small and Na® is highly
correlated with Cl- (Van Wirdum 1980). (Na*t +
KT)/(Ca?t + Mg?*) is the ratio of univalent to
divalent cations, which was recognized to be an
impertant factor for the spatial distribution of
algae by Pearsall (1921). It is closely related to the
relative (Na™ + K¥)-concentration. In the same
way the relative concentrations of the anions Cl-,
S0 and HCO; are defined. The ratio of the
calculated electrical conductivity of the Cl-ions
present in the sample (EC,5(CI17)) and the electrical
conductivity of the sample (EC,,) is an easy-to-
measure surrogate for the relative Cl -concentra-
tion, as the electrical conductivity is correlated very
strongly with (CI" + SO§ + HCO,) (Van Wirdum
1980). Because HCO; is of minor importance
or absent at all in the moorland pools, this ratio
may be used as a surrogate for the refative
SO -concentration too.

For a first inspection of the data Spearman rank
correlation coefficients have been used, because we
had no a priori model of the relationships between
environmental and species composition parameters.
Product moment correlation coefficients before
and after logarithmic transformation of chemical
data have been calculated too. Then the most
salient relationships are those between PC | and log
[SOi’] (2 = 0.69; P < 0.001) and the relative
concentrations of S04 and Cl' (bothr?=0,90; P <
0.001). The first two relations are visualized in
Fig. 22 and 23.

Other positive correlations are between PC 1 and
the relative Mg?*-concentration, Al**, EC,,, and
somewhat weaker between PC 1 and organic
NH}-N, CI°, pH, Fe, NO;-N, Nat, KMnO,-
consumption, POJ--P and the relative HCO5-con-
centration.

A1}, Calt and 1o a lesser extent Mg2t often
have relative high concentrations in acidified
waters, because these ions are easily leached from

the soil in watersheds that are exposed to acid
precipitation’ {Dickson 1975, 1978, Likens &
Bormann 1975; Gjessing er ol 1976; Wright &
Gjessing 1976, Almer er gl 1978; Cronan &
Schofield 1979). The increase in concentration of
these ions and of SO}~ and H™ causes an increase of
electrical conductivity. Thus PC 1 may be inter-
preted as an acidification component. Acidity
also restrains the activity of nitrifying bacteria
(Hutchinson 1957; Wetzel 1975}, which may be the
cause of the good correlation between PC | and the
ratio inorganic NH}-N/(inorganic NH}-N +
NO;-N).

Dystrophic and bog waters have a high KMnQO,-
consumption and are often rich in iron, which
forms complexes with humic substances (Wetzel
1975; Gjessing 1976). These waters may be also
moderately rich in PO% -P(Wetzell975; Prakasher
al. 1975), which is correlated negatively with PC 1,
like KMnQ,-consumption and Fe. Organic NH}-N
and NO;-N arc correlated negatively too with PC 1.
Wetzel (1975) states the N-level 1o be ‘moderate’ for
dystrophic lakes and “low' for clear water oligo-
trophic lakes. Bog lakes are fed by rain water, which
is relatively rich in Nat and Cl and poor in Ca?t.
Moreover, peatmosses exchange hydrogen ions
more strongly with divalent cations than with
univalent ones {Anschiilz & Gessner 1954; Clymo
1967). Therefore the relative concentration of (Nat
+ K™¥) and the absolute concentration of Nat is
high in dystrophic and bog waters { Wetzel 1975).
Cl-, which is like Na t of marine origin in precipita-
tion, is ofteri closely associated with Na™ in bog
waters (Tolpa & Gorham 1961). Therefore the
absolute and relative Cl--concentrations are also
negatively correlated with PC 1. All variables which
have a negative correlation with PC 1 are connected
with ombrogenic, dystrophic waters. High humus
content apparently counteracts man-made acidifi-
cation.

Thus acidification causes ashift from ombrogenic
to soligenic environment, which can be easily seen
from the cation triangle in Fig. 21. Ombrogenic
(oftendystrophic) moorland pools of the Drenthian
district are in the right corner, soligenic (mostly
clear water) pools are in the centre of Fig. 21,
Ombrogenic pools have a high proportion of
chloride, soligenic paols have a high proportion of
sulfate, which can also easily be seen in Fig. 21. In
this Figure and in Fig. 22 and 23 also the data of
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three old samples are plotted. The chemical and
diatom sam ples of pools B5B and B6 were taken in
about the same year, The chemical sample of VI
was taken twelve years after the diatom sample. The
relative and absolute sulfate concentrations
increased considerably between about 1920 and
1978, as well as the score on PC 1. The absolute
chloride concentration is about the same in 1978 as
inthe old samples, which means that the changes in
chemistry very probably are caused by increase of
the sulfate concentration.

Funotig exigue has a high loading on PC |
(Fig. 20) and therefore has a high rank cerrelation
{r = 1y with this componens. The species has neagly
the same correlations with chemical parameters as
PC 1 and is an excellent indicator species for
acidification. Especially Frusiulia rhombaoides var.
sexonicaand E. lunaris have high negative loadings
on PC | and are therefore highly negatively rank
correlated with this component (r = -0.88 and 0,79
respectively). Good development of these species is
indicative for non-acidified moorland pools.

The most significant rank correlation (r = (.84}
between diversity indices and chemical parameters
is between A; and EC,4(Cl7)/ EC,s(fietd). The rank
correlation coefficient between A, and the relative
sulfate concentration is 0,74. As may be expected
from the projection of the origin in the PCA, the
correlation between A, and PC 1 is also high (r =
-0.88). A, and the other indices of the Hill-family
decrease with increasing acidity.

PC 2 and 3 are less easy to interpret than PC |,
because chemical analyses are, with a Tew excep-
tions, only available for the recent samples which
have relatively low scores on PC 2 and 3. Presum-~
ably the variation in the old samples, which have
high scores on these components, is connected with
small differences in chemistry, caused by regional
factors {soil, hydrology) and the presence of humic
substances.

The absolute and relative concentrations of rain
water constituents is given in Table 5and Fig. 21. It
appears that the absolute and relative (Na™* + K*)-
concentrations are increasing in the order B, V, D,
which corresponds with this sequence in the water
of the moorland pools. The increase of the relative
(Nat + K t)-concentration in the Drenthian pools
and the decrease of this concentration in the
Brabantine and Veluvian pools can be nicely seen in
Fig. 21. The absolute concentration of rain water

sulfate increases again in the order B, V, D; the
relative concentration is highest in ¥ and equal in B
and D.

The chemistry of precipitation determines the
chemical composition of moorland pool water toa
considerable extent, because the sandy subsoil is
extremely poor in nutrients and other scluble
minerals. Also dry deposition of gases contributes
to the ionic content of the water. Assuming an
approximate deposition velocity of 1.1 cm s~! for
gaseous 50, on fresh water (McMahon & Denison
1979) and using the data of the national air poilu-
tion network {Anonymous 1978) the dry deposition
of 80,5 is about twice as much as the wet
deposition of SO4-S at the nearest gauges to the
moorland pools in the three areas. This can only be
a very rough estimate, because the deposition
velocities of 80O, as given by various authors differ
from0.4t02.2cms- ' (McMahon & Denison 1979},
Nevertheless the calculated ratio of wet and dry
deposition is in accordance with the value that is
given by Fowier (1980) for agricultural areas
30-300 km from sources. The dry deposition of
particulate {aerosol) § is only a few percemts of
gaseous depusition {Husar er al. 1978).

5. Discussion
5.4 Comparison with ather diatom siudies

The acidification of humic poor moorland pools
causes a reduction of diversity (A, for a = 0.25
{section 4.3). This agrees with the hypothesis set in
the introduction and the results of Berge (1976). He
found a reduction of the Shannon-index,which is In
A,, in diatom assemblages of some Norwesgian
rivers between 1949 and 1975.

By acidification the Dyer dissimilarity decreases
but this is not the case with the number of species in
common (section 4.4}. This corresponds with the
hypothesis set in our introduction and with the
results of Berge (1976, 1979). This . author
emphasizes that acidification primarily causes
quantitative changes in the diatom assemblages,
while the floristic composition remains rather
constant.

Acidification of humic poor pools givesrisetoa
huge increase of the proportion of Eunotia exigua,
at the cost of E. veneris, Fragilaria virescens,
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Frustulia rhomboides var. saxonica, Navicule
subdlissima, N. heimansii, Surirella arctissima,
Tabellaria binalis, T. flocculosa and T. quadri-
seprata.

No changes of diversity and dissimilarity can be
detected in the humic pools in Drenthe. However,
the species composition changes: Eunotia exigua
increases at the cost of E. veneris, Pinnularia
apperndiculara and - to a lesser extent - Frustulia
rhomboides var. saxonica, Berge (1979) found no
clear changes in the diatom assemblages in a core of
Hdogkleivvatn, a humic acid lake in southern
Norway; which may indicate the buffering action of
humic substances.

Berge (1976} finds a clear rise of Eunotia exigua
with increasing acidity of rivers between 1949 and
1975, but the relative abundance does not exceed
18.5% (equivalent tc 74 valves). The pH of the
rivers where this species was abundant is between
4.8 and 6.1. He finds a decline of Frustulia
rhomboides, which is ecologically very similar to its
variety saxcnica, between 1949and 1975. According
to Berge (1979) acidification promotes the growth
of Tabellaria binalis and probably Eunotia
denticulata, as recorded in the sediment of some
Norwegian lakes. He found no clear relationship
between the acidity of the lakes (recent pH 4.7-5.7)
and the abundance of £. exigua.

Miller (1973) found an increase of £. veneris and
Tabellaria binalis in the recent sediments of Stora
Skarsjii, an acidifying clear water lake near the
Swedish west coast. She found no significant
change in the relative abundances of Eunotia
exigua and Frustulio rhomboides  (including
varieties). The pH of this lake was 6.3 in [947 and
4.5in 1971.

The most striking difference between the
Scandinavian and the Dutch situation is the
difference in the behaviour of Tabellaria binalis,
that increases in the northern countries, but
decreases inthe Netherlands. This may be connected
with the pH which is now 3.7-3.8 in those moorland
pools where T. binalis was abundant about 1920. At
the above cited Scandinavian localities the pH is
now between4.5and 5.7. Furthermore the northern
localities have generally a lower electrical conduc-
tivity (<8 m8 m~') than the Dutch ones (>6 mS
m-!). According to the literature the optimal devel-
opment of this species is found in waters with pH
4.0-6.8 and low conductivity. One may speculate
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that T. hinalis will disappear from Scandinavia
when acidification continues.

Perhaps the same reasoning can be applied 1o
Eunotia denticulare and E. veneris. Frustulia
rhombaoides has the same behaviour in Norway as
its variety saxonica in the Netherlands. Also the less
dominant role of Eunoria exigua in the northern
couniries may probably be ascribed to the less
acidified and mineralized waters in Scandinavia, as
compared with the Dutch situation,

5.2 Suifur metabolism

As the recent sulfate concentration varies con-
siderably from poel te pool (Table §) this concen-
tration can be changed by processes occurring in
the moorland pools or their watershed. A model for
the prediction of the sulfate concentration from dry
and wet sulfur deposition requires quantitative
information about hydrological, physico-chemical
and biclogical processes in the moorland pools and
their watersheds. As this information is not avail-
able, sulfur metabelism can be discussed only in
general terms. Inaddition to acid precipitation also
afforestation and drought may cause acidification
and they are included in this discussion.

Diflerences in the water balance of the pools will
be reflected in different concentrations of major
ions, e.g. chloride, which is biologically and hydro-
logically conservative. Differences inretention time
and rate of evaporation are reflected by the chloride
concentration (Table 5). The ratio SO5/Cl ismore
suited to trace the changes of the sulfate concen-
tration by biological and chemical processes than
the absolute sulfate concentration. This ratio is
closely related to the relative sulfate concentration
(RSC), as the bicarbonate concentration is negli-
gibly small (Table 5). When the RSC in a pool is
equal to the RSC of incident rain this does not
mean that sulfate production and consumption in
this peol are in equilibrium, because the dry
deposition of sulfur is about twice the wet deposi-
tion (section 4.6).

RSC is lowest in the Drenthian pools (except
D6), which are generally rich in humus, Baas
Becking & Nicolai (1934) investigated a small
dystrophic pool, close and simifar to D5, They
measured very high cencentrations of sulfuretted
hydrogen and pointed cut the importance of sulfate
reduction in this type of moorland pools. Hongve
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{1978) obtained strong experimental evidence for
sulfate reduction taking place in sediments of
dystrophic lakes in Norway.

Schindler er af. {1980} measured a strong increase
of sulfate reduction in the hypolimnion of Experi-
mental Lake 223 in a whole lake acidification
experiment. Thus the mineralization of organic
matter is intensified by the activity of sulfate
reducing bacteria. Possibly the released nitrogen
and phosphorus compounds will eutrophy the
moorland pools. (The mechanism of eutrophica-
tion by sulfate addition to alkaline waters has been
described by Ohle (1954). In this case the iron from
ferriphosphate precipitates as ferrosulfide, because
ferrosulfide is insoluble in neutral and alkaline
waters, while phosphate is released. In contrast,
ferrosulfide is soluble in acid hog waters (Baas
Becking er al. 1960).)

No old chemical samples are available to test this
hypothesis of eutrophication in brown water pools.
Theiincrease of the diatom Eunotia exigua might be
interpreted as an increase of the trophic state.
Coesel & Smit(1977) investigated the recent desmid
assemblages in the Drenthian pools (except D6)
and compared their results with the inventories of
Beijerinck (1926) and Wartena (1954). The trophic
ranges of desmids are fairly well known (Coesel,
1975). It appears that the number of mesotraphentic
desmid species gradually increased during the past
sixty years in DI, D2, D4 and D35, The rise is most
spectacular in D3, that was the most oligotrophic
moeorland pool in this district sixty years ago.
Typical oligo-mesotraphentic desmids disappeared
from D3. This pool seems Lo be more oligotrophic
than about 1920. The data in Table § suggest that
the pools with an increased trophic state are fairly
rich in humus ¢(high permanganate consumption
and high levels of iron, organic nitrogen and
phosphorus), while D3 is relatively poor in humus
and rich in sulfate. These observations support the
hypothesis of eutrophication by sulfate reduction in
dystrophic moorland pools.

B7. the only dystrophic pecl among the
Brabantine localities, has relatively low sulfate and
high phosphate levels, as compared with the other
pools in this district. The diatom assemblage is less
affected by acidification than in most Brabantine
pools{Fig. 20). Nevertheless the desmid flora of B7
greatly impoverished between 1920 and 1975
(Coesel er al. 1978). In Brabant the air is more
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severely polluted than in Drenthe, that is rather
remote from urban and industrial areas. This may
indicate that the buffering capacity of humic pools
for acidification ends when the suifur burden

exceeds a certain level.

In some pools, notably V2, B5B and Bl the RSC
is rather high. This may be caused by processes
which accumulate sulfate. Many authors (e.g.
Lillieroth 1950; Malmer 961; Ohle 1965)emphasize
that lewering of the water table by drought or
drainage promotes the mineralization of organic
sulfur compounds, by which sulfate is released. The
year [976 was extremely dry and very low water
levels were osberved in the moorland pools. Large
parts of the bottom were left dry. Also 1975 was
rather dry. After 1976 the water level gradually rose
again.

This process is reflected by the RSC in V1. In
April 1974 the RSC was 0.66; in November of the
years 1977, 1978 and 1979 RSC was respectively
0.73, 0.64 and 0.56. In V2 the RSC was 0.70 in July
1973 and 0.78 in November 1977. In B5B these
values were for November 1978 and 1979 respec-
tively .77 and 0.68 {data for 1973 and 1974 from
Notenboom-Ram, 1976; for 1977 and 1979 Van
Dam, unpublished). The high RSC levelsin Table 5
are at least partially caused by the dry summer of
1976. As a consequence the abundance of Euncoria
exigua increased between 1973 and 1977 in V2
(Fig. 20)and between 1975and 19781in BS (compare
with pool Al in Van Dam & Kocoyman-van
Blokland 1978).

The effect of drought may be compared with that
of snow melt. The snow pack accumulates sulfur
that is released in the spring. In Scandinavian rivers
sometimes fish killings are observed in this time of
the year (Almer er af. 1978). 1n dry summers the
reduced sulfur, that has been accumulated in the
sediments, is released as sulfate.

Alsa the plantations of Scots pine around many
Brabantine moorland pools may be responsible for
the high RSC in this area. The heathlands and
inland sand dunes were reafforested between 1840
and 1920. Afforestation enhances evapotranspira-
tion {Noirfalise 1967) and consequently the concen-
tration of ions in the soil solution and in ground
water, Conifers are known to acidify soil and soil
water because the litter is relatively poor in cations
and exchanges hydrogen ions for cations (Malmer
1974; Odén 1976). Also the uptake of ammonium




nitrogen contributes to the *biological acidification’
by pine forests ((0dén 1976). An increase of ammo-
nium in rain water by air pollution will increase
biological acidification.

In conifer stands throughfall is enriched with
sulfate in comparison with incident rain. This is
caused by leaching of sulfur from foliage and by dry
deposition of gaseous and particulate sulfur species
{e.g. Nihlgdrd 1970; Mayer 1974; Abrahamsen
et al. 1977; Heinrichs & Mayer 1977, Mayer &
Ulrich [978). The dry deposition of sulfur species
increases in the order bare soil, deciduous forest,
coniferaus forest. The filtering action of pines
causes an’ increase of sulfate concentration in
throughfall, stemflow and seepage water below the
root zone.

The increased acidity promotes the leaching of
metals; especially caleciumand aluminiumare found
inhigh concentrations in seepage water. According
to Malmer (1974) there seem to be no close
connections between the acidification of lakes and
rivers on the one hand and the acidification or any
other changes in the soils of their watersheds onthe
other hand. Nevertheless Likens & Borman (1975}
suppose that increased leaching of soil by acid
precipitation will enrich lakes and rivers in the long
run. As stated in section 4.6 enrichment with
aluminium,calcium and magnesium has been found
in Scandinavian and North-American waters that
are affected by acid rain. _

Linzon {1978} and Laaksovirta & Olkkonen
(1979) found an increase of sulfur in pine needles
with an increase of SO, in ambient air. Thus, when
air pollution increases the sulfur content of the
foliage, which directly falls in the moortand pools,
will increase too.

Apart from V2 which is not taken into account,
as this moorland pool was sampled in 1977, when
the drought of 1976 had still a larger impact than in
1978, the highest RSC’s are found in BI, B5B and
BA. These pools have contact with the aquifer and
are surrounded by more or less dense stands of
Scots pine, especially B5B. B3 and B4 are
surrounded by pines too, but these pools are not
aquifer fed and have a lower RSC than the previous
pools. The relatively low RSC for B2 is difticult to
explain, because this moorland poolis situated ina
depression with pines. This pool is supposed to be
aquifer fed.
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5.3 Merals

We found a very good correlation between the
absolute and relative sulfate concentration on the
one hand and the composition of the diatom
assemblages onthe other hand. Also other chemical
parameters are highly correlated with PC ! (Table
4). So it is very difficult to assess which factor is
respansible for the spatial and temporal differences
between the diatom assemblages.

[tcanbeargued thatsulfate governsthe chemistry
of the moorland pools. In the pools where old
chemical samplesareavailabletheabsotute chloride
concentration remained rather constant in the last
60 years, whereas the absolute sulfate concentra-
tion increased considerably. Also other ions
increased between 1920 and 1978, e.g. calcium, but
this may be a consequence of enhanced cation
leaching by rise of the acidity, caused by sulfate.

Schroeder (1939) found that sulfate below 4.2
meq I"! is practically without influence on the
distribution of diatoms. Stokes & Huitchinson
(1975) tested the growing ability for the green algae
Chlorella vulgaris and Scenedesmus quadricauda
for sulfate concentrations in the range 0-5.2 meg
I"! in a bioassay. Growth of these algae was
independent of sulfate concentration. Thissupports
the hypothesis that the change of the diatom
assemblagesisnotadirect consequence ofincreased
sulfate levels.

Aluminium and heavy metais {Cd, Cu, Hg, Mn,
Pb. Zn} are often found in high concentrations in
acidified waters, not only by increased fallout in
polluted areas, but also because their solubility
increases with acidity (Dickson 1975; Stokes &
Hutchinson 1975; Beamish & Van Loon 1977,
Almer er al. 1978; Henriksen & Wright 1978). The
maximal content of A13* reported from acidified
lakes in Scandinavia is 0.68 mig 1! at pH 4.0 (Almer
er al. 1978). In B5B 5.0 mg I-' at pH 3.7 was
measured. According to Almer er af (1978) a
concentration of ca 0.1 mg 1! is toxic to fishes.
(Fishes do not naturally occur in moorland pools.
In those pools where fishes have been introduced in
the past, fish killings are observed, especially in the
last five or ten years).

No systematic research on the impact of heavy
metal pollution on many species of diatoms has
been carried out, but it appears from some case
studies thai diatoms are sensitive 1o heavy metals
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(Besch er al. 1972, Patrick 1977). Eunotia exigua,
which takes most advantage from the acidification,
is reported in literature to be very resistant to
pollution with acids, aluminium and heavy metals
and is often found in acid mine drainage. Probably
the elevated levels of aluminium and heavy metals.
caused by increased sulfate concentrations are
more important for the distribution of diatoms
than sulfate per se.

5.4 Oligotrophication or eutrophication?

Hydrogen ion concentration controls the solu-
bility of aluminium. and consequently that of
phosphate. Phosphates have a minimal solubility at
pH 5-6. The solubility increases when pH becomes
less than five or more than six {Swumm & Morgan
1970; Dickson 1978; Almer e/ al. 1978). Thus if pH
drops (rom 4.5-5.0 to below 4.0, as is the case in
many clear water moorland pools, more phosphorus
is expected to become available for primary pro-
duction.

Almer er al. (1978) showed that the relationship
between biomass of phytoplankton and pH in 58
Swedish lakes is similar to the relationship of
experimentally determined phosphorus solubility
and pH. although they could not distinguish in
phosphorus levels in the field, because of the overall
low concentrations {less than 10 zg 1 '}, just as in
our clear water pools. Accerding to Almer er al.
(1978) it is not unlikely that the most acid fakes were
actually richer in phosphorus and therefore had the
largest biomasses. '

Grahn et g/. (1974), Grahn (1977 and Coesel et
al. (1978) observed a strong increase of the biomass
of Mougeoiia, other filamentous algae and macro-
phytes, mainly Sphagnum, in lakes and moorland
pools, which are exposed to acid precipitation.
Because of the ion exchange capacity of peat-
mosses this is interpreted by these authors as
oligotrophication. On the other hand one may
consider the mere increase of the biomass of the
macrophytes as eutrophication.

No old and recent data about primary produc-
tion of the moertand pools are available, Never-
theless we can get some idea about the change of the
trophic state by using the species as trophic
indicators, as has been done already in section 5.2.
1t appears from section 4.1 that especially eutra-
phentic diatom species increased from about {920

to 1978, while oligotraphentic species decreased.
No luxuriant growth of the former category can be
observed. because most eutraphentic diatoms prefer
circumneutral or alkaline waters. However, the
acidobiontic Eunotia exigua can thrive in both
oligotrophic and cutrophic environments.

It is a matter of experience that the adverse
effects of human impact in wetland ecosystems are
best observed in dry years. During dry summers in
the beginning of this century elements of the
alliance Nanocyperion, especially the association
Cicendietum filiformis (e.g. Cicendia filiformis,
Juncus nneahilis, Peplis poriula, Echinodorus
ranunculoides) oceurred abundantly on the shores
of pristine moorland pools (Beijerinck '1929;
Goffart & Sternon 1936). In contrast. in the very
dry summer of 1976 seedlings of species of the
Bidention and related alliances {e.g. Polvgonum
hrdropiper, Lrcopus europaeus, Eupatorium
cannabinum) were observed frequently (Van Dam
& Kooyman-van Blokland 1978). The latteralliance
requires mare nutrients than the first one. During
1976 and after this year the amphiphyte Juncus
hufbosuy showed an explosive ¢éxpansion in many
oligotrophic moorland pools (see also Sykora,
1979). It is generally found in acid, oligetrophic
waters, but it has a wide ecological amplitude as it
may oceur abundantly even in brackish and acid
mine water {Schoof-van Pelt 1973; Sand-Jensen &
Rasmussen 1978). So the autecology of J. bulbosus
and Eunotia exigua is remarkably similar. Juncus
effusus, atypicalindicator of disturbance (Reichelt
1964), was still absent from the investigated
moorland pools a few decennia ago, but it now
forms a massive belt along the shore of some pools,
notably Bl and V1. The species greatly increased
after 1976 (see also Sykora 1979).

We agree with Almer et al. {1978) that acidifica~
tion may not be interpretated as oligotrophication.
They use the term *acidotrophication’, Perhaps it is
grammatically more correct to speak about ‘acidi-
trophication’, analogous to acidffication.

Summary

In November 1978 ten moorland pools in the
province of Brabant (B), the Veluwe arca (V) and
six pools in the province of Drenthe (D) were
sampled for chemistry and diatoms. Slides were
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prepared from this material and from samples
which were taken about 1920 at the same stations.
194 taxa were tisted, of which 24 are more or less
common. One species, Navicula heimansii, is new
for science.

The wide range of pH between (B + V)-poolsin
1920 {estimated from diatom spectra 4-6) is very
naerow 1n 1978 (measured 1.7-4.6}, Most (B + V)-
pools are clear water takes, No significant decline of
the pH {ca 4.5} in most D-pools is observed.
although some of them are very acid now (pH ca
31.7). Most D-pools are brown water lakes.

The diversity indices A, (Hill 1973) decline
significantly inthe (B+ V)-poolsfora=0. 4 jhasa
tendency to increase with time in the D-pools.
although this change is not significant. The number
of species which two pools have in common does
not change with time. The Dyer ([978) dissimilarity
shows a significant decrease in the (B + V)-pools;
no changes are found in the D-pools.

The first three components of the principal
component analysis (PCA) explain 61, 9 and 6% of
the total variance respectivety. Old samples have
lower scores on the first principal component
(PC 1)than recent ones. Recent samples have lower
scores on the second and third component than old
ones. PC 1 is correlated well with log [SO} J(r? =
0.69) and even better with the relative sulfate
conceniration {r2 = 0.90). Thus, the original varia-
tion, caused by regional factors is substituted by a
sulfate controled variation.

PC ! is also positively correlated with a number
of other factors (Cat, AI*, Mg2™ and electrical
conductivit}j. of which is known that they increase
by acid precipitation, and negatively with param-

" eters which are characteristic for dystrophic bog
waters (organic NHJ-N, CI, Nat, Fe. POP,
(Na¥ + K%y (Ca2t + Mg?™h, KHnO,—consump-
tion). ‘

PC lis nearly completely determined by Eurnotia
exigua. which is known to inhabit natural acid
waters as well as acid mine waters, The species is
very resistant to pollution by aluminium and heavy
metals. Besides £. exigua some eutraphentic species
increase by acidification, These are present in small
quantities, because the low pH is an unfavourable
environment for these generally circumocutral and
alkaliphilous species. Typical oligotraphentic spe-
cies (e.g. Frusiulia rhomboides var. saxonice,
Tabellaria binalis, Eunota denticulara) decline
with increasing acidity.
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The range of sulfate concentration between the
moorland pools (0.12-1.64 meq I'') is larger than
would be expected from the sulfur deposition
pattern in the Netherlands. In humic acid pools the
sulfate concentration is low by sullate reduction.
Highest sulfate concentrations are found in moor-
land pools in depressions. that have been afforested
with Scots pines, The high dry deposition of sulfur
compounds on conifers adds to the sullate concen-
tration of seepage to these pools.

Another factor which may explain parually the
high sulfate concentrations in 1978 is the severe
drought of 1976, By drought and drainage organic
sullurspeciesare mineralized and sullate is released.

The oligotrophication - cutrophicalion contro-
versy is discussed. We agree with Almer er ol ( 1978)
that acidification does not cause oligotrophication
and that aciditrophication is a more correct term to
describe the process.
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Appendix

List of ail species found with pH-indication class (see text p. 431)
M = alpine, borec-alpine. bereal or mountainous distribution
within Europe.

act Achnanihes aitaice (Poretzky) A. Cleve-Euler
ulh A, brevipes Agarch

cir A deficaruty (Kinping) Grunow

alt M 4. exigwe Grunow

eir M 4 flexelfa (Kotzing} Brun

al’ A hungarive Grunow

alf A kecenlara (1 Brebisson) Grunow
cir A fucarss (W, Smith) Grunew

cr A uimeriaimg Kitzing

cir A, peragalti Brun & Hesibaud

alb Actinepi L chees torcdicunies (Bailey) Ralfs
alf Amiprprtetog pelincida Kiitzing

all Aemprhiena tatis Kiltping

all A, avatis var, fvbica (Fhrenberg) Cleve
alt A pedicwdns (Kiitnng) Grunow

alb 4. venere Kiitzing

AL venets var. capiiate Hawornth
alt M Ancamoeoncis exifis (Katzing) Cleve
cir A exilis £, fanccofaiy A Mayer

A irevmedia Ostrup (with some doubt)
ach M 4 serigny (De Brébissan) Cleve

acl A serigas var, brackysirg (De Brébisson) Cleve

acl A. serians var, brachvsive fo. thermelis ({Grunow)
Hustedt

alh A sphaerophiore (Kizing) Plitrer

alb Baciiluria paradove Gmelin

alt Calonets amphisbacenu (Bory) Cleve
O agerstedrii {Lageraed) Cholnoky

alf Cocceneis placemide Ehrenberg

Cosetnodiscus spec,
all Crefotelia comira (Ehrenberg) Kitzing

alf C. nteneghiniana Kitzing

cir O srelligera Cleve & Grunow

all Crasioplewra solea (De Brébisson) W. Smith
alb Croatnsieg belgiva Grunow

cir M Crmbelle aequalis W. Smith

alf C. aspera (Ehrenberg) Cleve

act M (" cevanii (Rabenhorst) Grunow

all C. vistuda {Hempnich) Kirchner

acl M C. gracitis {Rabenhorst) Cleve

all. M (% hehridica (Gregory) Grunow

all C. nricrocephale Grunow

¢ir C. navicwdiferngs Auerswald

act C. perpusifia A. Cleve

all (. prosiraia (Berkeley) Cleve

alf O onergidda Gregory

cir . veatrivose Agardh

alt iatonta vidlgare Bory

alf Diploncix incereipia (Kitring) Cleve
alb Epithemiia sorex Kiltzing

ald £. zebra {Ehrenberg) Kitring

act M Eunotia alpina (Nageh) Hustedt

cir E. urcies Ehrenberg

acf E. desmticrdgra (T Bribisson) Rabenhorst
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acb

acl M
acl

acl

cir

acf

acl M
acl
acl
acl
acl
acl
acl
acl
acf
acf
acl
ach?
acf M
acf M
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mmmmmhm,

alf
alf
cir
Hi)
all
alf
cir M
acf
ach
alb

alf
alf
alf

alf
alf
alf
cir
alf
cir

cir

alf
all
all
alf
alf
acf?
alf
alf
alf
ack M
alf
alf
acf?
ach
alf

£ exigua (De Brébisson) Rabenhorst

£ faba (Ehrenberg) Grunow

E. falfax A. Cleve

E. flexuosa {De Brébisson) Kitzing

£. lunaris {Ehrenberg) Grunow

£ meisteri Husiedl

E. monaodon var. bidens (Gregory) W. Smith
E. pecringlis (Dillwyn) Rabenherst

E. pectinalis var. minor (Kiitzing} Rabenhorst
E. pectinglis var. undwiara Ralfs

E. pecinalis var. ventralis (Ehrenberg) Hustedt
E. polvdeniula Brun

£. praerupta var, hidens Grunow

robusta var. digdema (Ehrenbergy Ralfs
robusta var. teiraodon (Ehrenberg) Ralfs
sudeiica O. Miller

renella {Grunow) Hustedr

ienetlaf exigua complex

valida Hustedu

veneris (Kiitzing} De Ton:

spee. 351.1

Fragilaria capucing Desmazibres

F. constrieens {Ekrenberg) Grunow

F. lapponica Grunow

F. leprostaurcn (Ehrenbergh Hustedt

F. pinngie Ehrenberg

F. vaucheriae (Kiitzing) Petersen

F. vireseens Ralfs

Frustufia riombuoides {Ehrenberg) De Toni

F. thombuides var. saxcnica (Rabenharst) De Toni
Gomphoneis olivaceum (Hornemann) Dawson ex Ross
& Sims

Gomphonema acurninaium Ehrenberg

G. aeuminarum var. corvnaium (Ehrenberg) W. Smith
G, aeumingium var. irigonocephaium (Ehrenberg)
Grunow

G. angusiatum (KUtzing) Rabenhkorst

G. anguxiqtum var. sgreophagus (Orunow) Hustedt
G. consiricium Ehrenberg

. gracile Ehrenberg

. intricatum Kilzing

6. parvutum (Katzing) Grunow

G. subclgvatum Grunow

Hanrzschia amphioxys (Ehrenberg) Grunow
Melosira distens (Ehrenberg) Kitzing

M. varians Agardh

Meridion cireulare (Greville) Agardh

Navicula accomodn Hustedt

N. aromus (Kiitzing) Grunow

N. averacea De Brébisson

N. brevissima Hustedt {with some doubt)

N. crypiocephala Kitzing

N. dicephala (Ehrenberg) W. Smith

N. exilis Xitzing

Navicula festiva (Ostrup) Krasske

N. gracilis Ehrenberg

N. gregaria Donkin

N. heimansii Van Dam & Kooyman

N. hoefleri Cholnoky

N. hungarica Grunow

alb?
cir
acf
alf
alf
cir
all
alf
alf
cir
<ir
alf
alf
ack

alf
alf

cir
alf
acf
<ir
cir
ach
alf
all
alt
alf

cir
all
all
alf
cir
alf
¢ir
all
alf
cir

acl
acf
ael
acl
cir

alf
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N. hungarica var, lueneburgensis Grunow

N. integra (W. Smith} Ralfs

N. mediocris Krasske

N. minima Grunow

N. modica Hustedt

N. mutica Klzing

N peiliculosa Hilse

N. peregrina fo. mirar Kolbe

N. pseudohaiophila Choinoky

N. pupuia Kultzing

N. radiosa Kiltzing

N. rhynchocephala Kul2ing

N. seminufum Grunow

N. subrilissima Cleve

N. variostriata Krasske (with some doubt)

N. venera Kiitzing

N. viriduia Kitzing

N spec. 3511

Neidium affine {Ehrenberg) Cleve

Ne. affine var. amphirhynchus (Ehrenberg) Cleve

Ne_ affine var. longiceps {Gregory) Cleve

Ne. iridis (Ehrenberg) Cleve

Ne. iridis fo. vernalis Reichelt

Ne. fadagensis var. densesiriata (Cleve) Foged

Nitzschia aculo Hantzsch

Ni. amphibia Grunow

Ni. dissipaa (Kdtzing) Grunow

Ni frustulum (Kiizing) Grunow

Ni. gandersheimiensis Xrasske

Ni. gracifis Hantzsch

Ni. hamizschiana Rabenhorst

Ni. hungarica Grunow

Ni. inconspicua Grunow

Ni. interntedia Hanezsch ex Cleve & Grunow

Ni. levidensis (W. Smith) Grunow

i. palea (Kutzing} W. Smith

Ni. pafearea Girunow

Ni. perminuta Grunow

Ni. perpusille (Kiilzing) Grunow emend. Lange-

Bertalot

Ni. remuss W. Smith

Ni. umbonata (Ehrenberg) Lange-Bertalot
(= Ni. thermaiis (Ehcenberg) Auerswald)

Ni. spec.

Peronia heritraudii Brun: & Peragallo

Pinnularia appendiculara { Agardh) Cleve

P. biceps Gregory

P. borealis Ehrenberg

P. braunii var. amphicephale (A. Mayer) Hustedt

P. gibha Ehrenberg

P. micrastauron (Ehrenberg) Cleve

P. microsiauron var. prebissonii (Kiltzing) Hustedt

P. nobilis Ehrenberg

P. silvarica Petersen

P. sirepisraphe Cleve

P. undulara Gregory

P. viridis {Nitzsch) Ehrenberg

P. spec. 293.1

P.spec. 363.1

Rhoicosphenia curvate {KGlzing) Grenow

z




all

cir

alf

acl
acf
alb
aln
alb
alf
acl
alf

M

Srauroneis anceps (0. gracifis (Ehrenberg) Cleve
5 kriegeri Palrick

§. phoenicenieron (Nitzsch) Ehrenberg

8. smichii Grunow

§. spec.

Srenoprerobia arctica Cleve-Euler

S. intermedia Lewis

Srephanodiscus astraea {Ehrenberg) Grunow
S. dubius (Fricke) Hustedt

8. hanizschii Grunow

Surireila qngusia Kiitzing

8. arciissima Schmidt

5. biseriaig De Brébisson
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cir
cir
alf
alf
cir
alf
cir M
alf
acb M
acf
ach

S. didvpie Klilzing

S linearis W. Smith

§ linegris var, vonsiricia (Ehrenberg) Grunow
§. ovara Kitzing

Svnedra pufchella (Ralfs) Kilizing

§. rumpens Kiltzing

S. tabulaia (Agardh) Kiitzing

5. tenera W. Smith

5. ufng (Nitzsch) Ehrenberg

Tabeilaria binalis (Ehrenberg) Grunow
T fluccubosa {Roth) Kiiczing

T. gquadriseptata Knudson
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ACIDIFICATION AND ALKALIZATION OF MOORLAND PQOLS IN RELATION TO WATER DEPTH
ARD DROUGHT

Herman van Dam

Research Institute for Nature Management, P.0O. Box 46, 3956 ZR Leersum, The
Retherlands

SUMMARY

1. Relations between acidification by atmospheric deposition, morphometry
and the accurrvence of dry summers in this century, as well as their effects
on chemistry, macrophytes and diatoms in one humic and two clearwater moor—
land pools are described.

2, Direct observations and bhiological data indicate a decrease of pH by 1-2
units in the clearwater pools and about 0.5 unit in the humic pool over six
decades.

3. The drought of 1976 evoked no increase of the sulphate concentration or
biological changes in the humic pool, where about 20% of the bottom surface
dried up.

4, In the clearwater pools much larger proportions ecf the sediments
desiccated in 1976 and ohserved concentrations of sulphate were highest in
1977-78 and decreased since then. Juncus bulbosus had a maximum in 1977-80,
Eunotia exigua became the dominant diatom after 1976 and decreased since
1981 in the pool with the shorteat vresidence time (three years).

5. In the clearwater pocls the long-term decrease of pH is much larger than
in softwater lakes in Scandinavia and North America. In the last fifty years
the pH dropped rapidly after dry summers, because of oxidation of atmos—
pherically derived reduced sulphur and nitrogen compounds which were stored
in the sediments before. After such a drop the pH 1increased again,
presumably by alkalinity production during sulphate reduction and denitrifi-
cation.

INTRODUCTION

Several thousands of originally oligotrophic meorland pools are present in
oligotrophic, non-calcareous, sandy areas of The Netherlands, Belgium,
Germany, and Poland. Many of these pools have a perched water table, similar
to some isolated lakes in Wisconsin and the Adirondacks (U.S.A,), which were
found to be more susceptible to acild precipitation than groundwater-fed
lakes In the same area (Eilers et al., 1983; Driscell & Newton, 1985).

Chemistry and blota of the majority of these moorland pools are severely
affected by acldification from atmospheric deposition. However, the extent
of acidification of moorland pools 1in the same region can differ
considerably, even if these pools are relatively remote and not directly
influenced by human disturbance (e.g. Van Dam, Suurmond & Ter Braak, 1981;
Vangenechten et al,, 1981b; Roelofs, 1983; Van Dam & Beljaars, 1984).

One of the factors explaining the wvariation 1in acidification between
moorland pools might be their depth distribution. The larger the fraction of
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the bottom is that 1s exposed and oxidized in dry years, the more acid the
pool 1s expected to be, because of mineralfzation of reduced sulphur and
nitrogen compounds which are accumulated in the sediments 1in the years
before the drought.

In this paper I will test the hypotheses that depth distribution and the
occurrence of extremely dry years play a role in the acidification of moor-—
land pools and that moorland pools are more severely acidified than lakes,
due to their shallowness.

This 1s done by monitoring both chemical and biological parameters
(diatoms, macrophytes) ln these pools fellowing the very dry summer of 1976.
In addition, historical data are used to compare the effects of dry years in
the past (when no accumulation of reduced sulphur and nitrogen compounds had
taken place) with those in recent years (1959, 1976). Changes 1in dilatom
assemblages are used as indicators for changes of pH (Smol et al., 1986).
Aquatic macrophytes were recorded because of their importance 1in blogeo-
chemlcal processes {Wetzel, 1983) and their sensitivity to acidification
(e.g. Grahn, Hultberg & Landner, 1974; Van Dam & Kooyman-van Blokland, 1978;
Roelofs, 1983).

STUDY SITES

Three pools, differing in morphometry, isolated from the main aquifer by an
impervious hard layer, and very small catchment areas were selected (Fig. 1)
(Schimmel & Ter Hoeve, 1952; Bakker et al., 1986; N. Straathof, pers.
comm.). Time series of old diatoms samples and historical documentation
about chemical and blologlcal features and human impact on the pools and
their surroundings were available.

Achterste Goorven, henceforth "Goorven" is located at 512 34' N and 5°
13* E, ca 8 m above MSL in an area of seolian drift sands, planted with
Scots pines {Pinus sylvestris L.) in 1840. Goorven has an outflow to Voorste
Goorven via a culvert (Fig. 1) in a narrow dam, which was probably construc—
ted in the second half of the nineteenth century, Before construction of the
dam, a trophic gradient was present in Goorven due tc the contact of its
originally oligotrophic water with the mesotrophlic water of Voorste Goorven
(Dickman et al., in press). In order to examine the gradient three sampling
stations were selected in this gool. o

Gerritsfles 1s located at 527 10' N and 5 49' E, ca 40 m above MSL in an
area of undeveloped soils of aeclian drift sands and podzols. Until ca 1920
the surrounding landscape was entirely open, with sand dunes bare or
overgrown wlth grasses and podzols, mainly covered with Calluna heath
(Schimmel & Mdrzer Bruijms, 1952), To date the sand dunes are being Invaded
by Scots pines and the former heathlands are covered by Molinila caerulea
(L.} Moench, Outside the catchment area, close te the northwestern shore, is
a small lot of grassland, fertilized until ca 1965 (H.Schimmel, pers. comm.)
and cows drank from the water of the pool (Wigman, 1932). Until 1940 sheep
drank once a week at the southeastern shore of the pool (Moerman 1934; H.
Schimmel, pers., comm), Nowadays roedeer and boar visit the pool regularly.
Tourists occasionally bathed in the pool from about 1920 until 1965 {(Wigman,
1932; A. Minnen, pers. com%.). o

Kliplo is located at 52° 50T N and 6 26" E, ca 13 m above MSL 1in an area
gimilar to the previous locality. The originally open landscape of heathland
and sand dunes has been invaded by Scots pines since 1920. A strip of
quivering bog (5-10 m wide) separates the open water from a heathland with
Juniperus communis L. at the western side of the pool, where the forest was
cut In 1965. At the southeastern side the pool has a sandy beach, bordering
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pine forest. For the rest Kliplo is enclosed by trees. Presumably Kliple has
been used as a drinking and washing place for sheep in the past, but no
historical evidence was found. Tourists used the pool as a bathing place, at
least from 193% until 1971 (Brouwer, 1968; P, Kerssies, pers. comm.).

To A and B

G- 49 cm

50- 99 ¢m

ﬁ 100-14% cm A. Goorven

E 150-19% cm

@ sampling station

-— outflow

D 0- 28 cm
25- 49 cm
B 5o uem
@ 75~ 99 cm
n 100-124 cm
dry bottom

® sampling station

C. Gerritsfles

e

30m

The Netherlands

FI1G. 1. Bathymetric maps (water depth in September 1984) and location of study sites
in The Netherlands.
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MATERIALS AND METHODS
Morphometry and hydrology

Bathymetric maps were constructed by measuring the water depth on a grid
{distance 10~20 m).

Water levels of Goorven and Gerritsfles were recorded monthly from July
1979 through June 1980 and quarterly from August 1981 through February 1985.
Quarterly observatlons in Kliplo were carried out from May 1981 through
February 19853,

Chemiatry

Water sampling for chemical measurements was carried out simultaneously
with recordings of water level, pH was measured on the spot with a Metrohm
E488 pH-meter, a WIW 91 pH-meter or a Gallenkamp pH-stick. Electrodes were
calibrated with buffer solutions of pH 7 and pH 4, regularly checked with a
buffer solution of pH 3 and discarded when the reading differed more than
0.l wunit from 3.0. Electrical conductivity (reference temperature 259C) was
measured with a Yellow Springs Instrument 33 or a WIW 91 conductivity meter.
Water samples were collected 1in polyethylene bottles and stored at 4%¢
within 8 h after sampling.

Analysis started within 48 h after sampling. Chemical methods are
described by Van Dam et al. (I98l), except platina-colour, which was
measured by comparing the extinction of the samples at = 320 nm with the
extinction of a series of reference soluticns at the same wavelength. Dis-
solved organic carbon {DOC) was measured directly in 22 samples from the
study sites and some other pools, after filtration thrgugh a Sartorius 0.45
umt membrane fllter by IR-analysis of CO evolvgf at 950°C by burning, cata-
lyzed by cobalt., In theﬁ? samples DOC (p-mol 1 7) was found to be related to
KMn@, congumption {(mg 1 °) in unfiltered water according to: DOC = 423.1 +
13.4?(Khn0 consumption} {r = 0.71). Organic anions were estimated from DOC
following the method of Oliver, Thurman & Malcolm (1983), where C_ was taken
as 5.5 prequiv, mg € (Henriksen & Seip, 1980), In these 22 samples
bicarbonate was determined by IR-analysis of CO, by phosphate acid at 155°
and alkalinfty by titration with ©.1 N HClL down to pH 4.4. About half of the
alkalinity appeared to be caused by the presence of bicarbonate, the other
half by organic anions. Where no direct measurements of DOC and bicarbonate
were done, the values were estimated from KMnQ, consumption and alkalinity
respectively, using the relationships observed in the 22 samples.

Chemlcal composition of bulk precipitation was measured monthly in pooled
weekly samples, collected within 100 m from Gerritsfles and Kliplo and 4 km
east of Goorven from January 1982 through December 1984 according to the
methods of Frantzen & Adolphs (1985). Major constituents, measured near the
pools (H.F. van Dobben, pers. comm.), were generally present 1in similar
amounts as at the nearest stations of the National Precipitation Chemigtry
Network at a distance of 20-30 km from the pools. Therefore data on some
minor constitueants (organic anions, manganese, aluminium, iron and total
phosphate) were taken from these stations (Frantzen & Adolphs, 1985; A.J.
Frantzen, pers., COmm.).

Chemical analyses were checked by comparing anionic and cationic charges,
which always agreed within five percents.
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Macrophytes

Submerged macrophytes were surveyed while mapping bathymetry., WNearshore
macrophytes were recorded from the shore. Nomenclature of vascular plants
follows Van der Meijden et al.(1983). Specles were assigned to each of the
groups acidoblontic, acidophilous, circumneutral, alkaliphilous or alkali-
biontic (Hustedt, 1939) using autecological information tabulated by Iversen
{1929), Zdlyomi (1967), Pietach (1976, 1977, 1982), Landolt (1977), Ellen-
berg (1979) and personal experlence.

Diatoms

0ld diatom samples were found in several collections, Plankton tow
diatoms were sampled twice a year in Gerritsfles and Goorven from November
1979 onwards and in Kliplo from May 1981 through May 1984,

Methods for sampling, preparing, identifying and counting were described
by Van Dam et al. (1981) and Dickman et al. (in press). Nomenclataerial and
taxonomical changes by Krammer & Lange—Bertalot (1985) were included.
Nomenclature of Brachysira and some Eunotia specles follows Hartley (1986)
and Dickman et al. (in press). Optimum pH-values for the most abundant
diatom taxa (R} were calculated by welghted averaging (Ter Braak & Looman,
1986) from 99 samples from 97 pristine softwater lakes and pools in Western
Europe with pH-values ranging from 3.3 to 7.3. The pH {pra) for each sample
of the present investigations was estimated by weighted averaging, using the
R-values of each taxon (Ter Braak & Barendregt, 13986). The inferred pH
(pH f) was calculated from the relaticnship pH = 1. 337pH ~1.,487 with a
stafidard error of 0.7 unit (C.J.F. ter Braa£ & H. van an, unpublished
results). Diversity indices were calculated according to Van Dam {1982).

Statistics

Statistical tests (two-talled) were performed according to Sokal & Rohlf
{1969).

RESULTS
Morphometry and hydrology

Bathymetry in September 1984 1s presented in Fig. 1. Water levels were 6,
14 and 14 cm below the average water level over the period of observation in
Goorven, Gerritsfles, and Kliplo respectively, Hstimated morphometric data
at mean water level are summarized in Table 1. Plots of water level against
relative area and relative volume are given in Fig. 2.

In the extremely dry summers of 1911, 1921, 1947, 1959, and 1976, when
the evaporation excess from April through August was above 0,35 m (De Bruin,
1979), water levels in Goorven, Gerritsfles and Kliplo can be estimated to
be 0.7, 0.7 and 0,5 m below the average respectively (Van Gi]sen & Claassen,
1978; J. Heimans, pers. comm.; P. Kerssies, pers. comm., H. Schimmel, pers.
comm,} H., van Dam, unpublished data}. Accordingly, abeout 70, 50 and 20% of
the bottom surface would have been exposed to the atmosphere (Fig. 2).

A heuristie hydrological model, based on the chloride budget, may yield
some 1insight into the interrelationships between morphometry, the quantity
and composition of precipitation, and the evaporation and is necessary for
the estimation of water residence times. A moorland pool with a perched
water table and without visible Iin- or outlet is outlined in Fig. 3, where
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TABLE 1., Morphometric dats at mean water level.

Variable Goorven Gerritsfles Kliplo
Area (ha) 2.35 6,78 0,62
Voluze (10°z%) 14,5 45,8 5.1
Maximum depth (m) 1.85 1.24 1.14
Mean depth (m) 0,62 0,68 0.82
Length of shore line (Lﬂjm) 2.1 1.8 0.31
Shore line development 4.0 2,0 1.1
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I
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1
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72'0_
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FIG. 2. Plots of water depth againat relative area (a) and relative wvolume
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Kliplo.
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FIG. 3. Schematic cross-section of a moorland poel with minimum, wmean and
water levels.
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TABLE 2, In- and output variables of the hydrological model.

Variable Symbol Goorven Gerritsfles Kliplo
Maximum area (mz) Amax 25000 69900 6300
Minimun acea {m’) A 22200 63800 5800
Maximum volume (m’) Vo 17170 52300 5900
Mean volume (m3) v 14500 45800 5100
mean

Acnual precipitatien {m) P 0,739 0,853 0,821
Annual evaporation {m) E 0,088 0,662 0.627
Chleride precipitatisn {mM) Cp 0.06% 0,084 0.090
Estimated chloride {mM) Ce 0.47 .33 0.35
Measured chleoride (mM) c, 0,44 c.27 0,33
Residence time (a) T 5,4 3.0 3.8

also the area of the water surface and the volume of the pool at different
water levels are defined.
The annuwal input of chloride (Fi) can be approximated by

F, = PA_ Cp, (L
where P is the annual amount of precipitation per square metre and C_ is the
concentration of chloride in precipitation. A (the maximal areB of the

water surface) is used as a substitute for the cggﬁhment area., The annual
output of chloride (Fo) can be approximated by

FO = (PAﬁax - EAmin)Co' (2)
where E is the annual evaporation of an open water surface per square meter
and C 1is the concentration of chloride in the overflowing water.
Evaporagion is supposed to be most important during summer, when the water
level 18 low. As the overflow takes place at maximum water level, CO can be
approximated by
o = Cevmean/vmax' 3
where C_ 1s the estimated mean chloride concentration of the surface water.
In a steady state Fi = Fo and combination of the expressions above glves:

PAmax Vmax
G, = . s (%)
PAmax‘EAmin vmean

The input and output parameters of this model, and also the calculated
residence time:

T, = vmax/(PAhax—EAmin) (3}

are given in Table 2. vma and V 1y 2TE the mean highest and lowest water
volumes respectively in the per?bg 1979-1985 in Goorven and Gerritsfles and
1982-1985 in Kliplo. Cn 1s the mean chloride concentration, which was
observed in precipitation near the pools from 1982 through 1984, P and E are
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average annual values from the nearest meteorological stations from 1951 to
1980 (Anonymus, 1982)., The model appears to be very sensitive to changes in
the evaporation, which is very difficult to estimate accurately (Table 3).
In order to get comparable values the precipitation excess (P-E) is given in
this table.

The differences Iin chloride concentrations in the pools appear to be
predictable by the model at least Iin a seml-quantitative way, although the
predicted concentrations (C ) are systematically lower than the measured
concentrations (C ). Siﬁilarly, the residence times (T ) are semi-
quantitative estimates. In spite of the shortcomings the model explains the
relatively high chloride concentration of Goorven, when compared to Gerrits-
flea, Kliplo, and other moorland pools (e.g. Van Dam et al., 1981).

Chemistry 1919-1985

At all four stations where pH-measurements from 1919-30 are available the
pH has dropped significantly since. The median pH decreased with 2.1, 1.8,
1.2 and 0.7 wunits in Goorven 2, Goorven 3, Gerritsfles, and Kliple
respectively, from early values of 5.5-6 (Table 4). -1

Sulphate in Goorven 2 had a concentration of 0,21 mf (m—equiv., 1 °) 1in
1919 (Van Dam et al., 1981), 0.46 mE in 1975 and 0.73-1.65 mE in 1979-85. In
1919 the alkalinity was 0.15 mE, while the median alkalinity was 0.00 mE in
the recent samples.

In Gerritgfles {Table 5) no changes over time were observed in the
laboratery-measured pH, in contrast to the field measured pH. The alkalinfity
declined significantly (P<0.0l, Wilcoxon two—sample test) between 1925-64
and 1964-68; the sulphate concentrations did not change significantly. The
single measurements of ammonium in 1925 and 1930 were much lower than the
median value 1n 1979-85, but in the most recent period values as low as in
the early period accurred regularly. The chloride concentration decreased
significantly (P<0.01, Wilcoxon two-sample test) between 1925-50 and 1960-
83, This 1s presumably caused by the enclosure of the Zuyder Zee (now Lake
IJssel), about 20 km from Gerritsfles in 1932, and the commensurate decrease
in salinity which might have affected the chloride input by precipitation.

Chemistry 1974-1985

Table & summarizes chemical data on surface water and precipitation.

The stations Goorven 1, 2 and 3 do not differ significantly in overall
water composition {(Friedman's two-way analysls of variance). -1

Nitrite was always below the detection limit of 0,2 E (P—equiv. 1 ).
Some of the wvariables in Table 6 have a skewed distribution and would be
more properly represented by thelr median values, but this would hamper the
calculation of ionic sums.

High concentrations of lons are associated with a growing Iice-cover,
while low values are found when the ice is melting. Particularly in Gerrits-
fles and Georven concentratloms of protons, sodium, calcium, magnesium, and
chloride are lowest 1in the cooler and highest in the warmer seasons.
Ammonium has 1ts highest concentrations in the autumn and winter.

The precipitation chemistry near all pools (Table 6) is rather similar,
Sulphate 1s the most important anion and is lowest near Kliple (98 uE) and
highest near Goorven {120 PE)' Ammonium is the most {important cation,
ranging £rom 87 pE near Xliplo to 108 PE near Goorven. Sulphate exceeds
ammonium by ca 10%.

The sites differ much more In surface water composition than in precipi-
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TABLE 3. Sensitivity analysis of estimated chloride concentrations ()}
and tesidence times (T ) against difference between annual precipitation
and evaporation of an open water surface (P-E).

Gootven Gerritsfles Kliplo
P-E i.‘.e Tr Ce Tr Ce 'l‘t
(m} {md) (a) (mM} (a} {mM) {a)
0.05 Q.48 3.4 0.68 6.2 Q.77 8.4
0.10 0,35 4,0 0,49 4.5 0,54 6,0
0.15 0.28 3.2 0.39 3.5 0,42 4,6
0,20 0.23 2,6 .32 .9 0,34 .8
0.23 0.17 2,0 0,27 2.4 0.29 3.2

TABLE 4. Comparison of medians, number of observatioms (n) and ranges of field~messured pH values between
three pericds. Differences between first and third period are significant (P ¢ ©,05, Wilcoxon two-sample
test) at all but the first sempling station. Data from Beljerinck (1926), Redeke & De Vos (1932), Dresscher
et al, {1952}, Coesel, Kwakkestein & Verschoor (1978}, Van Dam et al. (1981) and Vau Dam {in press),

Gaorven 1 Goorven 2 Goorven 3 Gerritsfles Kliple
1919-30 median {n} - 6,0 {3} 5.7 (2) 5.5 (9) 6.0 (3)
range - 53.5-6.6 3.4-6,0 5.5-6.5 6.0-6.5
1950-60 median {n) 5,2 (L) - - 4,0 (1) 5.2 {1}
range - - - - -
1970-34 medisn {n) 4.1 (18) 39 (20) 3.9 (19 4,3 (13} 3.3 (3
range 3,3-5.0 3.3-4.9 3.3%-5.6 3.9-5.5 3.9-8.8

TABLE 5. Long-term changes in median values of
Data from Redeke & De Vos (1932)

Van Dam {ir preass).

selected chemical variables in Gerritsfles.
s Dresscher et al, (1952), Van Dam et al, (198i) and

Year pH pH Alkalinity sai' b} c1 n
field Lab, {mE) {mE) {mE) (mE)
1925 - 4,4 0.10 0.35 0.00 0,40 1
1928 5.5 . - - - R 1
1930 5.5°% - 0.10 0.40 0,02 0.47 1
1950 4,0 - 0.06 - - 0,40 1
1960 - w1 0.10 0.80° .11 0.43 r
1974 3,9 4,1 0,00 0.54 ¢.05 0.28 1
1977 - 4,0 0.00 0.92 0.0% 0,34 1
1978 4.1 4,1 0.00 0.63 0.05 0,35 1
1979-85 4.3° 4.5 0.0t 0.27 0,09 0,25 23
2} n = B; L estimated from regression with C32+ and H52+; e n =17

- 79 -




- - - - - - 47 - - - (. F U}
&8 o8 =o33wmﬂuwum
- 34 o ot - 861 £ - (314 z 161 (ah (P12313) M
- ot T o1 - 7 z 6 - 1 2 1€ ey To1s
. 2
§°0 i'E 0 "1 5*0 o'¢g 10 01 0 £°Z 70 5°0 . (k) tPa02-0a
. "
- 08 of 1€ - 09 £ ¢4 - ot v e (1 3w} *su0d-Tom
- 2] 61 [ - (14 1 6 - £y H £l 134 %u) anoto3
z
- 4] 11 £91 - T 16 wol - 988 S0z 98¢ (wdy ‘0
[+) 1€t £€ 99 o s o 7 9 hel o £l (af) £Zrarrenty
L] 1A %' 179 vy o°11 g 18 2% 2wz 'L 9°61 ([ @ ST)(aeT) “pucy
e 699 a8t 119 [L14 1T fac] 9¢s 152 1091 wek vgol  (3) sworamy T
1 £z1 81 1% c 101 1 a1 9 134 21 £S (ar) e
3 Y 1 £ 3 69 o1 wI v 8Lz 9 43 (af)y 1w
. . ity Yooy
£'0 1 T ] £'0 £1 1 13 LAY ” 4 £ an) 4,
61 oSt 3 0 0z (X34 T g1 78 £2 6627 s 861 (3} )
L1 16 8% 69 a1 {01 I 9 £1 (114 99 (121 (30 +~wz
€L e 961 092 59 97¢ 13+ o1z 44 42 761 £ (af) e
[} 19 €z 33 L3 £11 1 il 3 LL] % 05 (@ o
L8 %6 9 1 L13 192 » 46 801 L1 1 £i1 (ar H:z
14 5T "] L] 24 66 & £ te it T 26 (af) (o1} M
a4t S0/ 8Ly [149 99T 06 £6% i1 LE5T L3¢ 9607 (ad) E&EW
n %8 o 9 ‘ 29 1 11 L 71 133 v (2d) suoruw 2jusdag
- 571 10 ' - 9'1 10 £ - [+ 10 e 3ty Toan
6 61 80 3 o¢ 31 31 8 g a1 2'0 D taty Fon
|3
0 99 i €€ o ol 0 71 3 7t 0 9 (ary oon
06 £6¢ 197 €28 vg £s¢ iz 187 69 9E5 691 6" (at) 12
g6 8l Ei (23] so1 96¢ 191 1 oz1 0701 162 0Z9 nm;v-wom
vrey "XEN fuTR uray urey "xeR "uTH uway uyey vl TUTR umay
ordrry 53135371120 € UIAXOON

*{#B61 1aquedag - 784l Alenuer)

wotyeltdyaaxd YINQ uT UOTIPIIGADGOD uBaWM pajyFram-awn[os SIEVEPUT ,UTEY, UWO]OZ UT E€INEL

"{GeeT Aieniqag yInoays Tge] L8N WOl FIUAWIINSEIV 9T oTdy1y ‘6967 41mnigay yInoayy pe47 ISNINY WOl svawaansedw ATARIlend g7 SITISITIIID puE UIAIO0Y)
x91e4 2087108 UT ATsajidadsal SINTRA TEOTXFU PUR [PWIUTM ‘usaw AIOUIP 'Xew pur ‘uTw ‘uwdy "uctieITdrosad pue 133w 20UFANS 10 A1ISTWILD 9 TTAVL

- 80 -



0.2 ;Water level
{m above mean}

pH-field

pH-laboratory

150 -Alkafinity 1500+
(uE)
100 10001
50 4 !
500+
04

300~

200

100

1]
40~ Colour e
tmg Pt 1™ ") P
20
) . N - 21
'74 '75 '76 '77 '78 '79 '80 'B1 '82 '83 's4 ‘74 '75 '76'77 '78 '79 'S0 'S81 '82 'B3 '34

FIG. 4. Changes in median annual values (bars) and Intervals (lines) of selected
variables in Goorven 3 {(finely dotted bars), Gerritsflee (obliquely hatched bars)
and Kliple (coarsely dotted bars) from 1974 through 19684,

- 81 -




2 4€- 18, #ouis I ™ 18, @duls tl (4101810097} pd

b) 61 78, 30T 1 .7 78, @oUlE wreld +w=z

18, 3%uis @ 4 o T8, @omays I i3 T8, IOUTE «ﬁm AyurTeqTy

) 21~ 18, #9uys I o1 7g, aougs 6€ (p1213) Hd

2 = t1g, @JUis T 5T €e uot1dunsuod anuzﬁ

Tg, @uts I o 3 9z~ 3 Tors

18, @vuts g -50" 18, aougs 16- s1 "oa %

a P 21 £8, 'XoR 3 sq

b 61 ¢1- 2 At

) o 0 0 Ton

Tg, °%uTs @ - £8-08, "XEH 6z~ ¢- 8103-_"0d

2 244 €1 H1- woz

a #a59° I8, “XPH 9% £8, "XeW ge- 1n070)

2 ¥1 q 97~ a 6L ex

1§, °UFS T {3 a 9 - a Q%= wou

o] 11 a Bz~ a qu-a>~na-uonmﬁwauﬁ>“uu=v=uo

78, 'XeH - 18, Tijun g Lo 79, T13un g 7 Y

b 8t a 6 a #16" (PT313} A37aTi2npU0)

b] ot 78, THon g = a =t +m¢u

) 44 a G- 78, Ti3un g - 705

2 n1- a - - B

78, ‘'og, “xeR 64 a MM- M «-«MM- ¥ b

E +

18, %015 g th- a —e a - o
puea] I pus1] x puz1] %1

*183[0 AIIA JOU DUBIY = |

‘ENUTXED = ‘XU ‘UNUTUTE = ‘UTH ‘28P2138p = @ JUBITUC) = 0 ‘@fedadul a T ‘¢ *374 ur sv eie7d Guien spreMuo HipT
WOlj PATSISBT 9aIm SPULIL ‘¥ CO'Q >d “¥¥ 1070 >d ‘¥=F T00°0 > fadmeapyruldig *(5867 Azeniqag y3noxyy yegl ALmy wWoij
siuamainsesw o1 oTdITy fzgel Aamnigag uFnoiyl gsp1 1sndny Wiy sjuaweInseam £11p11enb £7 SSTIFIFAILG PUR UIAI00D)

SWFI WIfA STQPTapA JO JUITDIIFI0I-UOTIRielI0d-Yuwa-uswaeads X pOT = 1 "g/g7 20uls wiep TedTUaY> uT sSpusil *; TIEVL

and
Sodium

the dominant cation, followed by ammonium {Goorven and Gerritsfles), and

magnesium and calcium (Kliplo). Concentrations of aluminium and hydrogen-ion

are high in Goorven and small in Kliplo.

in the pool with the
sulphate

lowest
in Gerritsfles

about equal. Nitrate 1s nearly absent in the pools and blcar-

bonate is of minor importance., Organic anions are highest in Kliplo.

1s

is
anion only in the surface water of

Chloride
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time (Gerritsfles) and highest where the residence time

is longest (Goorven), Also the total concentration of ions is highest in the

a dominant

Goorven, In Kliplo chloride dominates, while

chloride are

is

tation composition (Table
residence
Sulphate

shortest
latter pool.



Changes of water level and selected chemical wvariables since 1974 are
shown iIin Fig, 4. References to observations before 1979 in Goorven and
Gerritsfles and before 1981 in Kliplo are listed by Van Dam (in press). For
all of the variables in Table 7, the trends since 1976 were assessed from
visual inspection of similar plots as in Fig. 4. Some of the variables did
not decrease or increase regularly with time, and a carrelation coefficient
with time by itself would give a distorted picture.

Although differing in some details the changes in Goorven and Gerritsfles
have been more dramatic than 1in Kliplo and show a very similar pattern.
Particularly in Goorven high levels of sulphate, aluminium, calcium,
magnesium, sodium, potassium, and carbon dioxide were present in the first
few years after the drought of 1976. Since 1978 the concentrations of these
components have dropped rapidly in the few years after 1977 and more slowly
after ca 1981 (Table 7). From 1981 onwards pH (field), pH (laboratory) and
alkalinity increased in both pools. Colour and potassium permanganate
congumption were very low durlng the first years after 1976, but increased
after ca 1981. Ammenfum increased since 1982 (Fig, 4, Table 7).

In Klipla the chemical composition has changed little with time. The
decrease In colour (Fig., 4) and other varlables associated with the presence
of humic substances, e.g. iron and phasphate (Wetzel, 1983), since 1981 are
most striking, The pH has decreased too since 1982. Sodium and chlaride
(Fig. 4) peaked in the summer of 1976. However, the sulphate concentration
wag very low In this summer (42 pE) compared to the average concentration
(130 pE). Also other parameters assoclated with acldiffcation (e.g.
aluminium and calcium) had 1low concentrations throughout the observation
period.

Macrophytes

The record of 44 specles of macrophytes since 1912 (Table 8) is not ex—
haustive, because the earlier authors (see Van Dam (in press) for references
to unpublished reports and diary notes) often only mentioned the most
prominent species., Nevertheless, conclusions about the decline of certain
taxa are warranted,

The present vegetation of Goorven is quite uniform. In the open water
Nymphaea alba is most conspicuous, although it covers only a few percents of
the water surface, Juncus bulbosus and filamentous algae are increasing from
station 1 to statfion 3. J. bulbosus covered the water surface after the
severe drought of 1976 until 1979 and decreased later on. The total number
of species declined from 37 1in the period 1912-59 to 15 in 1984, In
addition, the vegetation of the open water was much more luxuriant in the
earliest period. In the early inventories R (the average pH indicator value
R) ranged from 2.5 near station 1 to 1.8 near station 3. From 1974 through
1984 R was 1.6 in the whole pool. In the latter decade no clear floristic
differences between the different parts of the pool could be found (Table
83.

The bottom of the open water zone in CGerritsfles 1is nearly completely
covered with Sphagnum denticulatum Brid, {= S. crassicladum Warnst,);

because of its increase over the years, places with a bare sandy bottom have
nearly disappeared. J. bulbosus encroached the peol after the drought of
1976, and decreased after 1978. Prior to 1958, 20_ species were recorded,
whereas since 1973 only 16 species were found. R declined from 1.9 to 1.6
(Table 8).

To date the open water of Kliplo 1s dominated by dense stands of
Patamogeton natans; 1its abundance increased over the last few decades, at
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TABLE B, Macrophytes of open water and nearshore areas. R is indicator value for pH (1
acidoblontie, 2 acidophilous, 3 circummeutral, 4 alkaliphllous, -~ indifferent). Size
of symbols 1s proportional to abundance. Data from Thijese (1912, 1916, 1926, 1927,
1937), Betijerimck (1924, 1926, 1931), Vuyck (1924), Bergmans (1926), Schuiling & Thije-
se {1928), Koster (1942), Wigman (1932), Schimmel & MBrzer Bruijns (1952), Ven Dijk &
Westhoff (1960), Van der Voo (1965}, Brouwer (1968), Coesel & Smit (1977}, Van Gi jsen
& Claassen (1978), Higler (1979) and Van Dam (in press).

Goorven Gerritsfles Kliplo

Fron 1%.. 12 12 12 75 84 16 73 24 65
Ta 19.. 59 59 59 76 B84 58 84 58 B4
Species Station 1 2 3 1-3 1-3

=

Drepanocladus fluitans (Hedw.) Warnst, .
Drosera intermedia Hayme

Drosers rotundifelia L,

Eleocharis multicaulis Sm, .
Juncus bulbosus L. .
Rhynchospora alba (L.} vahl

Sphagnum apec. -

Agrostis canina L. . . . .

Carex rostrata Stokes
Deschanpsia setacea (Hude.) Hack.,
Eriophotum angustifolium L.
Hydrocotyle vulgaria L.
Hypericum elodes L.

Juncus acutiflorus Ehrh., ex Hoffm, .
Juncus effusus L,

Lobelia dortmanna L.

Luronlum natans (L.} Raf.

Molinia caerulea (L.} Moench
Myrica pale L.

Potamogeton polygonifolius Pourret
Potentilla palustris {L.) Scop.
Sparganium augustifolium Michx L] .
Utricularia minor L. . .

Viola palustris L. . .
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Carex lasiocarpa Ehrh, . .

Menyanthee trifoliata L. . . .
Myriophyllum alterniflorum D.C, L]
Pot:mngetun natans L. .
Scirpus fluitens L. . @ .
Utricularia intermedia Hayne - .

W W ww
.
.
.
»
L

Alisma plantago-aquatica L.
Eupatorium cannabinum L.

Lycopus europaqus L.
Lyeimachia vulgaris L.

Mentha squatica T,
Scirpus lacustrie L.

Typha angustifolia L.

Eleacharis palustris L. - s @ .
- Glyceria fluitans (L.) R.Br. ]

- Juncus articulatus L. . v
- Lemna minor L, .

- Nuphar lutea {(L.) Sm.
- XNymphaea alba L, » & @ [ T

- Phragmites australis (Cav,) Trin. ex Steud. e . e .

F O ok

.
.

Nunmber of species 25 29 18 20 15 22 16 20 24
Average R 2.5 2.0 1.8 1.6 1.6 1.9 1.6 1.8 2.0
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TABLE 9. Mgan relative sbundance of diatom taxa wich a mean relative abundsnce of at lasat 1T in at leaar one sampling period;

PR opecera, dintow-inferred pH, diversiry indices of szamples and optimdl pH valves of taxa. From 1%.. to 9., Lls perlod of sampling,
+ » relative abundance < 0.5% or taxon present outside the count, - * taxen net found, ' and " indicara afgnificant (P<0.05) change
ie comparison to pravious and nexr previous period respectively (Wilcoxon two-sample tast).

Goorven 1 Goorven 2 Goorven 1 Gerritsfles Kliple

From 19.. 1 52 4 2% 50 135 19 73 16 50 44 24 4B 72
To 9., 29 53 B4 29 53 84 28 8 18 60 B4 29 6k Ba
Number of mamples 3 2 11 5003 1212 12 705 2
ph-apt. Taxen () (T) X (@) (I (@ @) ) (1 (D (R () T M

Mavicula subtilissina Cleve
Euotia exigue (Bréblwscn) Rebenhorst
Wavicula 'hoefleri' sensu Ross & Siws (197R}"
Prusculis rhomboidas var. saxonica (Rabenhorst) De Toml
Havicula medfceria Krasske

unarls (Ehrenberg} Wirpel
Pinpula: bicape Gregary
a quadrieeptata Knudson
Brachyelra brebiesonil Ress
B, brebissonil [, thermalis Ross
Husrsdr (asymmectical forms)
a (Grunow) Hustedt
renberg
E. rhomboldes Hustedt (eymmetrical forms)
Finnularis eicrostauran (Ehrenberg) Cleve
Tabel a flocenloen (Roth) Kirzing
Stauronels anceps f. gracilis Rabevhorst
Evnotia elegans Bntrop
Fragilaria virsscens Ralfs
Eunotfa peet 18 var, minor (Kliczing) Rabannorst
B r f. impreasa (Ehrenberg) Hustedt
Brachysira vi f. lanceclata (Hayir) ¥Yan Dam
Havicule leptostriata E.G. Jérgensen
Flonularia appendiculata (Agardh) Cleve
Paronia fibula (Brébisson & Arnott) Ross
Lyebella rabenhoTetii Rows
Hitzschia gracilis Hantzsch
A, perminura Grunow
Cyobells microcephals Grumow
Achnanthes minutie=ima Kilczing
Brachysira virrea (Grunow) Roas
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Mediar diatow-inferred pH [
Minimal diatom-inferred pH 6,
Heximal diacop-inferred pH 7

4.8 4,7 4,1'" 5.0 S.6 4,6
4.3 4,6 6.0 4.8 4,9 4.2
5.0 4.9 4.4 5.2 6.1 5.1

Y
m e
EF

0
-5

Medien toral number of taxa 36 48 KIN 43 25 " 16 13' 22 24 | PR} 7 25"
Medien number of taxa In count J15 3L 21 23 2 16" 10 LAY . b ™16 S
Median éominance 4 35 64" 30 32 89" 30 97 /W3 4Tt 27 1 W

"Not identical to the type of N. hoefleri Cholnoky (H. Langa-Bertslor & E.Y, Haworth, pers. copm.).
BSynonyw: W, heimansii Van Dam & Kooyman.

the cost of Sparganium angustifolium., The number of species and R have
increased slightly over 60 years (Table 8).

Diatoms

The 31 most common taxa are listed in Table 9, in the order of increasing
pl optima. Taxa for which no optimum pH values could be calculated from my
own observations are entered in their most probable place, using data from
the literature as listed by Van Dam & Xooyman-van Blokland (1978) and Van
Dam et al. (1981).

The diatom~inferred pH significantly decreased over time at all stations
(Table 9). Between 1919 and 1929, a pH gradient existed from station 1 to 3
in Goorven; the pH encompassing a range of 2.1 units. Between 1975 and 1984,
the gradient had narrowed to a range of only 1.3 units.

The most striking change over time is the huge 1ncrease of the acido-
biontic Eunotia exigua in Goorven and Gerritsfles (Table 9). The majority of
the taxa with higher pH-optima has decreased over time. In Kliplo a small
increase of the acidobiontic Frustulia rhomboides var. saxonica has been
observed. The acidoblontic Navicula subtilissima has decreased in Goorven 3
{mineral acida) and has increased in Kliplo (organic acids).

The impact of the extremely dry summers of 1921 and 1976 on the most
common acidobiontic difatoms of Goorven station 3 can be read from Fig. 5.
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Their median abundance decreased significantly (P = 0,05, Wilcoxon two-
sample test) from 6B% in 191%-21 to 45% in 1922-28. The median diatom
inferred pH increased not significantly (Wilcoxon two-sample test) from 4.7
before to 5.0 after the drought of 1921, The high abundance of E. exigua in
1975, as compared with the old samples, is striking. After 1976 it dominates
the assemblage with a median relative abundance of 98%, Only in the last few
samples its relative abundance decreased slightly, In favour of E.
bilunaris, which has a wide pH amplitude.

Navicuia subtilissima + N* hoefleri'

A7 obeltario quadriseptato

o0 ']% Frustulia rhomboides
var. saxonica

- Eunotia exigug

50

Relative abundance

0 -
Year (19..) 19152012021 2222 12 245 26 24 75 78 ¢ 80 80 21 B1 §2 B2 83 &3 84
Month € 9 2 8 8 810104 5 4 § 9111151151151 5115
Inferred pH 4.64.45.746.75.8 4,65.4 5.04.65.1 4.65.7 4.54,24.0 4,04.0%.04.05.00.048.00.1 4.1

FIG. 3. Relative abundance of acidoblontic diatoms and diatom—-inferred pH of Goorven
3 from 1919 through 1984,

EANavicuta subtilissima + N"hoefleri'

100 % . )
Tabeﬂarla quadriseptata

2 Frustulic rhomboides

c var. saxonica

(]

o

g B cunotia exigua

8

50

v

2

=

&

[T

4

0 _ -
Year (19..) meR ARRRE T358% RNARERERRREESo2538 3
Month L N A somon mrTO wameTLCToo BT eTn
managsa ngen o H==em Mo 08 0n-80gmrn -
Inferred pH i e g FeL T PR 55:3:3:5333555332::

FIG. 6. Relative abundance of acidobiontic diatoms and diatom—inferred pH of Ger-
ritsfles from 1916 through 1984,
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100 1%
Naw‘cufa subtifissima + N' hoefleri'
Tabellaria quadriseptato

Frustulia rhomboides
var. saxorica

E Eunotie exigua

Relative abundance
w
o
4

o]

Year(19..) 23 29 L1 S4 62 &% 1272 8 7% 80 &1 81 82z B2 B3 83 an
Moenth 8 6 5 58 5 77 11105 511 5 11 5 115§

Inferred pH 4852 5%  6.14.85.2 w542 5.340.04.63.84.45.10.64.90.50.5

FIG, 7. Relative abundance of acidoblontic diatoms and diatom—inferred gH of Kliplo
from 1924 through 1984,

In Gerritsfles acidobiontic diatoms increased after the extremely dry
year 1959 with some delay. In 1964-65 their relative abundance, notably E.
exigua, was over 902 and kept dominating since. From 1981 onwards E. exigua
decreased. The samples from 1916, 1918, 1950 and 1978 (Fig. 6) were taken at
different astations in the pool. In earlier years the spatial variation of
the diatom assemblages in the pool was much larger than fin 1978 (Fig. 6).

Although the acidobiontics in Kliplo in 1962 and 1964 are slightly more
abundant than in 1958, no pronounced differences are seen in the diatom-
inferred pH before {5.5) and after (5.3) the drought of 1959 (Fig. 7). No
systematlic change in either the relative abundance of the acidobiontic
diatoms or the inferred pH occurs from 1978 to 1984, The extremely high
abundance of the "humic-acid diatom' Frustuwlia rhomboides var. saxonica in
the two samples which were taken at two different places in 1972 is
difficult to understand.

-DISCUSSION
Long—term changes

The pH values decreased significantly over the last six decades (Table
4). Colorimetric methods, used prior to 1961, can give errors of about one
pH unit in weakly buffered low alkalinity waters (Haines et =21., 1983;
Blakar & Digernes, 1984). The more recent potentiometric pH-measurements in
these waters can give errors of about 0.7 pH unit (Neal & Thomas, 1985;
Covington, Whalley & Davison, 1985)., Laboratory pH-measurements could be
checked by means of the charge balances. Such a check was not possible for
the fileld-pE wmeasurements of which the median was 0.3 unit lower than the
laboratory measurements {P<0,001l, Wilcoxon signed-rank teat). The methodolo-
glcal problems may affect the absolute values of long-term pH changes, but
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the trends are correct, as 1s evident from the changes in diatom-inferred pH
values (Table 9) and average R values for the macrophytes (Table 8)., The
discrepancy between the measured and diatominferred pH values (Tables 4 and
9) may partly be caused by the relatively large methodological standard
error (0.7 unit) of the latter value. The methoed of Renberg & Hellberg
(1982) has a standard error of 0.3 unit in lakes with pi>4.5 (Battarbee,
1984; Charles & Norton, 1986), but requires the presence aof either
circumneutral, alkaliphilous or alkalibiontic taxa, which were absent from
many of my samples.

The long-term pH changes as assessed by the variocus methods are ca 2 unit
in Goorven, c¢a 1 unit in Gerritsfles and ca 0.5 unit in Kliplo (Tables 4, 8,
9) and far beyond the median pH decrease of 0,3 unit over the last century
inferred from cores taken from 34 lakes in Scandinavia and North America
(Battarbee, 1984), Thus long-term pH changeaz are much larger in moorland
pools than in lakes and largest in those pools where the largest fraction of
the bottom is exposed to the atmosphere in dry years.

The chemical composition of the moorland pool water (Table 6) 1s highly
affected by acidification and similar to that from nearby Belgian moorland
pocls, discussed extensively by Vangenechten (1980) and Vangenechten et al.
(1981b).

Changes in macrophyte assemblages are, again, largest 1In Goorven and
smallest in Kiiplo. The decline of isoetids {(e.g. Lobelia dortmanna) and
other species of low alkalinity waters (Luronium natans, Myriophyllum
alterpiflorum etc.) and the strong lacreases of Sphagnum and Juncus bulbosus
are typlcal for acidifying lakes (e.g. Grahn et al., 1974; Van Dam &
Kooyman—-van Blokland, 1978; Nilssen, 1980; Roelofs, 1983; Melzer & Roth-
meyer, 1983),

Long—term changes in specles composition of the diatom assemblages were
compared with those of other acidified areas by Van Dam et al. (1981) and
Dickman et al. (in press).

Composition of precipitation
Table 10 summarizes the concentrations of some ions in precipitation at

some esites in Europe and North America, Gerritafles, Grane Langséd and
Silberborn have the highest concentrations of ammonium, nitrate and sulphate

TABLE 10, Selected characters of precipitation in Eurcpe and North America.

Site Altitude Precip. H+ NHI NO3 Sﬂf Perio¢ Source®
(@) (emal) E) (uE) (pE) (pE)
Birr, Central Ireland 70 78 1 11 4 14 1966-75 1
Jergul, Northern Norway 255 13 31 8 9 35 1977-19 2
Bubbard Brook, New Hampshire, U.S5.A. 550 134 69 11 24 54 1963-82 3
Woeds Lake, Adirondack Mts, U.S.A. 606 127 60 19 33 57  1978-81 4
Rotenfels, Black Forest, Germany 707 17 46 a9 42 66  1982-85 5
Birkenes, Southern Horway 190 147 89 42 41 77 1977-79 2
Hilversum, Central Netherlands 10 71 12 43 2 92 1933-37 6
Gerritsfles, Central Netherlands &0 46 37 94 30 105 1982-84 7
Grane Langsé, Jutland, Denpark 74 96 47 3} 46 114  1977-79 3
Silberborn, Solling Mts, Germany 500 94 a7 83 54& 158 1969-76 9

2 Héttheus E McCaffrey (1977); 2 Overrein, Seip & Tollan (1980); 3 Likens et al., (1984); 4
Johannes, Altwicker & Clesceri {(1985); 5 Evers (1986}; 6 Leeflang (1938); 7 Table 6; 8 Reba-
dorf (1983); 9 Ulrich, Mayer & Khanna (1979).
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and are situated in a belt, running from The Netherlands and Belgium to
Poland, characterized by extreme alr pollution (EMEP-CQQ, 1984). Concentra-
_ tions of sulphur dioxide in air range from 2-4 pg m at the cleamest
stations {top of Table 10) to 20-30 ng m - at the most polluted staticns
(bottom of Table 10) (EMEP-CCC, 1984). e sulphate concentration 1in the
precipitation mnear Hilversum in 1933-37 1is about the same as the
concentration near our three study sites In 1982-84, However, the
concentration of inorganic nitrogen in the earlier samples (45 pE) is much
lower than in the present samples {136-156 pE). The present composition of
precipitation at Hilversum is similar to that at our sampling stations
(Frantzen & Adolphe, 1985), -

The precipitation near the moorland pools in The Netherlands and the
lakes in Jutland (5-10 mw deep) 1s very similar (Table 10}, The median diatom
inferred pH (calculated according to Renberg & Hellberg (1982)) in five of
these Danish lakes declined from 6.0 in ca 1945 to 5.7 in 1982 (P=0,06,
Wilcoxon signed-rank test) (H. van Dam, unpublished data), The more severe
acidification 1in the moorland pools than in the lakes might be due to a
higher dry deposition of sulphur and nitrogen compounds (EMEP~CCC, 1984) and
to morphometric factors.

Morphometry and hydrology

Despite the limited monitoring and hydrological data the order of
magnitude of chloride concentrations fs predicted correctly by the simple
hydrological model (Table 2). This indicates that the input varlables ave
the principal factors affecting chemistry, and consequently biology, of
moorland pools, Differences in land use around these pools (forest, heath)
are probably less important. : i

The residence time (T ) gives an impression of the time needed for
recovery of a lake or pool after perturbation, such as a severe drought. The
estimated residence times (Table 2) are between 3 and 6 years. T_ for 57
lakes in Central Furape (median area 680 ha, median average depthr36 m), as
tabulated by Siebeck (1982}, 1s between 0.1 and 21 .years (median 1.6).
Residence times of acldifying lakes in WNorth America are 0.06-25 years
(Dillon, Jeffries & Schneider, 1982; Cook & Schindler, 1983; Francis, Quinby
& Hendrey, 1984; Kelly et al. in press). All these lakes have in- and
outlets, In contrast to most moorland pools, which may explain why moorland
pools have relatively high Tr values, in splte of their small volume,

Earlier drought periods

Extremely dry years have an evaporation excess exceeding 0.35 m from
April through August and occurred since 1735 about once in fifteen years, as
estimated from the data by Vanderlinden (1924), Labrijn (1945) and De Bruin
(1979).

Acidification of dralnage water of peatlands after drought or artificial
drainage 18 well-known (e.g. Malmer, 1974; Gorham, Bayley & Schindler,
1984), After a dry summer Hogbom (1922) observed precipitation of humic
substances and mass death of fish fn Swedish 1lakes 1in a reglion with
gediments rich in pyrite,

After the drought of 1921 the production of alkalinity by sulphate
reduction in Goorven 3 apparently exceeded consumption of alkalinity by ni-
trification and subsequent denitrification (see next section). The impact of
the drought period of 1921 was lower than in 1976, probably because less
sulphur had been accumulated in the sediments in 1921 than in 1976. Because
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TABLE 11. Comparison between actual and hypothetical mean concentration of
selected ions in surface water.

Goorven 3 Gerritafles Kliplo

sct, hypoth. act, hypoth. act. hypoth.
sof‘ (uE} 620 751 227 334 130 352
NOS;[pE) 4 301 B 159 7 176
w,T (pE) 173 676 99 299 41 312
i (ue) 92 232 33 118 4 126
o (ue) 89 25 % 10 31

the median abundance of Frustulia rhomboides var. saxonica, an indicator of
humic acids, did not change after the drought of 1921, the concentration of
humic substances in Goorven 3 probably was not affected by this drought.

The dramatic increase of both sulphate (Table 5) and Eunotia exigua (Fig.
6) in Gerritsfles after the drought of 1959 indicates that the effect of
this dry year was similar to that of 1976,

Drought of 1976

Expected chemistry. If a moorland poel would be an unreactive reservoir
and ions would be asupplied by precipitation and concentrated by evaporation
only, the concentration of any ion in the reservolr (S ) could be estimated
from its concentration in precipitation (S_), the concentration of the inert
chloride ion in precipitation {(C }, and inP the reservair {C.) by: S =
CrS /C_. These hypothetical conBentrations were calculated frém Table 6 for
sonk 1Bne which are important 1Intermediates 1in processes consuming and
generating alkalinity (Table 11}). 1In all pools, particularly Kliplo, the
actual sulphate concentration is much lower than the hypothetical
concentration. Because dry deposition of sulphurdioxide sulphur, which is
about twice the wet deposition of sulphate-sulphur on moorland pools in The
Netherlands (Van Dam et al., 1981), has not been considered this discrepancy
is even higher than suggested 1in Table 11. Less than 25% of the wet
deposition of fnorganic nitrogen (nitrate plus ammonium) I8 recovered in the
pools. Dry deposition of ammonium, which i{s probably in the same order of
magnitude as the wet deposition, does decrease the recovery, so considerable
amounts of inorganic nitrogen must have been removed. Protons have also
lower concentrations than expected.

Sulphur. Sulphate reduction could be responsible for the relatively low
sulphate concentrations. Epilimnetic sulphate reduction has been found as a
major source of alkalinity in acid-sensitive Canadian lakes {(Kelly & Rudd,
1984; Cook et al., 1986; Schindler et al., 1986) and considerable activity
of sulphate reducers has been observed 1n peat bogs at pH<4 (Baas Becking &
Nicolai, 1934; Hemond, 1980).

In Kliplo changes from 1974 through 1984 have been relatively small
(Table 7, Fig. 4). The bottom sediment was not aerated in 1976 and the
reduction of sulphate probably takes place continuously. The sulphate
concentration in the interstitial water of the sediments is appreclably
lower than in the open water (J. Mulder, pers, comm.). The pool 1s
permanently stained brown. No reduced levels of humic and fulvic acids,
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characteristic for acidifying lakes (e.g. Almer et al., 1978; Dillen, Yan &
Harvey, 1984) occur, because 1n this pool mo strong acids are formed by
oxidation of reduced sulphur and nitrogen compounds.

In Gerrvitsfles and particularly in Coorven large fractions of the bottom
were exposed te the atmosphere during the drought of 1976, Oxidation of
reduced sulphur compounds, accumulated in the bottom sediments because of
the high sulphur load in the preceding decades, caused high sulphate
concentrations duving refilling, as was observed in Belglan wmoorland pools
by Vangenechten, Bosmans & Deckers (198la). Subsequently, sulphate reduction
could contribute to the decrease of sulphate concentration and increase of
alkalinity. Indeed alkalinity and pH are positively correlated with time in
these pools (Table 7, Fig., 4).

Kelly et al., (in press) found a positive relationship between sulphate
{and nitrate) removal and water residence time, contrarily to our observa-
tions. Probably an eventual increase in neutralization due to the longer
residence time of Goorven was counteracted by the higher productfion of
protons in this pool during aeration of the sediments in 1976, when compared
to Gerritsfles and, especially, Kliplo.

Sulphate reduction (and also denitrification) require the presence of
organic material as electron donors. Untll three decades ago many moorland
pools in The Netherlands had a bare sandy bottom (e.g. Redeke & De Vos,
1930). A layer of organic detritus has developed since, due to impaired
decomposition of organic material at pH values below 5 (Grahmn et al., 1974;
Francis et al,, 1984; Rao, Jurkovic & Nriagu, 1984; Kelly et al., 1984). The
increase of colour since ca 1981 might refleect increased decomposition at
rising pH levels (Fig. 4).

Schindler (1985) expresses solicitude about depletion of iron in
sediments of lakes when sulphate reduction willl continue at accelerated
rates. In that case hydrogen sulphide is no longer fixated as iron sulphides
and will intoxicate the system. The continuous removal of iron might
uncouple the phosphate and iron cycles, having a fertilizing effect by
allowing more phosphorus to remain in solution (Ohle, 1954; Stumm & Baceini,
1978; Schindler, 1985). The increase of Potamogeton natans {more typically
found in eutrophic waters) and the decrease of Sparganium angustifolium
(characteristic for oligo-mesotrophic waters) in Kiiplo might be signals for
the enhanced availability of phosphorus In this pool. Also the changes in
desmid assemblages indicate eutrophication of Kliplo since about 1925
(Coesel & Smit, 1977).

Nitrogen and carbon. Removal of atmospherically derived nitrogen by ni-
trification of ammonfum and subsequent denitrification may explain the
differences between hypothetical and actual concentrations in Table 11, Like
sulphate reduction, these processes are stimulated by neutral or alkaline
conditions, but also in very acid environments (pH<4) nitrification and
denitrification have been reported {(Keeney, 1973; Focht & Verstraete, 1977;
Van Breemen et al,, 1982; Hemond, 1983; Schindler, 1985). As nitriffcation
of cne mole of ammonium produces two moles of protons, while denitrification
of one mole of nitrate consumes one mole of protons, the chaln of reactions
causes the production of one mole of protons or an equivalent consumption of
alkalinity. As ammonium and sulphate are present in about equivalent amounts
in precipitation, the production of protons by ammonium removal equals the
consumption of protons by sulphate reduction, at 1least 1in the 1long rumn,
provided that enough organic material 1s present. Denitrification of the
nicrate nitrogen, added by precipitation, will cause an extra consumption of
protons.

Carbon dioxide concentrations in Gerritsfles and particularly Goorven
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were elevated during the first years after the drought of 1976 as a con-
sequence of intensive sulphate reduction and might have been responsible for
the lush growth of Juncus bulbosus in the first post—drought years {Roelofs,
Schuurkes & Smits, 1984; Wetzel, Brammer & Forsberg, 1984). J. bulbosus and
Sphagnum cuspldatum Ehrh. ex Hoffm. have a positive photosynthetic response
with concentrations of ammonium above 50 uE (Roelofs et al., 1984). J.
bulbosus and Sphagnum flexuosum Dozy et Molk. preferred ammonium above
nitrate and seriously affected the ammonium concentrations in the experi-
mente of Schuurkes, Kok & Den Hartog (1986). So the increase of ammonium in
both pools since c¢a 1982 may have been associated with the decline of J.
bulbosus since then. Also decomposition of dead J. bulbosus may play a role.
In Goorven, where the biomass density of aquatic macrophytes 1s lowest, the
ammonium concentration is higher than elsewhere. The low concentrations of
inorganic nitrogen in Kliplo may be due to the lush growth of Potamogeton
natans.

Cations. The cations aluminium, calecium, magnesium, sodium, and potassium
have a similar pattern through time as sulphate {Table 8) and are known to
be weathered at increasing rates from catchments exposed to acidification
(Schnoor & Stumm, 1985) and released from sediments of acidifying lakes by
cation exchange (Oliver & Kelgso, 1983; Baker et al., 1985). Vangenechten et
al. (198la) observed a similar pattern in the chaenges of majior ion chemiatry
in Belgian moorland pools after the drought of 1976.

Other pools and lakes. The developments in Goorven and Gerritsfles in the
lagt decade are probably representative for other moorland pools in The
Netherlands, Kersten (1985) presents the results of chemical samplings from
15 pools in 1982-85, which were sampled in 1978 by Van Dam et al. (1981). A
t-test indicates significant Increases of pH (P{0.0l) and ammonium (P<0.03)
and decrease of sulphate (P<0.01) 1in these pools, while the increase of
alkalinity is not significant.

Forsberg, Morling & Wetzel (1985) observed an Increase of pH and a
decrease of sulphate from 1977 through 1982 in small and deep lakes in
gouthern Sweden, which were acidiffed in the period before. The authors
attribute the recovery of the lakes to decreased of sulphate concentrations
in precipitation of ca 2Z per year, which 1s similar to data from The
Netherlands (Kempen et al., 1986). An alternative explanation would be an
acid 'surge' after drainage of the soils in the watershed during the drought
of 1976, followed by similar processes as were described above.

CORCLUSIONS

The long-term developmentz in the fnvestigated moorland pools and some
other moorland pools in The Netherlands (Van Dam et al., 1981; Van Dam, in
preas) are summarized and compared with long-term changes in North American
and Scandinavian lakes i1in Fig. 8. Generally, acidification of the lakes
started about 1930 and the pH decreased by about 0.3 unit (Battarbee, 1984;
Charles & Norton, 1986),

Acidification of moorland pools in The Netherlands started several
decades earlier, because they are closer to major sources of atmospheric
pollution. Particularly in those pools where a large part of the bottom
desiccates during drought episodes, the long—term decrease of pH 18 much
larger than in lakes. During the last fifty years the pH dropped rapidly
after dry summers, because of oxidation of atmosphere derived reduced
sulphur and nitrogen compounds, which had been stored in the sediments.
After  such a drop the pH increased again, presumably by alkalinity produc-
tion during sulphate reduction and denitrification, This process probably
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FIG. 8. Qutlimre of long-term pH changes In wmoorland pools which dry up for a
considarable part 1in extremely dry years {(solid line), moorland pools which are
permanently filled with water (broken line) and acidifying lakes 1an Europe and
Horth America (dotted line), Arrows indicate extremely dry years.

will continue as long as (potential) acidifying substances (protons,
ammonium) are added to the system in smaller proportioms than sulphates and
nitrates, which can act as potential alkalizing substances, provided that
enough organic material for the reduction of sulphate and nitrate is
present.

In those moorland pools where the bottom is permanently submerged, the
rate of acidification 18 similar to that in the North-American and
Scandinavian lakes.

ACKNOWLEDGEMENTS

The author is much indebted to a number of persons and organizations for
valuable contributions. The Society for the Preservation of Nature Reserves
and the State Forestry Service gave permission to wvisit the pools. Dr,
P.F.M. Coesel and Mrs. H. Kooyman—van Blokland (Amsterdam), Dr, H, Dumont
{Ghent) and Mr, B.Z. Salomé (Nieuwersluis) provided old plankton samples.
Dr. H.F.R. Reijnders (Bilthoven) and Mr. H.F. van Dobben (Leeraum) supplied
data on precipitation chemistry, Mr, E,J.Velthorst (Wageningen) carried out
analyses of DOC. Mr, G.M. Dirkse (Leersum) and Dr. P, Baas (Leiden)
indentified some macrophytes. Peof. Dr. E., Jérgensen (Lyngbye) lent diatom
type slides, Prof. Dr. H. Lange-Bertalot and Mr. M. Ndrpel (Frankfurt am
Main) checked identifications of some diatom taxa.

Mr. C.N. Beljaars counted most of the diatom slides and Messrs. J.C.
Buys, H,H. Hoekstra and G,J. Koetsier gave techmnical support. Discussions
with Messrs. G.J. Baaijens (Leersum), H. Houweling (Arunhem) and M,J,H.A. van

- 93 -




der Linden (Leersum) contributed to the interpretation of hydrological and
chemical data. Prof. Dr. N. van Breemen, Prof. Dr, C. den Hartog, Prof. Dr.
C.W. Stortenbeker, Mr. J, Mulder (all in Wageningen), Dr. P.F.M. Opdam
(Leersum), and Mr. J.P. Sweerts (N{euwersluis) commented on the manuscript.

The research was funded in part by the Beljerinck-Popping Foundation of
the Royal WNetherlands Academy of Sciences and the FEuropean Community
(Contract nr. ENV-650-N(N)).

REFERENCES

Alwer B., Dickson W., Ekstrdm C, & HWirnatrdm E. (1978) Sulfur pollution. and the aquatic
ecosyasten, fSulfur in the enviromment. II. Ecological Impact (Ed. J.0, Nriaguj, pp. 27I-3L1.
Wiley, New York.

Anonymous (1982) Normalen en estandaardafwljkingen voor het tijdvak 1951~ 1980. Klimatologische
gegevens  var Nederlandse statioms, 10, 1-118. FKoninklijk Nederlands Meteorologisch
Instituut, De Bilr.

Baas Becking L.G.M. & Wicolai E. (1934) On the ecclogy of a Sphagnum bog. Blumea, 1, 10-45.

Baker L.A., Brezonik P.L., Edgerconm E.5. & Ogbutn R,W. (1985) Sediment acld neutralization 1in
goftwater lakes. Water, Air, and Soil Pollution, 25, 215-230.

Bakker T,W,M., Castel 1,I.Y., Everts F.H. & De Vries N.P.J. {1986) Het Dwingelderveld, een
Drents beidelandschap. Pudoc, Wageulngen.

Battarbee R.W. (1984) Diatom analysis and the acidification of lakes., Philosophical
Transactions of the Royal Society, B 305, 451-477.

Beijerinck W. (1924) Het Lheebroeker Zand (een pieuw natuurmonument in 't Drentsch Staatado—
mein). De Levende Natuur, 29, 97-10Z.

Beljerinck W. (1926} Over verspreiding en periodiciteit van de zoetwater- wieren in Drentsche
heideplassen, Verhandelingen der FKRonipklijke Neder~ landsche Akademie var Wetenschappeo,
Afdeeling Natuurkunde, (2e sectie) 25(2), 1-211.

Beljerinck W. {1931) Over Burycercus glacialias Lillj, en andere arctische levensvarmen in de
plagsen der "Dwingeloc'sche Heide", De Levende Natuwur, 36, 238~248.

Bergmans J. (1926) Schoon Olsterwlik. Ofaterwljk, Olsterwijk,

Blakar I.A. & Digernes T, (1984) Evaluation of acidification based on former colorimetric
determiration of pH: the effect of indicators on pH in poorly buffered water, Verhandlungen
der Internationalep Vereinigung fir Theoretische und Angewandte Limnologie, 22, 679-685.

Brouwer G.A. {1968) Over matuurbehoud in Drente. Kromlek vap een halve eeuw. Mededelingen vap
de Botanische Tuipnen en het Belmonte-Arboretum, 11, 32-119,

Charles D.F. & Norton S.A. (1986) Paleolimnological evidence for trends in atmospharic
deposition of acids and metals. Acid deposition: loog term trends (National Research
Council, Committee on monitoring and assessments of trends in sacid deposition), pp.
335~505. National Academy Press, Washiogton. .

Coegel P,F.M,, Kwakkestein R, & Verschecor A, (1978} Oligotrophication and eutraophication
tendencies In some Dutch mooriand pools, as reflected in their Desmid flora. Hydroblologia,
61, 21-31.

Coesel P.F.M. & Smit H,D.W. (1977) Jukwieren in Drenthe, vroeger en nu. Veranderingen 1ipr de
Desmidiacee@nflora wvan enige Drentse veonen gedurende de laatste 50 jaar. De Levende
Natuur, 80, 3é-44,

Cook R.B., Kelly C.A., Schindler D.W. & Turper M.A. (1986} Mechanisms of hydroger ion
neutralization in an experimentally acidified lake. Limnology aud Oceanography, 31,
134~138.

Cook R.B. & Schindler D.W. (1983) The biogecchemistry of sulfur in ap experimentally acidified
lake, Ecolaogical Bulletin, 35, 115-127.

Covington A.K., Whalley P.D., & Davison W. (1985) Recommendations for the determination of pH
in low Lonic strength fresh waters. Pure and Applied Chemistry, 57, B77-886.

De Bruin H.A.R. (1975} Neerslag, openwaterverdamplug en potentieel neer- slagoverschot in
Redarland. Frequentieverdelingen io het groeiseizoen, Koriokli jk Nederlande Matecrologisck
Instituut, Sclentific Report, W.R. 79-4, 1-90,

Dickman M,D,, Vao Dam H, Van Geel B., Rlivk 4.G. & Van der Wijk A, (in press.) Acidification
of a Dutch moorland pool, & palaeolimmological study. Archiv flir Hydroblologle.

pillon P.J., Jeffries D.5. & Schmeider W.A, {1982) The use of calibrated lakes and watersheds
for estimating atmospherlc deposition npear a large point source. Water, Adr, and 5oil
Pollution, 18, 241-258,

Dillon P.J., Yan, N.D. & Warvey H.H. {1984) Acidic deposition: effects on aguatic ecosysteas.
CRC Critical Reviews in Enviroomental Control, 13, 167-194.

Dresscher T.G¢.N., De Graaf F,, De Groot A.A., Heimans J., Van Heusden G.P.H., Woster J.Th.,
Meyer W., Mdrzer Bruyns M.F., Schimmel H.J.W, De Voa A.P.C., De Vries H.F. & Van der Werff
A. (1952) De Gerritsflesch bij Kootwl jk, Publicatie Hydroblologische Vereniping, 4, 1-22,

- 94 =




Driacoll ¢,T. & Newton R.M. (1985) Chemlcal characteriatics of Adirondack lakes, Enviropmental
Sclence and Technolegy, 19, 1018-1024.

Bilers J.M., Glass G.E., Webater K,E, & Rogalla J,A, (1983) Hydrologic control of lake-
susceptibility to acidification. Canadian Journal of Fisheries and Aguatic Sciences, 440,
1896-1904.

Ellenberg H. (1979) Zeigerwerte der GefHsspfanzen Mitteleuropas {2nd ed). Scripta Geobotanica,
9, 1-122. .

EMEP-CCC (1%84) Co—operative programme for wmonitoring and evaleation of the long-range
transmission of air pollutants in Europe (EMEP). Chemical Co-ordinering Centre for the
second phase of EMEP, Norwegian Institute for Air Research, Lillestr3m,

Evers F.H. (1986} Stoffeintrdge durch Nlederschldge in Waldbbden 1982 bis 1985, Forstliche
Versuchs- und Forschungsangtalt Baden-Wirttemberg, Stuttgart,

Focht D.D. & Verstraete W. {1977} Blochemtcal ecology of nitrification and denitrification.
Advances 1p Microbial Ecology, 1, 135-214, .

Forsberg C., Morling, G. & Wetzel, R.G. (1985). Indications of the capacity for rapid
reversibility of lake acidification. Amblo, 14, 164-166.

Francis A.J., Quinby H.L. & Hendrey G.R. (1984) Effect of lake pH on microbial decomposition
of allochthonous litter. Early biotic responses to advancing lake acidification. Acid
Precipitation Series 6.(Ed. G,R. Hendrey), pp., 1-21, Butterworth, Woburn.

Frantzen A.J. & Adolphe R.L. {(1985) Chemical compesition of precipitation over the
Retherlands, annual report 1983, Koninklijk Meteorologisch Instituut, De BLilt/RIjkeinsti-
tuut voor de Volksgezondheid an Milieuhygiline, Bilthaven.

Gorham E., Bayley S,E, & Schindler D.W. (1984} Ecological effecta of acid deposition upon
peatlanda: A neglected field i1n "acid rain" research. Capadian Journal of Fisherles and
Aquatic Selences, 41, 1256-1268.

Grahn 0,, Hultberg H. & Landner L. {1974) Oligotrophication — a melf-accelarating process in
lakea subjected to excessive supply of acid substances, Ambio, 3, 93-94,

flalnes T.A., Aklelagszek J.J., Norton S.A. & Davis R.B. {1983) Errora in pH measurement with
colorimetric indicators in low alkalinity waters. Hydroblologia, 107, 57-61,

Hartley B, (1986} A check-list of the freshwater, brackish and marine diatoms of the British
Isles and adjoining coastal waters., Journal of the Maripe Biologiczl Association U.K., 66,
531-610,

Hemond H.F., (1980} Biogeochemistry of Thoreau's Bog, Concord, Messachusette. Ecological Momo-
graphs, 50, 507=526. ‘

Hemond H.F, (1983) The nitrogen budget of Thoreaun's bog. Ecolegy, 64, 59-109.

Henrikeen A. & Seip H.M. (1980) Strong and weak acids in surface waters of southern Worway and
southwestern Scotland. Water Research, 14, B09-8113,

Bigler L,W.G. (1979) Limmological data on a Dutch moorland pool through sixty years. Bydrobio—
logleal Bulletinm, 13, 138-143,

Héghow A.G. (1922) Uber einige geologisch und bialogisch bemerkepswerte Wirkungen sulfathalti-
ger Lisungen auf humdse Gewldsser, Bulletin of the Geological Institute of the Upiveraity of
Uppeala, 18, 239-262.

Hustedt F. (1939) Systemarische und Skologlsche Untersuchungen iiber die Diatomsenflora won
Java, Ball und Sumatra. Archiv fGr Hydrabiologie/ Supplement, 16, 274-394,

Iversen J. (1929) Studien ilber die pH-Verh#ltnisse ddnischer Gewdaser und ihren Einfluss auf
die Hydrophyten-Vegetation. Botanisk Tidaskrift, 40, 277-333.

Johannes A.H., Altwlcker E.R. & Clesceri H.L. {1985} The integrated lake—watershed acidifica-
tion study: atmoepheric Iinputs. Water, Adir and Soil Pollution, 26, 339-353,

Keenay R.R. (1973) The nitrogen cycle in sediment—water systems. Journal of Envirommental
Quality, 3, 15-28,

¥elly C.A. & Rudd J.W.M. (1984) Epilimpectic sulphate reductien and its relationship to lake
acidification., Biogeochemistry, 1, 63-77.

Kelly C.A., Rudd J,W.M., Furutani A. & Schindler D,W. (1984) Effects of acidification on rates
of organic martet decomposition in sediments. Limnelogy and Oceanography, 29, 637-694.

Kelly C.A,, Rudd J.W.M., Hesslein R.H., Schiodter D.¥., Dillom P,J., Driscoll C.F., Gherini
S.A. & #ecky R,E., (in press)., Prediction of blological acid neutralizatioo in lakes.
Blogeochemlstry.

Xempen G,T., Buishand T.A., Reijnders H.F.R.,, Frantzen A.J. & Van den Eshof A.J., (1986) Time
series analysis of precipitation chemistry data. Kominkll jk Meteorologisch Instituut, De
Bilt/Ri jksinstituut voor de Volksgezondheid, Bilthoven.

Kersten H,L,M. (1985) Fysiach-chemische gegevens vanaf 1900 van zwak gebufferde wateren.
Laboratorium voor Aquatische Qecologie, Katholieke Universiteit, Nijmegen,

Koster F, {1942) Natuurwonumenten van Nederland, II. Scheltems & Holkema, Amsterdam,

Krammer K. & Lange-Bertalot H, (1985) Naviculaceas. Neue und wenig bekannte Taxa, peue FKombi~
vatlonen und Synonyme sowie Bemerkungen Zu elpnigen Gattungen. Bibliotheca Diatomologica, %,
1-230.

Labrijn A, (1945) The climate of the Netherlands during the last two and a half centuries,

- 95 -




- Koninkli jk Nederlandsch Meteorologisch Inmstituut (102) Mededeelingen en Verhandelingen, 49,
1-114.

Landolt T.E. (1977) Ukologische Zeigerwerte zur Schweizer Flora, VerBffentlichungen des
Geobotaniachen Institutes der Eidgentesischen Techoischer Hochschule, Stiftung Riibel, 64,
1-208.

Leeflang K.W.H. (1938) De chemische sasenstelling van den npeerslag in Nederland, Chemisch
Weekblad, 35, 658-664.

Likena G.E., Bormann F.H., Pierce R.S,, Eaton J.S, & Munn R.E. (1984) Long-term trepods ip
precipitation chemistry at Hubbard Brook, New Hampshire, Atmospheric Environment, 18, 2641~
2647,

Malmer N. (1974) On the effects on water, soil and vegetation of an increasing supply of
sulphur, Department of Plant Ecology, University of Lund, Lund.

Matthews R.0. & HcCaffrey P. {1977) Chemical analysis of precipltation in  Ireland,
Meteorclogical Service, Dublin,

Melzer A. & Rothmeyer E. (1983) Die Auswirkung der VYersauerung der beiden Arberseen im
Bayerischen Wald auf die Makrophytenvegetation. Berichte der Bayerischen Botanischen
Gesellschafe, 54, 9-18.

Moerman J.D, (1934) Veluwsche beken en daling van het grondwaterpefl. Tijdachrift van het
Koninkll fk Nederlandach Aardri jkekundig Genootschap, 51, 495-520, 676-697.

Neal C, & Thomas A.G. (1985) Field and laboratory measurement of pH 1in low— conductivity
natural waters., Journal of Rydrology, 79, 319-322.

Nilssen J.P., (1980} Acidiffcatior of a small watershed iIin southern HNorway and aome
characteristics of acldic aquatic environments. Internationale Rawue der gesamten Hydroblo—
logie, 653, 177-207,

Ohle W. (1954) Sulfat als 'Ratalysator' des limischen Stoffkreislaufes. Vom Wasser, I1,
13-32.

Oliver B.G., & Kelso J,R.M. (1983) A rale for the sediments in retarding the actdification of
headwatar lakes, Water, Alr and Soil Pollutien, 20, 379-389,

Oliver 3.G., Thurman E.M, & Malcolm R.L. (1983} The contribution of humic substances to the
acidity of calored natural waters. Geochimica et Cosmochimica Acta, 47, 2031-2035.

Gverrelo L.N., Selp H.M. & Tollan A, (1980} Acid precipitation-effects on forest and £ish,
SNSP-project, osto-3s.

Pietach W. (1976) Vegetatlonsentwicklung und wasserchemische Faktoren ino Moorgawlssern
verschiedeser Naturschutzgebiete der DDR. Archiv fiir

Pietach W, (1977) Beltrag zur Soziologie und Okologfle der europ##iachen Littorelletea— wund
Utricularietea— Gesellschaften. Feddes Repertorium, 388, 141-245.

Pietsch W. (1982) Makrophytische Indikatoren fllr die Bkochemische Beschaffenhelt der Gewidsser.
Ausgawlihlte Methodeu der Wasserunter~ suchung., 1I. Biologische, mikyoblologische und
toxicologische Methoden (2o0d ed.), (Eds, G. Breitig & W. von Timpling), pp. 67-68, Fischer,
Jena.

Rac 5,5., Jurkovic A.A. & Nriagu J.0. (1984} Bacterial activity in sediments of lakes
recelving acid precipitation. Enviroamertal Pollution A 36, 195-205,

Rebsdorf A. (1983) Are Danish lakes threatened by acld rain? Ecological effecta of acid
deposition, pp. 287-297. Natlonal Swedish Environment Protectiou Board. Solva.

Redeke B.C. & De vVos A.P.C, (1932) Beitrdge zur FKenntois der Fauna niederlindischer
cligotropher Gewdsser. Internationale Revue der gesamten Hydrobiologie, 28, 1-45.

Renberg 1. & Hellberg T. (1982) The pH history of lakes in southwestern Sweden, as calculated
from the subfossil diatom flora of the sediments. Ambio, 11, 30-33,

Roelofs J.G.M. (1983) Impact of acidification and eutrophication on macrophyte communities in
poft waters in The Netherlands. I. Fleld observations. Aquatie Botany, 17, 139-155.

Roelofe J.G.M., Schuurkes J.A.A.R. & Smits A.J.M. (1984) Impact of acidification and
eutrophication on macrophyte commmnities in soft waters, II, Experimental studiee. Aquatic
Botany, 183, 389-411.

Ross R. & Siu P.A. (1978) Notes on some diatoms from the Isle of Mull, and other Scottish
localities, Bacillaris, 1, 151-168,

Schimmel H.J.W. & Mdrzer Bmijna M.¥. (1952) De wvegetatie wvan de Gerritsflesch en van de
paaste amgeving. Publicatle Hydroblologische Vereniging 4, 7-12.

Schimmel H.J.W. & Ter Hoeve J, (1952} Bodemgesteldheid en waterhuishouding wan de ‘Gerrits—
fleach® bi3 FKootwlik. Tijdschrift van het Koninkli jk Nederlandsch Aardri jkukmdig Genoot-
schap, 69, 16-28.

Schindlar D.H’. {1985} The coupling of elewental cycles by organlsms: evidence from whole-lake
chemlcal perturbations, Chemical processes in lakes, (Ed, W. Stumm), pp. 225-250. Wiley,
New York.

Schindler D,H., Turner H.A., Stainton H.P. & Linsley G.A. (1986} HNatural soutces of acid
neutralizing capacity In low alkalinity lakes of the Precambriap Shield. Science, 232,
B&4-B4T,

Schooor J.L. & Stumm W, (1985) Acldification of aquatic and terrestrial systems. Chemical

- 896 —




processes in lakes. {Ed, W. Stumm), pp. 311-338. Wiley, New York.

Schuiling R, & Thijsse J.P. (1928) Fen ven bi]j Oisterwi k. Noordhoff, Groningen.

Schuurkes J.A.A.R,, Rok C,J. & Dep Hartog C. (1986) Ammonium and nitrate uptake of aquatric
plants from poorly buffered and acidified waters. Aquatic Botany, 24, 131-146

Siebeck 0. (1982) Der Konigssee, eine limnologische Projektstudie. Nationalpark Berchtesgaden
Forschungsberichte, 5, 1-131.

Smol J.P., Bactarbee R.W., Davis R,B. & Merilliinen J, (Ed.) (1986) Diatoms and lake acidity.
Developments in Hydroblology, 29, 1-307.

Sokal R.R. & Rohlf F.J. (1969) Biometry. Freeman, San Frapcisco.

Stumm W, & Baceini P. (1978) Man-made chemical perturbations of lakes, Lakea, chenistry,
geology, physics. (Ed, A,Lerman), pp. 91-126. Springer, Heidelberg.

Ter Braak C.J.F. & Barendregt L. {1986) Weighted averaging of species indicator values: Its
efficience in environmental calibratfon. Mathematfical Bfosciences, 78, 57-72.

Ter Brask C.J.F. & Looman C,W.M. (1986) Weighted averaging, logistlc tegression and the
Gaussian reponse model, Vegetatio, 65, 3-11.

Thijsse J.P. {1912} Oisterwijk, De Levende Hatuur, 17, 361-363.

Thijsse J.P. (1916) Een venpentoer. De Levende Natuwur, 21, 147-150, 173-177, 207-210, 232-235.

Thi jsse J,P, {1926} De flors en fauna. Gelderland.{Eds. J. wvan Barep, L.C.T. Bigot, H, Bliok,
H.P.J. Bloemers & F.A. Hoefer), pp. 75-117, Van Loghum Slaterus, Arnhem.

Thi jese J.P. (1927} Io Olscerwijk, De Levende Natuwur, 32, 69-72,

Thi jsse J.P, (1937) Oisterwijk. De Levende Natuur, 41, 166-172.

vlrich B., Mayer R. & Kharna P,K. (1979) Deposition von Luftverunreinigungen wund ihre
Auswirkungen In WaldSkosystemen im Solling. Schriften aus der Forstlichen Fakultdt der
Universitit Gottingen und det Wiedersdchsilschen Forstlichen Versuchsanstalt, 58, 1-291.

Van Breemen N., Burrough P.A., Velthorst E.J,, Van Dobben H.F., De Wit T., Ridder T.B. &
Rei jnders H.F.R. {1982) Soil acidification from atmospheric ammonium sulphate in forest
canopy throughfall, Nature, 299, 548-550,

Van Dam H, {1982) On the use of meagures of structure and diversity in spplied diatom ecology.
Nova Hedwigla/Beiheft, 73, 97~115.

van Dam H. (in press}, Monitoring of chemistry, macrophytes aod diatoms in acidifying moorland
pools. Research Institute for Nature Management, Leersum,

Van Dam H. & Beljaars K. (1984) Wachwels von Versauerung I1pr West—Europ#il- acher kalkarmen
stehenden GewXasern durch Vergleich won alten und rezenten Kieselalgenprobew. Gewlsser—
versauerung in der Bundesrepublik Deutschland. (Ed, J. Wieting, B, Lenhart, C. Steinberg,
A, Hema & R, Schoen), pp. 184-188. Umweltbundesamt & Schaidt, Berlin.

vao Dam H. & Kooyman-van Blokland H. (1978) Mar—nmade change iv some Dutch moorland pools as
reflected by historical and recent data about diateoms and macrophytes. Interpationale Revue
der pesamten Hydroblologie, 63, 587-607.

Vapn Dam H,, Suurmond G, & ter Braak C.J.F. (198l) Impact of acidification on diatoms and
chemistry of Dutch moorland pools. Hydroblologia, 83, 425-459.

vVanderlinden E. (1924) Chroplque dea évépements métdorologiques en Belgique jusqu'en 1834,
Mémolres de 1'Académie Royale de Belgique. Classe des Sclences. Serie 2, 6, 1-329,

Van der Meijdev R., Weeda E.J., Adema F,A,C.B. & De Joocheere G.J. {1983) Flora van Nederland.
Wolters-Noordhoff. Gronlwgen.

Van der Voo E.E. (1965) De drijvende egelskop. De Levende Natuur, 68, 2-10.

Van Dijk J. & Mesthoff V. (1960) De veranderingen ia de vegetatie van het Choorven van 1948
tot en met 1955, Publicatie Hydroblologische Veveniging, 5, 13-24,

Vanganechtan J.H.D. (1980} Interrelations betweeo pH and other physico- chemical facctors in
surface waters of the Cappine of Antwerp, (Belgium); with epeclal reference to acid
moorland pools. Archiv fir Hydroblologle, 90, 265-283,

Vangenechten J.H.D., Bosmans F. & Deckers H. (1981a) Effects of short-term changes 1o raip
water supply on the ionle composition of acid moorland pools in the Campine of Avtwerp
{Belgium), Hydrobiologla, 76, 149-15%

Vapgenechten J.H.D., Vav Puymbroeck D., Vanderborght O.L.J., Bosmans F. & Deckers H., (1981b)
Physico-chenlstry of surface waters in the Campine reglon of Belgium, with special
reference to acid moorland poocls. Archiv fdr Hydroblologie, 90, 369-396.

Van GLjser M. & Classsen T.H.L. (1978) Biologisch wateronderzoek; macro- fyten en macrofaupa.
Een onderzoek inm het kader van het milieuonder~ zoek ten behoeve vap het Integraal
Struktuurplan voor het Noorden des Landa, Rijkainstituut voor Natuurbeheer, Leersum,

Vuyck L. (1924) De Gerrits-Flesch, Nederlandsch Xruidkundig Archief, 33, 60-67.

Wetzel R.G. (1983) Limnology. Saunders, Philadelphia.

Wetzel R.G,, Brammer B.§. & Forsberg C. (1984) Photosynthesis of submerged macrophytea in
acidifled lakes. I. Carbor fluxes and recycling of CO2Z ip Juncus bulbosus L. Aquatic
Botany, 19, 329-142, - -

Wigman A.B, (1932) Bruipe verten en blinkend zand, aep boek wvan de Veluwsche hed.
Schoonderbeek, Laren.

Zélyoni B. (1967} Eipreihung von 1400 Artepn der ungarischen Flora in Bkalegische Gruppen nach
TWR-zahlep, Fragmenta Botanica Museum Historico-Naturalis Hungaricum, 4, 101-142,

- 97 -




Een verkorte versie van dit artikel is aangeboden aan Freshwater Biology.

- 98 -




HOOFDSTUK 5

ACIDIFICATION OF A DUTCH MOORLAND POOL, A PALAROLIMNOLOGICAL STUDY

M.D., Dickwman, H., van Dam, B, van Geel, A.G. Klink and A. van der Wijk

ABSTRACT

The Dutch moorland pool Achterste Goorven is undergoing rapid acidiffcation,
In the period 1925-1985 sediment core diatom inferred pH has fallen from 5.8
to 4.8, During the same period observed pH fell from 6 to 4.2 and plankton
tow diatom inferred pH fell from 5.7 to 4.2. To date, this is one of the
fastest documented rates of acidification of any pool or lake in temperate
reglons exposed to acid rain,

Qur results indicate that useful stratigraphic information can be
obtained from an analysis of the organic sediments of even a very shallow
(mean depth 0.6 m) pool. Although there 13 evidence of downward displacement
of sediments in such shallow water bodies, this process dces not completely
homogenize the sediment record. The accuracy of the reconstruction 1is
substantially improved by a multidisciplinary approach.

INTRODUCTION

The present atudy constitutes an attempt to determine whether or not it 1is

possible to reconstruct past events associated with moorland pool

development during the last 150 years from an analysis of 1its submerged
sediments. The purpcse of the study was toc test the application of
palaeolimnological techniques 1in order to determine the rate of

acidification in a shallow wmoorland pool from data assembled by a

multidisciplinary team of scientists,

Moorland pools extend over much of western Europe from northwestern
France to the Baltic and England (Moore & Bellamy 1973). The distribution of
approximately 3500 moorland pools referred to as ‘ven' (plural: 'vennen') in
The Netherlands (not to be confused with fens which are more minerotrophic),
is assoclated with the location of Pleistocene <¢oversands., The moorland
pools near Oisterwijk, where our study site is located, have been described
by Heimans (1925), Coesel et al. (1978), Van Dam & FKooyman-van Blokland
{1978) and Van Dam et al. (1981).

One of the first palaeoecologists to prove that useful stratigraphic
information could be obtained from cores removed from shallow waters was
Moss (1979, 1980). His study of the palaeoecclogy of a broad near Norfolk,
England, established the validity of stratigraphic analyses for sediments of
shallow water habitats.

The maorland pools of The Netherlands and the adjacent parts of Belgium
and Germany present four major problems to the palaeoecologist:

1 They are very shallow, usually less than 2 m deep, with little topographic
reliaef, As a result their entire sediment surface is frequently subiected
to wind induced mixing. Wind also plays a major role in determining the
morphometry of these pools and in controlling the distribution of their
higher aquatic plants (Westhoff et al. 1973). In addition, high winds
frequently deposit layers of fine sand at the mud water interface. This
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sand acts to dilute the authigenic material deposited within the pool.

2 Bloturbation problems are augmented in moorland pools because in addition
to the burrowing activities of numerous invertebrates typical of shallow
tarns, bioturbation from vertebrate sources must also be congidered.
During droughts, shorelines encroach toward the center of the pool. 4s a
result trampling by animals (e.g. roe, boar} and tourists often distorts
the sediment stratigraphy of the exposed muds.

3 During periods of drought (e.g. 1921, 1959 and 1976, Buishand 1[981)
moorland pools in northern Belgium and The Netherlands lost a considerable
part or even 100% of their volume due to evaporative losses and lowering
of the groundwater table (Sykora 1979, Vangenechten et al, 1981), The
exposed shoreline sediments of these pools were subject to desiccation and
oxidation. Such conditions result in poor preservation of microfossils
(Iversen 1969).

4 Sediment coring is often impeded by a dense aquatic vegetation -cover,
growing on top of the mud (e.g. mosses)., If the vegetation cover is not
removed before coring, the uppermost organic layers of sediment will be
hopelessly distorted by the action of the core cylinder which forces the
vegetation cover down into the floceulant organic materfal at the
mud-water Interface. In addition, the dense 1layers of plant fibres,
needles, moss and higher aquatic plant rhizomes in the sediment may impede
both coring and sectioning.,

We have attempted to determine whether or not downcore changes in the
abundances of diatoms could be correlated with known events which occurred
in the surroundings of the moorland pool, Achterste Goorven, over the last
150 years, To this end we compared our sediment samples with an extensive
serles of plankton samples which were collected from this pool by the late
Professor Dr. J. Heimans (University of Amsterdam} over the perfod
1925-1953. After 1975, the second author collected plankton samples from the
very same sites visited by Prof. Heimans.

Pollen, frults and seeds, algae and chironomid head capsules were
analysed in order te provide some Information about the origin and
historical development of the pool. 014 topographic maps of the study area
were available to provide information about the land use in the surroundings
of the pool over the last 150 years.

0-50 cm
mSD*IDG cm
00-150 cm

B socm

T llkary pottom

Figure 1. Bathymetric map of Achterste Goorven (11-13 September 1984) witk its
location in The HNetherlands in the inset. Plankton tow and chemical sampling
stations indicated with letters, coring stations with numbers,
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Figure 2, Looking east across the width of Achterste Coorven near station 7 where
the ice was 10 cm thick (3C January 1985). The small island in the foreground has
been colonized by Myrica gale, Molinia caerulea and Batula pubescens. Pinus
sylvestris is the dominant species on a sand ridge at the background.

SITE DESCRIPTION

Achterste Goorven, located near Ofisterwijk in the southeastern portion of
The Hetherlands, is a shallow moorland pool with low relief, a surface area
of approximately 2.3 ha, and a mean depth of 0.6 m (Fig. 1). The pH of its
surface waters ranges from_3.4 to 5.5 (median = 3.9), its sulfate content
ranges between 12 and 68 mg 1 = (mean = 35 mg[}) and 1its calcium content
between 1 and 11 mg 1 ~ with a mean of 4 mg 1 * over the period 1%79-1984.

The dominant vegetation surrounding Achterste Goorven consists of Pinus
sylvestris (the dominant arboreal pallen producer), Quercus robur, Q. rubra
and Betula pubescens. The dominant grasses, Molinia caerulea and Deschampsaia
flexuosa, grow in close association with Calluna vulgaris, Erica tetralix
and Vaccinium myrtillus. The pool itself is surrounded by a fringe of Myrica
gale (Fiz. 2). Mosses {e.g. Drepanocladus and Sphagnum species) play only a
minor role in the cover of the shoreline vegetation around the pool. In the
open water Wymphaea alba is the most conspicuous macrophyte but its floating
leaves actually cover less than 1% of the total surface area of the pool.
Patches of Juncus bulbosus are common along the shore.
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METHODS
Sediment coring

Replicate cores were taken from Achterste Goorven at stations 4 and 7 (Fig.
1} during a period of 1ce cover on 30 January 1985, Both cores were taken
with an Ali corer {Ali 1984), The acrylic coring tube's internal diameter
was increased from 3.5 to 7 cm to permit removal of a larger quantity of
sediment per core. The 24 cm long core removed from station 4 was extruded
and sectioned at l-cm intervals at the site while the 38 cm long core from
station 7 was taken to the laboratory where it was frozen, extruded from its
plastic liner and sectioned (alsc at 1l-cm intervals) while frozen. The
external stratigraphy of each core was described before sectioning.

Each of the l-cm thick sections contained 38 ml of sediment. Half of this
was wused for Pb-210 analysis {A. van der Wijk). The remainder was split
betwsen B, van Geel (2 ml for pollen analysis), M. Dickman (2 nl for diatom
analysis) and A, Klink {ca. 15 ml for macroinvertebrate analysis and
selection of fruits, seeds and other macrofossils).

The percentage of inorganic material in the core was determined by loss
of weight following 1its oxidation with concentrated HNO, and H,O0,.
Microscoplc analysis of the inorganic material indicated FTthat 1t “was
composed primarily of <fine sand along with some diatom frustules and
siliceous chrysophyte and poriferan spines.

The replicate cores, AL 4 and AG 7, from Achterste Goorven were analysed
at a variety of depths to determine their downcore stratigraphy. However,
for the sake of brevity, only those depths that all four researchers
analysed together are emphasized in this paper. When not stated otherwise
all of the results in this paper refer to core AG 7.

Pb-210 analysis

Pb-210 was measured through its alpha emitting granddaughter Po-210 using
the isotope dilution technique (Flynn 1968, El-Daoushy 1981).

Ten ml of wet sediment was weighed and subsequently dried at 50°C  for
about : 12 hours. Weight loss was determined and the ratioc between wet welght
and dry weight volume was established. Approximately 1 g of dry sediment was
transferred to a 250-ml Kjehldahl flask, On occasion smaller samples were
necesaitated for lack of sediment., The material was gently boiled with
concentrated HND, to which 30X by volume Hy0; was added dropwise until brown
fumes no longer Emanated from the bolling liquid. The oxidized sediment was
geparated from the overlying 1liquid by centrifugation at 3000 rpm for 5
minutes. The residue was repeatedly washed with distilled water until no
more color appeared. These washings were retained by transferring them to
the beaker containing the original supernatant. The washed residue was then
discarded.

After the g?dition of 100 microlitres of a Po-208 spike solution (activi-
ty 1 Bg ml ) the solution was evaporated to dryness in a 50-ml Teflon
beaker. The remaining salts were chlorinated by dissolving them three times
in concentrated HCl and evaporating the reactant until dry. The chlorinated
salts were then redissolved in 20 ml of 0.5 N HCl te which 1 mg of ascorbic
acid was added, After half an hour the solution was transferred to a Teflon
plating cell (Van der Wijk & Mook, in press.) and Po was electroplated onto
a silver disk by self-deposition at 85°C for 2 hours. The thinly plated
gamples were then measured in an alpha spectrometer for Po-208 and Pb-210
activities. Chemical yields from this procedure varied between 85 and 100Z.
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Diatoms

The term "plankton tow diatoms® has a special meaning In this paper. It
refers to diatoms collected with a standard plankton net. It dces not refer
to euplanktonlce diatoms as these were never found in Achterste Goorven.

Inttially (1925-1953) the plankton tow samples were taken with a 60
mesh net (15 cm diameter) by Prof. Heimans (A. van der Werff, pers. comm.).
As the plankton net was towed through the water it c¢ollected considerable
amounts of surficial bottom sediments as well as periphyton which was
attached to the aquatic macrophytes which came in contact with the net.
These samples were stored in the Hugo de Vries-Laboratory at the University
of Amsterdam. After 1975 plankton samples were collected with a kG—Pm mesh
net of 20 cm diameter.

Both plankton tow and sediment diatoms were cleaned by boiling the raw
material for 30 minutes 1in 30% by volume H,0,. To the sediment samples a
known amount of polystyrene latex milcrospheres (mean diameter 8.7 pum,
Coulter Counter Electronics Ltd.) was added for calculation of the
concentration of each diatom (number per gram sand-free dry weight of
sediment) according to the methods of Maher (1981). Plankton diatom counts
are expressed only in terms of relative abundance., Slides were prepared by
embedding the cleaned diatom valves 1in either Clearax or Hyrax mounting
medium.

Slides were examined under oil immersion using a Zeiss Standard RA
microscope equipped with phase contrast optics (N.A. = 1,30). All diatoms
and microspheres within the field of view were counted according to the
methods described by Berglund (1979) and Denys & Lodewijckx (1984). Random
fields were counted on the slide until a total of 400 diatom valves had been
recorded, The keys listed by Van Dam (1984} were used for identification.

The proportion that each diatom taxon comprises in the total assemblage
was calculated as a percentage of the total and these results were used to
estimate diatom inferred pH {Renberg & Hellberg 1982), The assignment of
each diatom to a pH class was described in previous publications (Hustedt
1939, 1957, Renberg 1976, Van Dam et al, 1981, Dickman et al., 1984),

Chironomidae, seeds and fruits

Chironcmid head capsules, fruits and seeds were analysed at 5 cm intervals
down the length of the core. Using standard wire mesh sleves, each sediment
sample was split into two size fractiens: (1) > 500 pm and (2) L50-500 pm.

Macro-invertebrates and seeds were sorted using & standard dissecting
micrascope (x 80 magnification), Subsamples were taken from fraction 2 until
a total of 300 chironomid head capsules had been removed. Half head capsules
were included as halves in the tabulation of the data. The total chiromomid
deneities were expressed per mg dry weight of organic matter,

Taxonomic keys for the identification of the chironomid head capsules
were similar to those used by Moller Pillot (1984a, b) and Wiederholm
(1983,

Pollen

In order to calculate pollen concentrations, Lycopodium tablets were added
to the samples (Stockmarr 1971). The samples were treated with KOH and
subsequently acetolysed (Faegri & Iversen 19753). Clay and sand were removed
using a Dbromoform-alcohol mixture (specific gravity = 2.0). The organic
material was embedded in glycerine jelly and sealied with paraffin wax, The
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samples were searched for poilen, algal remains, Fungil, invertebrates, etc.
(cf. Van Geel 1978; Van Ceel et al. 1981, 1983). The occurrence (relative
abundance) of all palynomorphs 1s expressed as a percentage of the total
tree, shrub and upland hetb pollen counts { Pollen). In most samples this
total was more than 300 grains. Once this was accomplished, the remaining
area of the slide was perused to glean more information about taxa
represented in such low numbera that they had not previously been noted.
Such taxa are identified by a '+' mark in all pollen diagrams.

RESULTS
Sediment core description

In both replicate cores (AG 4 and AG 7) the surface sediments {0-5 cm) were
composed of a flocculant algal gyttja which was intermixed with very fine
aeollan sands and coarse plant fibres, leaves, needles and even small twigs.
From a depth of 5 to 10 ¢m the water content of these sediments decreased
from 94% to B9% and finally to 20% near the base of the cores. For the sake
of brevity, only the data from the AG 7 core are presented here {Tahle 1).

The percent inorganic content near the base of each core reached 7%% by
weight (Table 1). Below a depth of 15 cm the sand became coarser {mean grain
diameter was 111 , n = 50). This coarser sand was yellow-brown in color
and contained only a negligible number of diatom frustules. This is in sharp
contrast to the very fine sands (mean grain diameter of 42 pm, n = 50) which
were observed in the uppermost portions of the core where diatom frustules
were relatively abundant.

Pb-210 analysis

Spectra obtained from Po-sources (Table 1) showed alpha resolution of 25 to
30 KeV. As a result, no corrections for peak ovgﬁlap were required.
Activities were determined in apike equivalents c¢m to prevent the
additions of extra inaccuracies resulting from our uncertainty concerning
the absalute activity of the spike solution., Po-210 was assumed to be in

Table 1. The imorganic and organic composition of the 1 cm thick sediment samples. The Pb-210
estimated dace of each of the sediment sections which were analysed is represented In Che far
right haod column., The volume/welght ratioc is the volume (ml) in which 1 g of dry (organic
and inorganic) material was distributed.

Depth Water Organic Inorganic Volune/Welght Pb-210 Year AD
content matter matter {mL g-]' dey {spike
{cm) (¢3] (2) (T material) eq cn 2}
0-1 95.4 "3.5 1.1 28.1
1-2 3.66+0.08 1979-1983
4 93.7 4.5 1.8 18.4 7.2040,70 1973-1978
4=5 94.3 20,2
6-7 93.5 b4 2.1 18.1 2.34+0.06 1951-1955
9-10 89.1 7.9 3.0 10.1 1.58_:_0.06 1929-1%40
11-12 86,3 5.5 8.2 8.0 0.99+0.04 1914-1925
14-15 81.4 7.4 11.2 6.1 G.66+0.06 1884-1900
16-17 48.8 5.1 46,1 1.7 0.38+0.08 1855-1877
19-20 23.1 2.3 T4.6 0.78 0.16+0.13 1836
20-21 35.5 1.4 63.1 0.92
22-23 - 0.06+3.06 1816
23-24 20,0 1.5 78,5 0.86
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Figure 3. Pb-210 activity and gEe—depth downcore profile, Pb-210 activitlies expres-
sed as spike-equivalents cm = {see text).

secular equilibrivm with Pb-210,

Downcore sediment profile age determinations (Fig. 3) were determined
using the constant rate of supply {CRS) model (Goldberg 1963, 0ldfield et
al, 1978). A problem to this was the apparent low Pb-210 activity at I-2 cm
depth, most prabably caused by Infiltratlon of freshwater, in which Po-210
and Pb-210 are not yet in radicactive equilibrium, 1into the interstitial
waters of the surface sediments. This 'mixing layer' may extend to ca 4 em
depth as i1s indicated by the data obtalned from our replicate core AG 4 (Van
der Wijk & Mook, unpublished data),.

Because of lack of relilable data in the 0-3 cm laver it was assumed that
the average rate of deposition of organic matter in the 6-15 c¢m layer could
be extrapolated to this layer (open squares, Fig. 13). Then these
extrapolated ages were used as a reference for further age determination
using the CRS model. Integration of the downcore Pb=210 activity profile was
achieved by interpolation and numerical integration. Open aquares (Fig. 3)
were also used to denote downcore sediment age extrapolations below 17 em
because below this depth the Pbh-21{ integrated activity approached the total
integrated activity which resulted in a large amount of uncertainty in the
age determinations.

The average atmospheric Pb—210 fall out was estimated from_zthe_ltotal
integrated Pb-Z10 activity. The obtained value (0.029 pCi cm © yr ) was
cogﬁiderg?ly lower than the average for the northern hemisphere (0.21 pCl
cm yr =, Crozaz et al. 1964). Tt was also lower than the atmospheric
Pb-210 fallout estimated frgQ the Pb-210 activity profiles of other nearby
moorland pools (0,17 pCLl cm © yr ~, Van der Wijk & Mook, unmpublished data}.
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DIATOMS
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Figure 4, Downcore distribution of diatoms. Densities are expressed as the number of diatom valves per gram
of sand-free dry weight (Brachysira

Diatoms

Diatom nomenclature is in a constant
state of flux. Recently, for example,
Round and Mann (1981) transferred the
small Anomoeoneis spp. to the genus
Brachysira., Ross (in Hartley 1986)
renamed and changed the taxonomic
ranks of a few of the I1infraspecific
taxa, with exception of A. exilis
forma  lanceolata Mayer. As we
frequently found it in our samples, we
were obliged to rename it as B, vitrea
forma lanceolata Van Dam. In this
paper, Eunotia rhomboidea  Hustedt
refers to both Eunotia rhombolidea and
E. tenella as interpreted by Van Dam
‘et~ al, (1981). Eunotia bilunaris
{Ehrenberg) Norpel is the correct name
for E. lunaris (Ehrenberg) Grunow (M.
Norpel pers. corm.}.

It was impossible to separate the
species Navicula subtilissima Cleve
and N, pseudosubtilissime Manguin
using the Ilight microscope. They are
this study as HNavicula

combined in
subtiligsima. Fortunately their ecolo-
gy is very similar (Germain 1982).

The mean relative abundance of
plankton tow diatoms from station B
calculated for the periods 1925-1929,
1950-1953 and 1984-1985 was based on
5, 3 and 4 samples respectively {Table
2). The data have been organized into
pH categories (Hustedt 1939) and the
dominant diatoms are given for each of
these categories (Table 2). Alkalibi-
ontic taxa were absent from all of our
Achterste Goorven sediment samples.
Diatom inferred pH based on the
formula of Renberg and Hellberg (1982)
was also calculated and placed in the
table as were specles richneass and
dominance. The latter were used as
indicators of biotic diversity, as
discussed by Van Dam {(1982).

The relative abundance

of the

acidobiontic Bspecies increased from
the earliest plankton tow sampling
dates (1925-1929) wuntil the present

when over 807 of the diatoms 1in the
sample were acidoblontic taxa {Table
2). Imitially Frustulia rhomboides
var, saxonica and Tabellaria quadri~
septata accounted for most of the aci-
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Figure 5. Histograms of the relative abundance of acideblontic, acidophilie,

circumneutral and alkaliphilous diatoms at 0-1 cm (1983-1984), 6-7 cm (1953-1955)
and 11-12 em (1925-1929),

dobiontic taxa. After 1955, however, Funotia exigua, which was the most
sulfate and acld tolerant species (Van Dam et al. 1981, Descy 1984),
completely dominated the plankton tow diatom samples. Acidophilous taxa
increased from the 19208 (35X) to the 1950s (44%). During the 19508 Eunotia
inclsa was the dominant diatom.

The concentration of diatoms per g sand-free dry weight increased
downcore in the top 10 cm of the core and then decreased as the sand content
of the sediments reached 95%, Diatgm,densities in the top 20 cm of sediments
ranged between 0.43 and 5.1 x 10° diatom valves per g sand-free dry weight
{Table 2}. Below 20 cm the diatom density suddenly decreased to 7600 valves
per gram sand-free dry weight.

The alkaliphilous diatom Nitzschia perminuta declined in absolute as well
as relative abundance above a sediment depth of 9 ce (Fig. 4 and Table 2).
This was also true for the circumneutral diatoms (e.g. Fragilaria virescens
and Brachysira vitrea forma lanceolata) which declined upcore as diatom
inferred pH fell from 3.5 to 4.8. The absolute abundance of a number of the
acidophilous and acidobiontic taxa, on the other hand, increased upcore
(Flg. 4 and Table 2). ’

The rate of lake acidification was inferred from the shift in downcore
diatom species composition and from the inferred pH of the plankton tow
. diatoms recovered from Achterste Goorven in the 1920s, 19505 and 1970s. The
relative abundance of acldobliontic taxa (acldophiliec and circumeutral taxa)
and alkaliphilic taxa as well as those for which na pH category could be
agsigned was calculated for both the plankton tow diatoms {open bars) and
sediment core diatoms (solid bars). Three time periods are displayed for
both the plankton tow and the sediment core diatoms (Fig. 5).

The plankton tow and sediment core diatom inferred pH estimates can be
compared with the actual measures of pH for Achterste Goorven (Fig. 6). The
downward displacement of Eunotla exigua as 1llustrated in Fig., 7 1=
discussed in a later section.

During the period 1952 to 1984 the observed pH at station A (Fig. 1) fell
from 5.2 {(P. van 0Oije, unpublished data) to 4.0 {(Fig. 6). The plankton tow
diatom inferred pH calculated from the B Index (Renberg & Hellberg 1976) for
the same station (A) fell 1.2 of a pH unit from 1925 to 1955 and 0.8 of a pH
unit during the period 1955 to 1984. At station B, which was located near
station 4, the pH as measured with colorimetric techniques by J. Heimans
{unpublighed data} fell from 6.0 (mean of 3 measurements during the period
1919-1926) to 4.2 (mean of 4 potentiometric pH measurements during the
period 1983-19B4), The plankton tow diatom inferred pH at this asite fell
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Figure 6 (left). Comparison of diatom— B:6-7 cm 1950-'53
inferred pH and observed pH. C:11-12 cm 1925-'29

Figure 7 {right). The relative abundance of the 9 most abundant diatom taxa in the
plankton (open bars) and sediments (solid bars) during the period 1925-1985, The
relative abundances of diatom taxa at dJdifferent sediment depths are plotted
against the means for the plankton diatoms collected in corresponding periods.
Correspondances ‘are based on Pb-210 analyses (Fig. 3}.

from 5.8 to 4.2 over the last 60 years. There is excellent agreement between
the plankton tow diatom inferred pH data set and the observed changes in pH
in Achterste Goorven over the period 1925 to 1984,

Chironomids

Chironemid head capsules were examined at four depths: 15-14 cm, 10-9 cm,
5-4 em and 1-2 cm, Below 15 cm only negligible quantities of chironomids
were found. A survey of all encountered taxa, organized by subfamily, is
given in Fig, Ba.

In Figure 8b the most common taxa are organized In three groups: the
Psectrocladius psilopterus assemblage, the Cladopelma assemblage and the
Chironomus assemblage. These assemblages are named after their most abundant
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Figure Bb. Relative sbundances of the most prominent chironomid taxa, organized into
three assemblages,

representatives,

The Psectrocladius assemblage, which has ite optimum in the l4-15-cm
layer, i3 typlcally found in oligohumic, mesotrophic lakes (Brundin 1949,
Saether 1975). The Cladopelma assemblage, which was most abundant in the
9-10-cm layer, has never been reported alive from The Netherlands. Brundin
(1949) observed this assemblage in three oligotrophic lakes with various
concentrations of humic acid. The Chironomus assemblage has its optimum in
the topmost laver of sediment. Chironomus may be domlnant in wvery diverse
habitats: extremely eutrophic lakes and dystrophlc pools (Saether 1975,
Wiederholm 1983), Psectracladius platypus 1is a definitely acidobiontic
species {(Moller Pillot 1984b), while Pseudochironomus and Dicrotendipes can
tolerate pH-values as low as 3.4 (Leuven et al. in press).

An upcore shift 1s recorded from a meso—- to an oligotrophic environment.
Above 5 cm depth acidification 1s apparent.

Pollen and plant macrofossils

Major changes in the vegetation around Achterste Goorven over the last 150

years are evident from the pollen stratigraphy of 1ts sediment core.
Separate pollen profiles for all recorded taxa are provided (Fig. %) to
permit the recognition of downcore pollen patterns. The main trends in the
relative abundance (percentage composition} of pollen of upland herbs,
cultivated plants and arboreal taxa have been illustrated in an Iversen
styled summary diagram (Flg. 10).

Although pollen percentages cannot be directly interpreted in terms of
percentage cover, downcore changes in percentage composition can be used to
indicate major temporal trends in vegetation types over the last 150 years
in this region (e.g. changes in the intensity of land use for agriculture).
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Specific details of the downcore changes in relative abundance are noted in

the discussion section.
In addition to the relative abundance of pollen 1its downcore
concentration {(Fig., 11) was calculated to permit us to gain a general

impression of pollen and sediment influx.
The seeds, fruits and other botanical macrofossils (Fig. 12} were
recorded in order to gain additional information about local changes in

species compoesition in, and near Achterate Goorven.
DISCUSSION

Recent acidification

Belgium and The Netherlands are located in the very centre of the European

ACHTERSTE GOORVEN
SUMMARY DIAGRAM L-POLLEN
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Figure 11. Pollen concentration diagram {no. of pollen grains per ml) for 14 taxa.
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FRUITS, SEEDS and other MACROFOSSILS
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Figure 12, Diagram of fruits and seeds and other macrofossils from Achterste
Goorven.

acid rain region (EMEP/CCC report 1984). Measurements of the pH in the
ralawater  at the nearest precipitation monitoring stations, located
approximately 20 km from our study area, gave a wmean pH for the period
1978-1982 of 4.4 (KNMI-RIV 1983). The mean sulfate sulfur concentration for
the same perigd was 7,1 mg 1 and the mean ammonium nitrogen concentration
was 1.7 mg 1 ~ (ibid.). Most of the nitrogen 1s 1n the form of ammonium. The
mean sulfur dioxide sulfur concentration in the air near Achterste Goorven,
according ta the Nethgglands National Air Pollution Network for the period
1978-1984 was lo.élpg m - This results in the very high deposition rate of
about 160 kg 8 ha "y “l. Accordingly the mean sulfatesulfurconceni{ation in
the pool during the period 1979-1984 was very high with 12 mg 1 as an
average of 23 measurements.

Battarbee (1984), reviewing the available studies on diatoms and lake
acidification, concludes that the evidence generally indicates that lake
acidification is due to an increase in the aeldity of precipitation as a
result of emissions from fossil fuel combustion. The average decline of the
pH, as inferred from diatom data from 34 lakes 1in Scandinavia and North
America was 0,6 units. The onset of acidification was generally between 1920
and 1950, but in one Norweglan lake the acidification already began in 1850,

Berge (1975, 1979), Renberg & Hellberg (1982), Tolonen & Jaakkola (1983),
Davis et al, (1983), Flower & Battarbee (1983) and Battarbee et al. (1985)
describe the changes in the specles composition of dlatom assemblages in
cores of acidifying lakes iIn Scandinavia and Scotland., In all cases
acidophilous and acidoblontic species are increasing from the bottom to the
top of the sediments, Particularly in Scandinavia species like Brachysira
serians, Functia bactriana, E. denticulatsa, Navicula subtilissima and
Semiorbis hemicyclus are abundant or dominant in the surficial sediments of
acidified lakes. Tabellaria binalis increases by acidification both 1in
Scandinavia and Scotland, while T. quadriseptata, Navicula heefleri and
Eunotia incisa seem to be more dominant in the surficial sediments of the
Scottish lochs. E, exigua generally is of minor importance in the discussed
lakes..In contrast this species 1s the most dominant one in the surficial
sediment of Achterste Goorven. The other abundant taxa in the O-l-cm
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sediment of Achterste Goorven are very similar to those In Scandinavia and
Scotland (e.g. E. incisa, Tabellaria quadriseptata and Navicula hoefleri}.
The absence of Tabellaria binalis from Achterste Goorven was interpreted as
indicative of a preference of T. binalis for sandy substrates. Specles like
Eunotia bactriana and Semiorbis hemicyclus have never been found in The
Netherlands. The absence of the latter specles may be assoclated with its
preference for deeper waters, which are rare 1n The Netherlands., The
dominance of Eunotia exigua, which 1s very resistant to acidification (Van
Dam et al, 1981) is not matched by lakes in other parts of Europe.

Our data indicate that the rate of acidification is among the highest
reported to date. Both plankton tow and sediment diatom inferred pH, as well
as direct observations of pH (Flg. 6) demonstrate that the pH declined from
about 5.8 ta ca 4.2 over the last sixty years. Also the subfossil Chironomid
assemblages indicate a recent decrease of pH in this shallow pool. Two major
factors are responsible for this high rate of acidification. Firstly the
small volume causes large parts of the bottom of the pool to dry up during
periods of drought, resulting in oxidation of the reduced sulfur compounds
in the sediment. Therefore, sulfate concentrations are high after refilling
(Vangenechten et al. 198l1). Secondly the atmospheric deposition of acidic
substances is very high in this region.

During the early 1%00s a large standing crop of macrophytes was present
in the pool, as indicated by the seeds and fruits in the sediments and the
early records of the pool's vegetation. The abundant vegetation was a good
gubstratum for diatems, which had a high density in this period {Fig. 4).
Also the chironomids attained the maximum density during this period (Fig.
8a)., As the pool acidified the macrophyte standing crop declined and with it
the chironomid head capsule diveraity and the diatom wvalve density and
diversity.

The pH decline in Achterste Goorven is very simllar to that in Hirsvatten
in southern Sweden (Renberg & Hellberg 1982). As far as we are aware only a
number of small (a = 59 ha), but relatively deep (z = 10.3 m) lakes near
Gothenburg 1s acidifying faster than Achterste Goorven and other moorland
pools in The Netherlands. In these lakes pH declined from 6.6 in 1968 to 4,7
in 197% (average of 18 lakes) and increased slightly afterwards (Morling
1981, 1984),

Before the period of falling pH in Achterste Goorven, the data indicate
an Increase of pH from the bottom of the core to a depth of ca 12 ¢m, This,
and also the fact that only rather young sediments (age less than 200 years)
were found can only be understood after reconstruction of the local history
of the moorland pool which will be discussed in the next section.

Historical development
Below 20 cm

The pool Achterste Goorven probably originated during the Late Glacial
period as a depression in the landscape and was filled up with peat deposits
in the Postglacial {Geenen 1977)., The peat was later excavated by man, for
use as a fuel. The code for the village of Oisterwijk from the year 1509,
which was published by Posthumus (1911) already contained regulations for
the excavation of peat from the 'Goer', of which the Achterste Goorven is a
part, Documents were found in the archive of the village of Olsterwijk and
the WNational Archive In ‘s—-Hertogenbosch dating from 1724, 1746 and 1823 in
which farmers were allowed to excavate peat from the 'Goor'.

The Voorste Goorven (CP I in Fig., | of Van Dam & Kooyman-van Blokland
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1978) was the other part of the anclent 'Goer', 'Goir' or 'Goor'. Nowadays
it is separated from the Achterste Goorven (A I in the same figure) by a
narrow dam with a culvert, which allows drainage of water during times of
high water levels from the Achterste Goorven to the Voorste Goorven.
Counting annual rings of the stubs of cut Scots pines on the dam indicated
that this dam fs at least hundred years old. According to the cede of 1509
the peat-diggers were allowed to construct dams through the moorland pools
in order to facilitate the transport of the peat, although it was usual te
remove the dams after completion of the peat excavation.

The past connection of Achterste Goorven with Voorste Goorven was
important for the determination cf the composition of the water in Achterste
Goorven. Orliginally the water of the pools in the very nutrient poor sands
near Oisterwljk was oligatrophic and badly suited for any economic purpose,
e.g., fish stocking. Therefore, the Voorste Goorven was fertilized with
agricultural drainage water, which was supplied through ditches (see Fig, 1
in Van Dam & Kooyman-van Blokland 1978). As early as 1619 the Board of
Ofaterwijk allowed a citizen to prepare the Witven (CP II in the same
figure), which receives the drainage water of Voorste Goorven, for stocking
with carps, as appears from an old deed in the State Archive. One may
suppose that the trophlc state of the Voorste Goorven increased with time,
with the intensification of agricultural practice. According teo the
assemblages of desmids and diatoms in the beginning of this century Voorste
Goorven contained mesotrophic water (Heimana 1925, Coesel et al., 1978, Van
Dam & Kooyman—-van Blokland 1978).

Also important for the interpretation of the present core are the changes
of the terrestrial vegetation in the surroundings of Achterste Goorven. The
rotational burning of heather coupled with its overgrazing by sheep 1in the
late Middle Ages, the burrowing of rabbits into the hillsides and the
hagging of peat were all factors contributing to soll erosion followlng the
felling of the trees in the province of Brabant. The sand so liberated was
probably gathered into bare wandering dunes which moved in the dig?ction of
the prevailing winds whenever these exceeded a speed of 16 km h ~ (Burnett
1964},

The deepest sediments (24-34 cm) in the Achterste Goorven core contalned
representatives of non—aquatic species (Fig. 9), Terrestrial pollen at 24 cm
was agaoclated with large quantities of wind blown sand. All the evidence to
date indicates that these sands were deposited over a relatively short
perlod of time (i.e. less than 50 yrs) prior to dune stabilization 1in the
Olsterwijk reglon. It 1is hypotheslized that these sands partially filled up
the peat excavated basin of Achterste Goorven in the early 1800s. The
occurrence of a coarse sandy sediment below 20 cm (see sediment core
description) reflects erosionary processes 1n the surroundings of the sample
site. The relatively high pollen percentage of the dicot ploneers Rumex
acetpsella and Artemisia 18 typically associated with the regular occurrence
of bare solls which are formed as a consequence of these erosionary
processes. The very low representation of algae and other water plants in
this layer indicates that the sediment and its wmicrofossil contents
represents a non—aquatic habitat. We have interpreted this as an indication
that the sediments of Achterste Goorven below a depth of 20 cm probably
represent a terrestrial or semiaquatic condition, at least at the sample
site (station 7) located near the center (Fig. l). Below a sediment depth of
20 cm diatom v71ve concentrztions dropped three orders of magnitude (from
0.43-5,1 x 10’ to 7.6 x 10" valves per gram sand-free dry weight, Table 2).
According to the Pb-210 data this sand layer was deposited ca 1810-1820,
which is in agreement with the date of 1823 when the last document found in
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which farmers were allowed to excavate peat was issued (see above).

Until the past century the Oisterwl jk region was poor in forest, although
small lots of forest with varlous tree specles and especially Scots pines on
the dryest spots have always been present. Stabilization by afforestation of
the dunes and heathlands began 1In the late 1700s and culminated about a
century later. In several sites in the sandy Flanders and the province of
Brabant, Pinus was already planted at the end of the 17th century (Beyens
1984). The dunes on the shores of Achterste Goorven were afforested with
pines between 1830 and 1840 (Van Hees & Van den Wijngaard 1976). As a result
of the absence of Pinus (or at least its very infrequent occcurrence) in The
Netherlands during the late Holocene a sudden increase in pine pollen in
recent sediment core pollen spectra can be used to indicate pine plantations
(Janssen 1972), From the Pinus-pellen profile for Achterste Goorven (Fig.
10) it is evident that the aquatlc sediments of this pools were deposited
after the planting of Plnus sylvestris Iin the area., The Pb-210 date of ca
1816 at the hottom of the cove in this context seems to be a little too old,

The percentage of herbaceous pollen, especiaily Ericaceae, grasses,
cereals, buckwheat and weeds like Rumex acetusella and Plantago lanceolata
indicate that the forested area near Achterste Goorven was primarily an open
forest, i.e. patches of forest intermixed with heathlands and arable fields,
which is in accordance with the pattern of land use that is registrated omn
the topographic maps of 1835 and 1840,

20~-15-cm depth

The sample at 20 cm depth, dated with Pb~21C at ca 1830-1840 contains Salix
pollen at its maximum densities in the core (Fig, 9), Also bracts of Salix
were found, indicating that willows were temporarlly present at or near the
sample site. The aquatic plants represented at this depth (20~15 cm) were
Lobelia dortmanna, Littorella uniflora, Characeae, Botryoccoccus, Pediastrum,
and spores of Zygnemataceae {(Debarya, Mougeotia, Spirogyra, and Zygnema,
Fig. 12). The pH, inferred from the sediment core diatoms, rose in the
period of deposition of the 20-15-cm depth layer from 5.1 to 5.5 (Fig. 6).

15-10-cm depth

Samples from 15 cm to the top of the deposit represent true pool
depositions. Some macrofossils from vegetation around the pool were also
embedded in the sediments (e.g. Vaccinium myrtillus, Pinus and Juncus spp.).
The seeds of the Juncus articulatus type {(KSrber-Grohne 1964) were probably
produced by J. bulbosus, which is presently common nearshore, Myrica gale
and J. bulbosugs are both examples of plants which were probably common
inhabitants along the fringe of the pool in former times, as they are still
now,

The presence of the seeds of Lobelia dortmanna at 15-em depth (circa
1890) in Achterste Goorven sediments (Fig., 12) was significant. The habitat
of this taxon is characterized by sandy soils, cligotrophic water and
fluctuating water levels (Schoof-van Pelt 1973). These are precisely the
conditions which are associated with a number of taxa from the
Psectrocladius psilopterus chironomid assemblage which reach peak abundance
at 14-15 cm (Fig. 8h). Lobelia dortmanna was not found above 15 cm with the
exception of a single seed recorded at 2 cm, Characeae cospores were
frequently associated with Lobelia dortmanna but the Characean species were
found at all depths that we examined (Fig. 12). The upcore disappearance of
Lobelia may be related to the development of an organic mud layer which is
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inimical to the growth of thia species {(Westhoff et al., 1973).

The samples from above the 15-cm level display relatively high pollen
percentages of Potamogeton (seeds of P. natans). Nymphaea, Nyphar luteum and
Myriophyllum alterniflorum were also found (Fig., 13). The specles that were
recorded from these levels were also recarded by naturallsts, who visited
Achterste Goorven during the f£irst decennia of this century (e.g. Thijsse
1912, 1916, 1927, Geljskes 1929), None of these authors meations the
presence of Lobelia dortmanna, which was a rare plant in The Netherlands and
certainly would have been noticed if present. Bergmans (1926} recorded
Lobelia in small quantities in the Voorste Goorven., Thus the presence of
Lobelia 1in the 15-cm level may indicate that the sediments at this depth
were deposited well before ca 1910, This 1s in good agreement with the time
of deposition as obtained from the Pb-210 results (approximately 1834-1900).

Between a sediment depth of 10 to 15 cm an upcore increase in the number
of chirononmid taxa assoclated with meso~ to polyhumic waters was noted {e.g.
Acamptocladius submontanus, Labrundinia longipalpus, Zalutschia sp. and
Heterotanytarsus apicalis). This combination of chironomids has never been
reported as a 1living assemblage from The Netherlands. In Sweden this
essgmblage has been reported for three lakes: Dstra Vontjérn {polyhumic}),
Straken (mesohumic) and Sk#rhultsjdn {(oligohumic) by Brundin (1949). These
lakes are oligotrophic, with a pH between 5.8 to 6.8. The diatom inferred pH
for the 11-12-cm depth layer (Pb-210 dated at ca 1914-1925) in Achterste
Goorven was 5.8 (Fig. 6), in good agreement with the plankton tow inferred
pH for the period 1925-1929 (5,7) and the observed pH for the period
1919-1926 (6.0).

Thus the diatoms and chironomid data for Achterste Goorven indicate that
the 10-15-cm depth represents the highest pH levels that this pool reached
over the last 150 years. In addition, the blue-green alga Gloeotrichia sp.
which 18 typically associated with a pH above 5.5 (Prescott 1962) was found
at this depth (Fig. 12).

10—cm to top of core

A substantial increase in the relative number of Chironomus head capsules
between 0-10 cm (Fig. 8b) was associated with a concomitant decrease in
chironomid specles richness. Thus as the pool acidified, its chironomid
assemblages apecies richness declined as taxa assoclated with disturbed
conditions such as Chironomus {Moller Pillot 1984b) replaced many of the
pool's previous inhabitants, The dramatic increase in the relative abundance
of the acid indicator species Psectrocladius platypus (ibid.) supported the
contention that Achterste Goorven has been rapidly acidifying.

It is noteworthy that Walker et al. (1985) observed similar wupcore
changes 1in subfossil chironomids 1in a swmall humic lake in New Brunswick,
Canada. This supports Saether's (1975) contention ahout the resemblance of
palaearctic and nearctic chironomid assenblages.

The most recently deposited sediments which wete examined for ponllen and
algal spores (1-2 cm) contalned numerous zygospores of the filamentous green
alga Mougeotia sapp. Species of this genus have been Ffound to grow
prolifically in acidifying lakes, as sooun as pH is below 5.5 (Stokes 19381,
Schindler et al. 1985). Many Mougeotia species have been reported to exhibhit
a considerable tolerance to heavy metals (Foster 1982, Francke & Hillebrand
1980) . Heavy metal mobilization associated with acid rain is well Jdocumented
(Tolonen & Jaakkola 1980, Charles 1982, Schindler et al. 1980),

The increase of Urtica {nettles) pollen in the upper sediment samples of
Achterste Goorven 1indicates an extension of nitrogen-rich habltats in the
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agricultural area which is situated at a distance of 1-2 km from this
moorland pool.

Sediment compaction and mixing

If sediment sampling intervals are short (i.,e, 1-2 em), the trends in all
pollen concentration profiles (Fig. 11) can be explained in terms of
sediment accumulation rates (Middeldorp 1982, 1984), In the present study,
sediment sample distances of 5 cm were adopted for pollen profiling.
Although a detailed time scale analysis was not possible, general trends in
pollen accumulation rates are evident. These trends indicate that the high
pollen concentrations in the intermediate sediment depth layer (5-20 cm)
were assoclated with a well compacted sediment. This is in sharp contrast to
the poorly compacted surficial sediments {0-5 cm) where the water content
reached 953% (Table 1). Pollen concentrations were also very low in the
deepest portion of the Achterste Goorven core (20-34 cm) and this was
assoclated with large quantities of coarse sand {(Table 1) which presumably
acted as a 'diluting' factor.

As already noted in the results section the Pb-210 activity profile (Fig.
3} indicates some infiltration of surface water into the interstitial waters
of the surficial {0-4) sediments, Evidence for vertical mixing of sediments
in this layer as well was obtained from the replicate core AG4, which shows
constant Pb-210 aetivity im this surficial layer (Van der Wijk & Mook, in
press). Also the comparison of plankton tow diatoms and sediment core
‘diatoms (Fig. 7) indicates mixing of sediment. Although Eunotia exigua, an
acidoblontic diatom was absent from the plankton tow samples from the period
1925-192%9, it 1is present with a relative abundance of 1% 1In the 11-12~c¢cm
horizon {Table 3), which was dated by Pb-210 to the same period, Similarly
this speciles has also a higher abundance in the sediments at 6-7 cm than in
the plankton tow samples from 1950-1953. The downcore disappearance is more
gradual than its disappearance from the plankton tow samples. Also in the
relative abundance of other taxa in the plankton tows and the sediments
often a discrepancy ig found (Fig. 7), although the trends are often the
same.

As a result of the mixing of sediments the relatlive abundance of Eunotia
exigua 1in the surficial sediment layer is lower than expected. Therefore,
diatom inferred pHl for the surface sediments (4.8) was significantly higher
than the observed and plankton tow inferred pH {both 4.2). The sediment core
diatom inferred pH at 11-12 cm (5.8) was In accordance with the plankton tow
diatom inferred pH for the period 1925-'29 (5.7) and the observed pH in the
same period (6.0). Thus the decline of the pH, based on sediment diatom
inferred pH (1.0 wunit) is much lower than the decline of the pH based on
plankton tow diatom inferred pH (1.5 unit) or direct observation (1.8 unit).
Therefore, estimates of the rate of acidification from sediment core diatoms
will consequently underrate the lake acidification where vertical mixing is
indicated.

The fact that the organic sediments of Achterste Goorven are much thicker
at wind sheltered than at wind exposed locations indicates that horizontal
mixing, l.e. lateral transport of sediment e.g. by wind action, may have
taken place as well. This is supported by the Pb-210 measurements, yielding
a total integrated activity that is much lower than the average atmospheric
Pb-210 fall cut in this reglon {(Crozaz et al. 1964, Van der Wijk & Mook, in
press), This, and the fact that the Pb-2i0 activity depth profile shows
continuous exponential behaviour may indicate a continuous transport of
{suspended) sediment away from the location AG 7, This constant transport
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however dees not affect the interpretation of the other data,

Below a depth of 12 cm in a profile the sediment diatom 1inferred pH 1is
lower than at 12 cm. As discussed in the section on historical development
of the pool there was a connection more than 100 years ago between the
originally oligotrophic (low pH) paol Achterste Goorven and the more
mesotrophic (higher pH) pool Voorste Goorven. Uf the high pH at depths below
12 cm 1is a result of this connectlon cone would expect the sediment horizon
with the highest diatom {nferred pH to he at least 100 years old, This is in
contradiction with the Pb-210 date of ca 1914-1925 for this horizoun. Further
studies, e.g, on sediment remains of desmids, of which the Living
assemblages have been studied by Heimans (1925) and Coesel et al. (1978) may
shed light on this question.

SUMMARY

Most palaeoclimnological studies have been carried out in relatively deep
lakes, where perturbation of the sedimentation process by wind action and
biloturbation are of minor importance and where sediments are not exposed to
the atmosphere 1In extremely dry vyears. The purpose of this study was to
investigate the applicability of palaeclimnological methods in a shallow
soft water pool in order to determine the rate of acldificatfon.

Pollen stratigraphy provided information about the development of the
pool Achterste Goorven over the last 150 years. Pollen and diatom analyses
all indicated that our Achterste Goorven sampling site existed as a
terrestrial environment shortly after reafforestation with Scots pines of
the acollian drift sands which started in the early 1800s.

The acidification of Achterste Goorven was associated with a decrease in
both chircnomid and diatom diversity. The chircmomid assemblage occurring
below 15 cm was relatively diverse and has ne living counterpart 1in The
Netherlands. It  has been described for poorly huffered waters in
Scandinavia. The upcore replacement pattern of chironomid assemblages which
taok place 1n Achterste Goorven as It acldified was similar to the one
described by Walker et al. (1985) for a small acidifying Canadian lake. Thus
the chironomid assemblage from the early 1800s in Achterste Goorven would
appear to be amphiatlantic.

The pH inferred from the plankton tow diatoms which were collected from
1925 to 1929 was 5,7, The 11-12 cn deep sediments were dated at 60-70 years
of age (Fig. 3). The diatom inferred pH of these 11-12 cm deep sediments was
5.8 {(Fig. 6). Achterste Goorven is undergoing Tapid acidification., During
the last 60 years, sediment core diatom inferred pH has fallen from 5.8 to
4,8, observed pH has fallen from 6 to 4.2 and plankton tow diatom inferred
pH has fallen from 5.7 to 4.2. During this same period there was a
concomitant 1increase in the relative abundance of acid tolerant chironomid
and diatom species and a concomitant reduction in the relative abundance of
acid intolerant chironomid and diatom taxa {Table 2, Fig. 8b).

These data indicate that the rate of acidification in Achterste Goorven
is among the highest reported to date. Two major factors are responsible for
this high rate of acidification: the small volume of the pool and the high
level of wet and dry deposition of acidifying substances in the area. The
only water badies outside the Netherlands of which we are aware that those
are acidifying faster than Achterste Goorven are located near Gothenburg,
Sweden, Mean pH in these lakes fell from 6.6 to 4.7 during the period
1968-1979 (Morling 1981).

In conclusion, our results indicata that useful steatigraphlc information
can be obtained from an analysis of the sediments of moorland pools as long
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as it is recognlized that mixing of microfossils typically occurs to a larger
extent 1In these shallow pools than it does in sediments from deeper bodies
of water.

ACENOWLEDGEMENTS

We thank the Society for the Promotion of Nature Reserves for giving us
permission to visit its properties.

The authors acknowledge Mr. C.N. Beljaars for counting the plankton tow
diatoms and Dr. P,F.M, Coesel and Mrs. H, Kooyman-van Blokland for placing
the Heimans plankton samples at thelr disposal, They are also grateful to
Mr. S.P. Steendam for analytical assistance with Pb-210 dating. Drs. J.P.
Pals provided help with identification of fruits and seeds. Mr. W. de Bakker
provided wvaluable historical information regarding the study area. Drs.
T.A.W. van Rossum assisted with the preparation of the manuscript.

We kindly thank Prof. Dr. H. Lange-Bertalot and Dipl.-Biol. M. Nérpel for
advice on taxonomy of some diatom taxa and Prof. Dr. C. den Hartog for
perusal of the manusecript.

This study was supported in part by the Natural Sciences and Engineering
Research Council of Canada sabbatical travel grant to M.D. Dickman, the
European Community (Contract Nr, ENV-630-N) and the Beijerinck-Popping
Foundation.

REFERENCES

Ali, A. {1984): A gimple and efficient sediment corer for shallow lakes - J. Environ. Qual.
13: 63-66.

Battarbee, R.W. {1984}: Diatom analysis and the acidification of lakes. - Phil. Trans. R. Soc.
Lond. B 305: 451-477,

Battarbee, R.W., Flower, R.J., Stevenson, A.C. & Pippey, B. (1985): Lake acidificacion £n
Galloway: a palaeoecological test of competing hypotheses. = Nature 314: 350-352.

Berge, F. (1975): pl forandringer og sedimentasjon av diatomeer 1 Langtjern. - MNorges
Tekulsk-Naturvitenskapelige Forskoingscad. Intern Rapport 11: 1-18.

Berge, F. {1979): Kieselalgar og pH 1 noen innajoer i Agder og Hordaland - S.N.S,F.-prosjektet
IR 42/79, 64 pp.

Berglund, B.E. (1979): Palaechydrological changes in the temperate zone 1u the last 15,000
years. ~ International Geological Correlation Programme. Project No. 158. Lund. 340 pp.

Bergmans, J. (1926): De flora van het Olsterwijkse veanenlandschap. -~ Natura 27: 1Q4-111.

Beyens, L. (1984): Paleocecologische en paleok!imatologiasche aspecten van de  Holocene
ontwikkeling van de Antwerpse Noorderkempen. - Academiae Analecta, Kl. Wetensch. 46: 17-56.

Brundin, L. {1949): Chironomidan und andere Bodentieren der siidschwedischer Urgebirgsseen. -~
Rep. Inst. Frashwater Res,, Drottningholm 30: 1-914.

Buishand, T.A. (1981}: The analysis of homogeneity of long cerm vrainfall recerds in The
Netherlands. - FKoninklijk Nederlands Meteorologisch Instituut, De Bilt. Scientific Report
81-7: 1-67.

Burnett, J.H, (1964): The vegetation of Scotland. - Oliver & Boyd, Edinburgh & Londen, 613 pp.

Charles, D.F. (1982): Studies of Adirondack Mountains (N.Y.) lakes: limnological
characteristics and sediment diatom=water chemistry relationships. — Ph.D. Dissertation.
Indiana University, Bloomington, U,.S.A,

Coesel, P.F.M., Xwakkestein, R. & Verschoor, A. {1978): Olipotrophication and eutrophication
tendencies in some Dutch moorland pools as reflected in their desmid flora. - Hydrobiolegia
61: 21-31,

Crozaz, 6., Plcclotto, E. & de Breuck, W. {1964): Antarctic snow chromology with Pb-210. - J.
Geophys. Res. 69: 2597-2599,

Davis, R.B., Norton, S.A., Hess, C.T. & Brakke, D.F. (1983): Paleolimnological reconstruction
of the effects of atmospheric depogition of aclds and heavy metals on the chemistry and
bilolagy of lakes in NWew England and Worway. - Hydroblologia 103: 113-123.

Denys, L. & Lodewl jckx, E. (1984). An improved method of coding diatom data for computer
utilisation. - Bull. of the Belglan Soclety of Geologists %3: 297-299,

Descy, J.P. {1984): Ecologle et distribution de diatomkes benthlques dans le bassin Belge de
la Meuse. - Documents de Travail 18, Institut Royal des Sclences Naturelles de Belgique,
Bruxelles. 25 pp. + ann.

- 121 -




Dickman, M.D., Dixit, S. Fortescue, J. & Barlow, R. (1984): Diatoms as indicators of the rate
of lake acidification. - Water, Alr, and Soil Pollution 21: 375386,

Ei-Dacushy, M.F.A,F, {1981): An ionlzstion chamber and a silicon deteetor for lead—210
chronolegy. = Nucl. Instrum,. Meth. 188: 647-635.

EMEP/CCC-Report (1984): Chemical report from the chemical co-ordinating centre for the second
phase of the co-operative program for monitering and evaluation of long-range transmission
of air poliutants in Europe (EMEP). - Norweglan Institute for Afr Research (NILD),
Lillestrdm, 120 pp.

Faegri, K. & Iveraen, J. (1975): Textbook of pollen analysis. - Munksgaard, Copenhagen, 3rd
ed. by K. Faegri, 295 pp.

Flower, R.J. & Battarbee, R.W. (1983): Diatom evidence for recent acidification of two
Scottish lochs, - Mature 305: 130-:313, 210

Flynn, W.W, (1968): The determination of low levels of Po In envircnmental materials. -
Analytica Chimica Acta 43: 221-227,

Foater, P.L. (1982): Species associatlion and metal contents of algae from rivers polluted by
heavy metals. - Freshwater Biology 12: 17-39,

Francke, J.A. & Hillebrand, K. (1980): Effects of copper on some filamentous Chlorophyta -
Aquatic Botany B: 285-289,

Geenen, H.G.M, (1977): Bodemgesteldheid van Midden-Brabant. Toelichting bij de bodem en

grondwaterttappenkaart, schaal 1:25 000 - Stichting wvoor Bodemkartering, Wageningen.
Rapport nr, 1359, 81 pp.

Geljukes, D,C. (1929): Een juffertje uit Olsterwijk. - De Levende Natuur 34: 139-143.

Germain, H. (1982): Quatre Navicules du groupe des Subtilissimae (Diatomophyceae). -
Cryptoganie: Algologie 3: 105-111. 210

Goldberg, E.D. (1963): Chronology with Pbh. In: Radiocactive Dating. — IAEA Proceedingsa.
Vienna, Austria.

Hartley, B. (1986}: A check-list of the freshwater, brackish and marine diatoms of the British
Isles and adjolning coastal waters, — J. mar. bicl. Assoe. U.K. 66: 531-610.

Heimans, J. (1925): De desmidiaceednflora van de Oisterwljksche vennen. - WNederl. Kruidk.
Arch. 31: 245-272. '

Huetedt, F, (1939): Systematische und Bkologische Untersuchungen Gber die Diatomeenflora +von
Java, Bali und Sumatra. — Arch, Hydroblol./Suppl. l6: 274-394.

== {1957): Die Diatomeenflora des Fluss—systems der Weser im Gebiet der Hansestadt Bremen. -
Abh. naturw. Ver. Bremen 34: L81-440.

Iversen, J. (1969): Retrogressive development of a forest ecosystem demonstrated by pollen
diagrams from fossil mor. Olkos/Suppl. 12: 35-49.

Janssen, C.R. {1972): The palaececology of plant communities 1in the Dommel Valley. Horth
Brabant, Metherlands. — J. Ecol. 60: 411--437.

KNMI/RIV (1983): Chemical composition of precipitation over the Netherlands. Annual Report
1982. Joint KNMI/RIV project - Koninklijk Meteorologisch Instituut, De Bilt/RI jksinstituut
voor de Volksgezondheld, Bilthoven, 16 pp. + ann.

KSrber-Grohne, U. {1964); Bestimmungsschliissel fur subfosslle Juncus—Samen wnd Cramineer-
Friichte. Probleme der Kistenforschung im siidlichen Nordseegeblet. Schr. Reihe Niedersidchs.
Landesanat. Marschen-u. Wurtenforach. 7: L-47.

Leuven, R.S.E.W., Velden, J.A. van der, Vanhemelrijk, J.A.M. & Velde, G. van der (in press):
Tmpact of acldification oo chironowld communities 1in poorly buffered waters In the
Netherlands. Ent, Scand./Suppl. 29.

Maher, L.J. {1981): Statistics for microfossil concentration measurements employing samples
spiked with matker gralms. - Rev. Palaeobot. Palynol, 32: 153-191.

Middeldorp, A.A. (1982): Pollen concentration as a basis for indirect dating and quantifylng
net organle and fungel production in a peat bog ecosystem. — Rev. Palaeobot. Palynol. 37:
225-282.

-— (1984): Functional palaececclogy of raised bogs: An analysis by means of pollen density
dating in comnectfon with the reglonal ferest history. - Ph. D. Thesis, Univ. of Amsterdan,
124 pp.

Molier Pillot, H.K.M. (19B4a): De larven van de Hederlandse Chironcmidae (Diptera) {(Inlelding,
Tanypodinae, Chironomini)}. — Ned. Faunistische Hed. la: 1-277,

—— (19B84b}: De larven van de Nederlandse Chironomidae (Diptera} {Orthocladiinae sensu late). -
Ned. Faunistische Med. 1b: 1-175.

Hoore, P.D. & D,J, Bellamy (1973): Peatlands. - Elek Science, Londen. 221 pp.

Morling, G. (1981): Effects of acidification on some lakes in Western Sweden. - Vatten 37:
25-38.

—- (1984): Acidification and plankton in West-Swedish lakes 1966-1%83. - Acta Universitatis
Upealiensis 727: 1-12.

Hoss, B. {1979}: Algal and other fosail evidence for major <c¢hanges im Strumpshaw Broad,
Norfolk, England in the laat two centuries. - Br. Phycol. J. l4: 263-283.

Moss, B.. {1980): Further studies on the palaeolimnology and changes in the phosphorus budget

- 122 -




of Barton Broad, Norfolk. — Freshwater Biology 10: 261-297, 210 .

Dldfield, F., Appleby, P.G. & Batterbee, R.W. (1978): Alternative Pb datimg: Results from
the New Guinea Highlands and Lough Erme. - Nature 271: 339-342.

Posthumus, N.W. {1911): Keurboek van Olsterwijk. Verslagen en Mededeelingen van de Vereeniging
tot Uitgave der Bronnen van het Qud—Vaderlandsche Recht &: 174-202,

Prescott, G.W. (1962): Algae of the Western Great Lakes Area. Brown, Dubuque. 977 pp.

Renberg, I. (1976): Paleolimnological investlgations In Lake Praestsjdn. — Early HNorrland 9:
113-160.

Renberg, I. & T. Hellberg (1982): The pH history of lakes in southwestern Sweden as calculated
from the subfossil dlatom flora of the sediments. - Awbio 11: 30-33,

Ross, R. & Sims, P.A. (1978): Notes on some diatoms from the Isle of Mull, and other Scottish
localities. — Bacillaris 1: 151-158.

Round, F.E. & Mann, D.G. (1981): The diatom genus Brachysira. 1. Typificatioen and separatiom
from Anomoeomeis. - Arch. Protlatenk. 124: 221-231.

Saether, 0.A, (1975): Mearctic Chironomids as indicators of lake typalogy. — Verh. Int. Ver.
Limnol, 19: 3127-3133,

Schindler, D.W., Mills, K.H., Malley, D.F., Findlay, D.L., 8Shearer, J.A.,, Davies, I[.J].,
Turner, M.A., Linsey, G.A. & Cruikshank, D.R. (1985): Long-term ecosystem stress: the
effects of years of experimental acidification on a small lake. — Science 228: 1395-1401,

Schindler, D.W., Wagemann, R., Cook, R.B., Ruszeczynski, T. & Prokopowich, J. {(1380):
Experimental acidification of Lake 223, Experimental Lakes Area: Background data and the
firat three years of acidification. — Can. J. Fish. Aquat. Sci. 37: 342-354,

Schoof-van Pelt, M. (1973): Littorelletea. A study of the wvegetation of some amphiphytic
communities of western Europe. Ph, D. Thesis, Cathelic University, Nijmegen, 216 pp.

Stockmarr, J. (1%71): Tablets with spores used in absclute pollen analysis. - Pollen s&pates
13: 615-621,

Stokes, P.M. (198]): Benthic zlgal communities ir acidic lakes. pp. 119-138 in Singer, R.
(ed.). Effects of acidic precipitation on benthes. - Horth American Benthological Soclety,
Springfield.

Sykora, K.V. {1379): The effects of the severe drought of 1976 on the wvegetation of some
moorland pocls Ln The Wetherlands. — Biol. Conserv. l6: 145-162.

Thijsse, J.P. (1912): Oisterwijk. - De Levenda Watuur 17: 361-363,

-— (1l916): Een vennentoer. — De Lavende Watuur 2Zl: 147-150, 173-177, 207-210, 232-2335.

-= (1927): In Oisterwijk. - De Levende Natuur 32: 69-72.

Talonen, K, & Jaskkola, T. (1983): History of lake acidification and air pollution studied on
aediments in South Finland. - Ann. Bor. Fennlcl 20: 57-78,

Van Dam, H. {198%): On the use of measures of struectures of diversity in applied dlatom
ecology. — Nova Hedwigla/Beih, 73: 97-115,

-= (1984): A guide to the literature for the I1dentiflication of freshwater diatoms in The
Netherlands. - Hydrobiol. Bull. 18: il-16.

Van Dam, H. & Kooyman-van Blokland, H, (1978}: Man-made changes in some Dutch moorland pocls,
ag reflected by historical and recent data about dlatoms and macrophytes. - Intern. Rew.
gea. Hydrobiol. 63: S587-607.

Van Dam, H., Suurmond, G. & ter Braak, C.J.F. {1981): Impact of acidification on diatoms and
chemistry of Dutch moorland pools. - Hydi?aiologia 83: 425-459.

Van der Wijk, A, & Mook, W.G., {in press.). Pb dating 1n shallow moorland pools. — Geologle
en Mijobouw,

Van Geel, B. (1978): A palaeocecologlical study of Holocene peat bog sections in Germany and The
Netherlands. - Rev. Palaeohaot. Palynol, 25;: 1-20.

Van Geel, B., Bohncke, $.J.P. & Dee, H. (1981): A palaececological study of an upper Late
Glacial and Holiocene sequence from 'De Borchert'!, The Netherlands. - Rev. Palaeobot.
Palynel. 31: 367-448,

Van Geel, B., Hallewas, D.P. & Pals, J.P. (1983): A Late Holocena deposit under the Westfriase
Zeedijk near Enkhuizen (Prov. of Noord-Holland, The Retherlands): Palaeoacological and
archaeologlcal aspecta. — Rev. Palaeobot. Palynol. 38: 269-335.

. Vangenechten, J.H.D., Bosmans, F. & Deckers, F.B.H. (1981): Effects of short-term changes in
rainwater supply on the ioniec compesition of acid moorland pools in the Campine of Antwerp
(Belgium). - Hydrobiologia 76: L49-159,

Van Heee, A.F.M. & Van den Wijngaard, J.K.R. (1976): Bosgeschiedenis en bostypen van
Midden-Brabant. - Rijksinstituut voor Bos— en Landschapsbouw 'De Dorschkamp', Wageningen,
Report nr. 98, 26 pp.

Walker, I.R., Fernando, C.H. & Paterson, C.G. (1985): Assoclations of Chironomidae ({Diptera}
of shallow, acld, humic lakes and bog pools in Atlantic Canada, and a comparisom with the
earlier paleoecoelogical investigation. — Hydroblologia 120: 11-22.

Westhoff, V., Bakker, P,A., Var Leeuwen, C.G., Van der Voo, E.E., Zoaneveld, I.5. (1973):
Wilde planten. Flora en vegetatie in onze natuurgebleden. IIT, {Chapter: De wereld van het
voedselarme water). — Verenlglng tot Behoud van Natuurmonumenten in  Nederland, Ametevdam,

- 123 -




359 p.
Wiederholn, T. (1983): Chironomidae of the holaretic region. Keys and dlagnosea part. 1.
Larvae. - Ent. Scand./Suppl. 19: 1-457.

Addresses of authors:

M.D. Dickman, Biological Scieaces Dept., Brock University, St. Catharines,
Ontario, L28 3A1 Canada (Guest researcher, Research Imstitute for Nature
Management, Leersum, The Netherlands, Jan.-June, 1985).

H. van Dam, Research Institute for Nature Management, P.0. Box 46, 13956 ZR
Leersum, The Netherlands.

B. van Geel, University of Amsterdam, Hugo de Vries-Laboratory, Kruislaan
318, 1098 SM Amsterdam, The Netherlands.

A.G. Klink, Hydrobiological Consultant, Boterstraat 28, 6701 CW Wageningen,
The Netherlands,.

A. van der Wijk, Centre for Isotope Research, Westersingel 34, 9718 CHM
Groningen, The Netherlands.

Dit artikel is geaccepteerd voor publikatie in het Archiv fiir Hydrobiologie.

- 124 -




HOOFDSTUK 6

PALAEOLTHNOLOGICAL AND DOCUMENTED EVIDENCE FOR ALKALIZATION AND ACIDIFICA-
TION OF TWO MOORLAND POOLS (THE NETHERLANDS)

H. van Daml, B, van Geelz, A. van der Wijk3, J.F.M. Geelen4, R. wvan der

Heijdena and M.D. Dickmanl'S

1Research Institute for Nature Management, P.O. Box 46, 3956 ZR Leersum {The
Netherlands)

Huge de Vries-Laboratory, University of Amsterdam, Kruislaan 318, 1098 sM
Amsterdam (The Netherlands)

Centre for Isotope Research, Westersingel 34, 9718 CM Groningen (The
Netherlands) -
Laboratory of Aquatic Ecology, Catholie University, Toerncoiveld, 6525 ED
Nijmegen {The Netherlands)

4

ABSTRACT

Acidity changes in two isplated perched water moorland pools in The
Netherlands were reconstructed £from diatoms and cladocerans in sediment
cores and interpreted with the help of documentary evidence. Pb~210 dating
was  compared with alternative methods. Pollen and other wmicro- and
macrofossils were used for dating and to obtain information about the
development of vegetation at the study sites.

The pools studied showed consziderably larger pH-changes than acildifying
European and American lakes, The pH Increased from 4-5 in the first half of
the 19th century to c. 6 around 1900, due to eutrophication by external
gources, and decreased to recent values between 4 and 5, when eutrophication
stopped and acid deposition increased.

Documented evidence of human influence upon the study sites, cowmbined
with palaececologlcal techniques was found to be necessary to obtaln proper
conclusions with studies on the history of surface water acidification,

1 INTRODUCTION

The biocommunities of isclated moorland pools in The Netherlands, Belgium
and Northern Germany have been severely impoverished by acidification since
the begianing of this century. This follows from comparisons of recent and
old records of aquatic micro— and macrophytes (Coesel et al., 1978; Van Dam
et al,, 1981; Roelofs, 1983; Van Dam and Beljaars, 1984), Nothing 1is known
about the acidity status of these dilute pools in the period before the turn
of the century, with the exception of Achterste Goorven. This now highly
acid pool was acid and sligotrophic in the first half of the 19th ceatury
and was disturbed by the inflow of eutrophic water, to reach its highest pH
in the first half of the 20th century (Dickman et al., in presa),

Moorland pools are confined to regions with an Atlantic climate and

SPresent address: Department of Biologlcal Scilences, Brock University, St
Catharines, Ontario, L25 3Al Canada.
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oligotrophic, sandy solls, which were rather unsuitable for intensive
agricultural use in the past. After deforestation, before and during
mediaeval times, a vegetation developed with Calluna vulgaris and Erica
tetralix as dominant plants. Later, the socils were gradually depleted in
nutrients by grazing with sheep. Overgrazing caused the development of
aeolian drift sands, with a sparse vegetation of Corynephorus canescens and
other graminoid pioneers in many heathlands since the Late Middle Ages.
After the introduction of fertilizers and the decrease of the wool prices in
the late 19th century the sheep farming declined and the majority of the dry
heathlands and drift sands were planted with Scots pine ({Pinus sylvestris)
(Westhoff et al., 1973; De Smidt, 1975).

Many pools developed into bogs after their formation since the late
Pleistocene. Information about the digging of peat, as well as the use of
the pools for watering and washing of sheep, retting of flax and hemp, and,
after eutrophication, also hatching of €£ish, can be retrieved from old
charters (e.g. Posthumus, 1911; Sloet, 1911; De Jonge van Ellemeet, 1917)
and has been revealed by archaeological research {Heidinga, 1984).

These actlvities probably affected the chemistry of the water in the
weakly buffered pools, and their documentary evidence should be taken inta
account when interpreting pH-reconstructlons by means of palaeolimnological
techniques 1in the context of acldification studies. Davis and Smol (1986)
also stress the need for historical research on changes in land—use near the
study sites for a correct Interpretatlon of the corlng results.

The objective of this paper is to describe the acidity changes of two
isolated moorland pools and to interpret these changes with the help of
information from hiatorical sources., As The WNetherlands are 1in the very
centre of the acid atmospheric deposition area in Euraope, we expect that the
process of acidification of these pools started earlier than in lakes iIn
Rorway and Scotland, which began to acidify in the second half of the 19th
century (EMEP/CCC, 1984; Battarbee and Charles, 1986).

As data from direct measurements of past hydrochemistry are very scarce,
diatoms and cladocerans 1in sediment cores are used to Infer historie
pH-values (Krause-Dellin and Steinberg, 1984; Battarbee and Charles,1986),
Pb-210 dating, which might give erroneous results in highly acid waters
(Simola and Liehu, 1985) 1s compared with alternative methods, including
analyais of diatoms, pollen, seeds, cladocerans and old maps, as recommended
by Davis and Smol (1986), and Van der Wijk and Mook (in press). Pollen and
other botanical micro— and macrofossils are also used to obtain informatiom
about the development of local and regional vegetation of the study sites.

2 SITE DESCRIPTIOR

Two moorland pools, Gerritsfles and Kliplo, in areas with unconsolidated
gands and podzols, were selected for this study (Fig.l). The pools have a
perched water table and thelr catchment area 18 hardly larger than their
surface area. Both 1isolated pocls are situated in some of the most remote
nature reserves of The Netherlands and have been acidified over the last
sixty vears. Their environmental setting and the changes of chemistry,
macrophyte communitiee and diatom assemblages, based on historical documents
as well as old plankton tow samples back to 1912 have been described in
detail by Van Dam (in review).

The clearwater pool Gerritsfles (5059‘ E, 52°10° N), near Kootwijk, has a
surface area of c. 7 ha and a mean depth of 0.7 m, The pH ranged from 3.9 to
5.5 {median 4.3, n=18) from 1970 through 1984. From 1928 through 1930 values
between 5.5 and 6.5 were found (n=9).
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Fig. 1, Historical development of Gerritsfles (A-G), Kliplo {(H) and location of
pools in The Netherlands (I). References to maps (original scales in brackets): A
De Man (1802-1812) (e. 1 : 14400}, B Cadastral map (Land Registry Office, Arnhem)
(1 : 5000), C Draft of Topographical map of The Netherlands (TMN) (State Archive,
The Hague) (1 : 25000}, D Map of Municipality of Barneveld (Nairac Museum, Barne—
veld) (1l : 20000}, E TMN (1 : 25000), F Draft of cadastral map {Land Registry
Office, Arnhem) (1 : 2500) and TMN (1 : 25000}, &G,H TMN {1 : 10000) and own
survey (1 : 1000).

The brownwater poal Kiiple (6%26° E, 52950° N), near Dwingeloo, has a
surface area of c. 0.6 ha and a mean depth of 0.8 m (Fig.l), The pH ranged
from 3.9 to 8.8 (median 5.3, n=34) in the period 1970-1984. From 1924
through 1929 values between 6.0 and 6.5 were found (n=3).

3 MATERIAL AND METHODS

Changes in topography and land-use were studied from published and
unpublished maps and other documents.

A core from Gerritsfles was taken on 28-2-1985 from a locality close ta
the permanent plankton tow monitoring station; Kliplo was cored om 31-1-1985
(Fig.1l), Both cores were cut in l-em sections in the laboratory within a few
hours after sampling. Plankton tow diatoms were obtained from old
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collections and from bilannually taken sgamples from 1979 through 1984,
Methods for sampling and investigation of diatoms, pollen, seeds and fruits
have been described by Dickman et al. (in press}.

Van der Wijk and Mook (in press) described the analytical methods used
for Pb-210 measurements. The age of the sediments was estimated by the
constant rate of supply model {Appleby and O0ldfield, 1978)}. The limits of
the age of each l-em section are expressed as the Pb-210-inferred age of the
base depth of the section plus the one sigma uncertainty, based on nuclear
counting statistics and the Pb-210-inferred age of the top depth of the
section minus the one sigma uncertainty.

Pollen and other remains of organisms in the pollen slides were <counted
until c., 300 pollen grains were tallled. The remaining part of the slide was
scanned to detect sparsely occurring taxa, which are indicated by a "+' in
the diagrams. Pollen diagrams were drawn using a computer program written by
Melief and Wijmstra (1984).

Unless indicated otherwise 400 diatom valves were counted in each sample.
Lf valve densities were very low, less valves were counted.

The pH was estimated from the composition of the diatom assemblages by
three methods, Index B was calculated according to Renberg and Hellberg
(1982). pH_ was calculated from index B, using the relationship given by
thege authors (st. dev. 0.3), pH, was calculated using the equation pHd =
5,85-0.541logB (st, dev. 0.8), This equation was obtained by regression of
the observed pH of 99 samples from 97 relatively pristine soft water lakes
and pools in Denmark, Belgium, The Netherlands, and Germany (Van Dam and
Bel jaars, 1984). pr was calculated by welghted averaging (st, dev, 0.7)
(Van Dam, in review). In strongly acid waters (pH ¢ 4.5) pH_ gives the most
accurate results.,

Water level changes were inferred from changes in the relative abundance
of aerophilous diatoms, which have a pronounced optimum in temporary dry
habitats. Indications were borrowed from Beger (1927), Krasske {(1936),
Hustedt (1942), Sims (1978), Germain (1%81) and others,

To detect the remains of cladocerans in the core slices, 4 ml of sediment
was taken with a syringe from the fraction 150-500 pm. After dispersion in a
sonarbath for 1-3 s the syringe was emptied and rinsed with water above a
buoyancy density column (Jacquet et al., 1984), After 10 min the glycerine
layer was siphoned off., The ethylglycol and water layers remained 1a the
column, The glycerine layer was checked {(x 40 magnification) for the
presence of cladoceran remains. Nearly always 80-90% of the remains was
retained 1in the water and ethylglycol layers. Two ml of the residue was
placed in a cuvette with 2 ml water and the cladoceran remains were counted
under an Inverted microscope (x 125-250 magnification). Additionally one or
a few drops were examined with a microscope (x 40-400 magnification).
Fldssner (1972) was used as a taxonomic reference. Valves, headshlelds and
postabdomens were counted as one individual, Approximately 500 remains ware
counted in each sample.

Plankton tow cladocera were gathered with a net (mesh width 60 Pm). As an
average 90 or 60 individuals were counted under a microscope (x 40-400
magnification) in each of the 1964-65- and 1983-samples respectively.

Cladocera were classified into each of Hustedt's (1939) pH-groups
(acidobiontic, acidophilous, circumneutral, alkaliphilous and alkalibiontic)
and a group 'indifferent' for species with a very wide pH-tolerance, using
autecological information from the literature (e.g. Luyten, 1934; Klie,
1937; Vallin, 1953; Corijn, 1969; Fl#sener, 1972; Eife, 1974; Notenboom—-Ram,
1981; Xrause-Dellin and Steinberg, 1984).

Similarity coefficients were calculated using index SIMI {(Johnson and
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Millie, 1982), which is particularly sensitive to the coatribution of the
most common taxa, whose relative abundance could be estimated more reliably
than that of rare taxa.

4 RESULTS
4.1 Gerritsfles
4,1.1 Documented changes in topography, land- and water-use

The topographical changes of Gerritsfles and its environment are
displayed in Fig.l. In 1806/7 the area of the present pool was depicted as
heathland, just east of the bordering dune ridge of the ‘'Harskamperzand'
(including ‘Freselsche Zand' or 'Vreesche Zand'), a vast aeolian drift sand
area. Bordering dune ridges (with a steep slope at the lee) are formed 1if
the expansion of a drift sand area is hampered, e.g. by humid heathlands
{Hesselink, 1920; FKoster, 1978). According to descriptions by "sand
inspectors’ the surface area of the 'Harskamperzand' would have been fairly
stable between c. 1550 and e. 1750, The activity of the sand was
particularly high from 1750 to 1830, The surface area of this drift sand
Increased rapidly from 341 ha in 1810 to 844 ha 1in 1826, due to the neglect
of measurements to control the expansion of the sand during the French
occupation (1795-1813), Later on, the area of the sand increased wmuch
slower, due to control measurements, e.g. planting of Ammophila aremaria and
Scots pines (Sloet, 1852; Hesselink, 1920, 1926; Brandt-Boomstra and Meyman,
1970; Wartena, 1985).

In the 20th century the drift sand has been invaded by Scots pines, which
have been planted in the region of the pool since 1850 and particularly
after 1898 (Jager Gerlings, 1907; Hesselink, 1920, 1926; Van't Hoff, 1920),
The birches {Betula spec.) on the former heathlands are probably seedlings
from the belts of birches, which were planted as fire shelters for the pine
plantations (Jager OCerlings, 1907; Anonymus, 1920), Calluna vulgaris and
Erica tetralix have been outcompeted by Molinia caerulea from the heathlands
after 1950 (cf. Schimmel and M&rzer Bruijns, 1952; Stoutjesdijk, 1959).

In the extremely dry year 1826 (Vanderlinden, 1924; Labrijn, 1945)
Gerritsfles is represented as a marshy gully, intersected by two tracks.

6000 _
4000 .
=%
£
2000
Fig. 2. Average numbers of sheep per
decade in the Municipality of Barneveld
from 1821 through 1930. HNumber of
0L Bt T Al el fed it 2, observations per decade is indicated at
1830 1860 1890 1920 the top of each bar (Anonynus,
decade 1852-1931),
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Open water might have been present in 'normal' vyears. The Gerritsfles is
indicated as a marshy depression with some open water in 1846, According to
a witness the pool had its present shape in 1868, but desiccated for a
considerable part by an extreme drought in this year (Moerman, 1934;
Labrijn, 1945). On a sketch map of c. 1868, which 1is apparently not very
accurate, an elongated pool, shorter than the marsh of 1826, is indicated
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with the name 'Gardersche Flesch', a synonym of Gerritsfles (Anonymus, c.
1880). In c. 1870 a marsh, with the same shape as the pool in c. 1868 is
indicated. In 1896/8 the bordering dune ridge of the drift sand is still at
the same place as B0 years before, but the pool has an entirely different
shape and is Indicated as bog and open water.

Traditionally, sheep grazing was by far the most important means of land
management 1in this area {(Roessingh, 197%). The sheep from Kootwijk (includ-
ing the hamlet Essen) were washed in the pool each year (Anonymus, c. 1880},
The small pool at the southwestern side of the main pool (Fig. 1f) was dug
as a place for washing sheep, when the bottom of the main pool became too
muddy for this purpose (Moerman, 1934), The results of sheep countings in
the Municipality of Barneveld between 1820 and 1931 are shown in Fig.2. The
nunmbers of sheep in Kootwijk, in the territory of Barmeveld, were not
reglstered separately. In 1888 about 40% of the sheep in Barneveld were from
Kootwijk and Garderen (Hartog, 1890). Therefore it is reasonable to assume
that c. 20% of the sheep in Barneveld were from FKootwijk (H.K. Roessingh,
Wageningen, pers. comm., 1987). Thus c. 1000 to c. 1200 sheep would have
been washed in Gerritsfles each year from 1860 through 1900, By the end of
the 19th century the number of sheep decreased dramatically (Fig.2).

According to Hesselink (19153) it was possible for the last time in ec.
1880 to catch fish by drainage of the pool, after piercing the bordering
dune ridge. From c. 1920 through c. 1960 the pool was regularly wused for
swimming (e.g. Thijsse, 1928; Wigman, 1932),

4,1.2 Similarity analysis

The values for the mean composition of the plankton tow samples are
slightly different from those given by Van Dam (in review), because the
means were weighted (Table 1), For example, in the period 1977-84 only one
sample was taken in 1977 and five samples were taken in 1978. The sample
from 1977 was assumed to represent a whole year, while the composition of
1978 was calculated as the average of five samples, Subsequently the average
composition for 1977-84 was calculated as the mean of eight yearly values.

The composition of the plankton tow assemblages changed thoroughly
between 1960 and 1964 and has remained rather constant since (Table 1). This
i1s reflected by the fossil assemblages, The sediment sections from 6-7, 3-4
and 0-3 cm show very high similarities with the plankton tow samples from
the periods 1916-18, 1950-60 and 1964-84 respectively and were presumably
deposited in corresponding periods {(Table 2). The succession of Eunotia
incisa, E. rhomboidea and E. exigua in the plankten tows is neatly reflected
in the sediments.

The results of the cladoceran counts are given in Table 3. The samples
from 1964-65 show high similarities (>0.84) with the sediment samplies from
the upper few centimetres (Table 4). Below 2 cm depth the similarity
coefficlents are lower, but markedly higher than the corresponding
similarity coefficients of the diatom assemblages., The few plankton tow
samples from 1983 have rather low similarities (£ 0.57) with the sediment
assemblages {Table 4). Some species, notably Diaphanosoma brachyurum, were
present in the samples from 1983, but not in the fossil assemblages. If
these species are omitted from the calculations the similarities between the
plankton and sediment assemblages are higher and the 1983-samples are most
similar to the 1-2-cm sample (Table 4). The cladocerans indicate that the
topmost 4 em would have been deposited since c. 1960.

The agreement between Pb-210-dating (Table 5) and biological dating 1is
fair.
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TABLE 2

Similarity indices
tow and
diatom assemblages

Pplankton

{SIMI} between
sediment
in Gerricsflee

cote

TABLE 4

Similarity indices (SIMI} between

plankton

tow

and sediment core c¢ladoceran assemblages in Ger—

ritafles

Depch (cm)/ 1916 1950 1964 1977
Period 1916 1960 1974 1984 All taxa  Exclusively planktonic
taxa excluded
a-1 .14 .38 .98 .97
;'g :i‘ :‘3' ;: ;;’ Depth {cm)/ 1964 1983 1964 1983
34 .46 .72 .33 .12 Period 1965 1983 1965 1983
4=5 .73 .55 30 .0
6-7 .B? .55 .15 .26 o-1 .90 W47 .90 .66
9-10 .75 .61 .29 .28 1-2 .84 57 84 ,81
10-11 .32 .24 -06 .08 2-3 75 +53 75 T4
1213 .60 .49 .10 12 3-8 J6 .52 W76 72
14-15 .69 .39 .1¢ .13 4-5 .67 47 67 .65
16-t7 .82 <54 Bt W14 -
19-20 .12 .25 .02 .06 6-7 -33 .33 -35 .80
22-23 25 52 03 13 8-9 +50 L42 <50 +59
24-25 .21 .37 .05 16 -1 .55 .32 55 .45
26-27 .35 .45 .03 10 11-12 67 42 67 6D
29-3C¢ «15 31 03 .0& 12-13 \57 .39 .57 .54
34-35 .07 .20 W0} .05 14-15 +53 .37 .53 .52
39-40 .65 .46 .05 11 19-20 .73 .35 .73 48
4a-65 .16 .15 .77 .76 24~25 .75 L4l .76 .58
48-09 L4852 L0 17 29-30 .4l .20 AL 29
1977-86 .08 27 .99 1,00 ag-49 74 .33 4 .46
1964-74 08 .23 1.00 .29
1950-60 .38 1.00 .23 27 1933 .56 1.00 78 1.00
1916-18 1.00 .38 .08 .08 1364~65 1.00 .56 1.00 .78
TARLE 3
Percantage abundance of raxa and pH-groups of cladocerans in Gerﬂuf]."‘
[ E » T “ E T 5 PLANKTOH
Zone 1 Zone 2 Zone 1 Zouaesds Zonsg &b TOWS
Bepth incerval (cm) 48 44 19 M 29 6 19 14 12 11 18 B 6 & 302 1 0 196 1983
or period 43 45 40 335 30 25 20 15 13 12 1 9 7 5 a3 2 1965 1983
Number of osoples [ L L 1o 11 oot [T 0 3
Tndividuals countad 158 - - = 138 401 100 351 361 358 488 382 519 156 544 10D 374 274 576 508
Acantholeberia curvirostria - - - = - -~ -~ - o+ - - - - - - - & 3
Aloneila excisa T - - - 1 & LN S . 3 5 8§ 11 8 17 23 % 18
Bosalna longlspina - - = - 1 5 2 1012 1 4 B3 9 13 15 16 18 4 L] 26
Subrocals acidobiontic texa F - - - 119 & 17 18 17 17 Z1 15 21 26 26 35 29 49 48
Alonslle nana 1 - - - 7 8 9 5 115 I z 5 1 = -
Burycercua glaclalis - - - - - - - I - - . + o+ + 1 - - - -
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TABLE 5

Physical characteristies and Pb-210 dating of Ger-
ritsfles sediment core

Depth Water Inorganic Organic Year AD
(cm) () matter (%) wmatter (%)
0-1 71.5 21.8 6.7 1979-1985
1-2 - - - 1972-1979
2-3 74.0 19.7 6.3 1966-1973
3-4 75.3 18.1 6.6 1961-1%67
4-5 79.4 15.3 5.3 1956-1962
6-7 58.2 25.4 6.4 1928-1949
: 9-10 58.3 36.9 4.8 1864-1927
14-15 27.3 70.2 2.5 <1830
19-20 35.7 57.7 6.6 <1830
24-25 30.9 64.3 4.8 <1830
29-30 26,6 70.0 .4 <1830
39-40 17.0 81.4 1.6 <1830

4.1.3 Reconstruction of past environmental setting and blocommunities
Zone 1 (49 to 34 cm)

The very sandy sediment (Table 5) 1s poor in pollen of hydrophytes and
diatom wvalves. This indicates a high deposition rate of sand, blown in by
the wind. The pollen assemblage 1s indicative of an open landscape,
dominated by herbaceous plants with Ericaceae and wild grasses (Figas.3 and
4), Considering the records of seeds, Erica tetralix was present at the
site, but Calluna wvulgaris was probably responsible for the dominance of
Ericaceae pollen in this zone and the next one. C. wvulgaris 1s zoogamous,
but releases great quantities of pollen into the air at the end of the
flowering season (Faegrli and Iversen, 1975}, Pollen and macrofossils
(Figs.4, 5 and 6) reflect that the coring site was in a shallow puddle of a
humid heath with Erica tetralix, Juncus spec. and Succisa pratensis. Botryo-
coccus, Zygnema type and some pollen of the amphiblous Littorella uniflora
indicate the temporarily aquatic character of the site.

This is corroborated by the regular presence of aerophilous diatoms.
Indicators for polluticn by easily degradable organic material, 1like
Gomphonema parvulum, Nitzschia palea and Navicula seminulum (e.g. Cholnoky,
1968 have a relative abundance of 10% at 44-45 cm depth (Table 1), The
diatom-inferred pH is approximately 5 (Fig.7).

At the base of the core the eurytopic Chydorus sphaericus dominates and
only a few other cladoceran specles are present, In the other samples from
this zcone the cladocerans occurred only erratically, indicating an
unsuitable environment for the develecpment of cladocerans, e.g. a very sandy
sediment, combined with regular desiccation and shortness of food (Table 3),.

The presence of pollen of the cornflower (Centaurea cyanus) and buckwheat
(Fagopyrum esculentum), even in the deepest samples, indicates that the
sediments were deposited in late~ or post mediaeval times {Slicher wvan Bath,
1964; Roesaingh, 1979), This zone might correspond with the topographical
situation at the beginning of the 19th century (Fig.l a), in accordance with
the Pb-210 dating (Table 5).

Zone 2 (30 to 19 cm)

The sand content decreases from 70 to 58% in this 2zone (Table 5). The
pollen percentage of Littorella uniflora follows this decrease (Fig.5). Some
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Fig. 3. Iversen diagram (Gerritsflea).

seeds of this species were seen at 29-30 cm (Fig.6). Spores of Mougeotia
(often found in acid waters) and Cyperaceae pollen are at maximum at 25-29
cm. This peak 1s related to the occurrence of seeds of Eleocharia multicau-
1is, a member of the Littorellion alliance (Fig.6). The seeda of Kérber-
Grohne's (1964) Juncus articulatus type, which were very abundant in this
zone, {include J. bulbosus, belonging to the same alliance. Erica tetralix,
Hydrocotyle vulgaris and some Sphagnum sp. wer¢ also present in the awampy
habitat. H. vulgaris is often found in slightly disturbed {(e.g. eutrophled)
originally oligotrophic environments. Type 160 has a pronounced maximum in
this zone (Fig.5). It was recorded for the first time in a comparable
habitat at the base of the raised bog 'FochtelooBrveen' (Klaver, 1981).

The diatom-inferred pH decreases gradually from c. 5 to c. 4 between 30
and 22 cm depth (Fig.7). This 1s concluded from the increase of Frustulia
rhomboides var. saxonica, which is particularly abundant 1in humic acid
waters (Jprgensen, 1948; Niessen, 1956; Germain, 1981) (Table l). The water
might have turned humic because of accumulation of organic material {Table
5). The 19-20-cm sample has a higher diatom—inferred pH (c. 5). Eunotia
fallax (including var. gracillima), which is often found on flushing rock
surfaces and oligotrophic marshes in Scandinavia, reaches its maximum here.
The presence of this diatom and other aerophilous taxa {Table 1) indicates
that at least parts of the Gerritsfles desiccated regularly at that time.
However, more or less permanently submerged areas must have been present,
because otherwise the organic material in the sediment would have been
oxidized.

The changes in the pH spectra of the cladocerans parallel the changes of
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the diatom—inferred pH (Figs.7
and 8). The relatively high
number of taxa {11-13) in the
19-25-cm  depth interval (Table
3) might indicate more favour—
able conditions than in the
preceding zone.

Presumably this zone corres-
ponds with the topographic
situation between 1826 and c.
1850 (Fig.l), 1in agreement with
the Pb-210 dating (Table 5). If
84a, the gsedimentation rate
would be 3-4 mm per year,

Zone 3 {17-10 cm)

The proportion of sand in
this zone decreases from 70 to
37% {(Table 5), parallel with an
increase of Pinus pollen (Figs.
3 and 4). Presumably the plan-
tation of pines caused a
decline of aeolian erosion pro-
cesges in the area and &8s a
consequence less sand  was
trangported to and deposited in
the pool.

Pollen of Littorella, mainly
confined tc¢ sandy bottoms, is
still fairly abundant din the
12-13-cm stratum, but 1s rare
in shallower samples (Fig.3).
Seeds of Lobelia dortmanna,
also characteristic of sandy
substrates, were found in this
zone (Fig.6). The local vegeta-—
tion became more diverse with
Sparganium minimum type (pro-—
bably 8. angustifolium, which
was still present with sterile
forms in 1984) and Luronium
natans. Potamogeton natans
shows a sharp increase in the
upper part of this zone. The
increase of these taxa, parti-
cularly the latter ome, is iIn-

. diecative for moderate eutrophi-

cation and a more organic sub-
strate. Also the settlement of
Eleocharis palustrls and Pota-
mogeton cf. alpinus could be
attributed to eutrophication.
Sparganfum angustifolium and
both Potamogeton specles do not




withstand frequent desiccation,

In contrast, spores of the rare zygnemataceous alga Debarya glyptosperma
are found 1in temporarily dry environments, indicating the varied habitats
present at the Gerritsfles at that time (Fig.5). D. glyptosperma has been
found at sites being iIn a transitional phase from oligotrophic to
mesotrophle conditlons, due to slight pollution (Ellig-Adam and Van Geel,
1978). Type 555 sieve-like membranes of pupal cases of caddis flies occur
abundantly both in this and the next zone (Fig.6). Also some Trichoptera
cases are presenf, presumably belonging to larvae of specles from meso-—
eutrophic waters (L.W.G. Higler, Leersum, pers. comm,, 1987), The peak of
the alga Botryococcus and the presence of Pediastrum in this zone indicate
also more eutrophic conditions than Iin the preceding zone. The
non—-diatomaceous algae and higher plants indicate a pH between 5 and 6 In

Depth Percentage abundance

Year AD Depth Inferred pH (em)
{cm) 4 5 6 0 50 1Ep%
1985 ¢, AN
AN
AR
1950 AITONNNNNNE
SOANIODIDONNNINNNINNN,
192¢
1900 10 ORI SR
R
RN, FR
20 ] 20
1850
 AONINNANNNN R
30 30 S R RN
18290
40| st
- Fﬁgﬁgﬂﬂ{llllllllllll.
1800 ? 501 50
in NSy circumneutral
=" ng acidaphilous
"""" r

. acidobiontic
%  no cladocerans

Fig. 7 (left). Diatom—inferred pH in relation to depth. Plankton tow diatom-inferred

pi  indicated by horizontal bars (Gerritsfles). Dating: 0-7 cm with Pb-210, rest
with alternative methods.

Fig. 8 (right}, Percentage abundance of cladoceran pH classes, excluding Indifferent
taxa (Gerritsfles).
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this zone., The increase of pH 1s confirmed by the presence of spilculae of
sponges (Jewell, 1939; Tillman and Reiswig, 1982) (Fig.6).

The diatom—inferred pH increases steadily in this part of the profile and
attains its maximum value {c. 5.8) at a depth of 10~11 c¢m, This 1is concluded
from the rise of the weakly acidephilous to alkaliphilous and mare or less
mesotraphent taxa Brachysira vitrea (including f. lanceolata), Achnanthes
minutissima and Nitzschia perminuta. Above 15 cm depth the abundance of
aerophilous taxa is low (2%), polnting to permanent aquatic conditions. The
heterogeneous environment permits a relatively high number of taxa to
coexist (Table 1) (e.g. Smith, 1972).

The increase of pH is not reflected by the cladocerans (Fig.8). The
species composition of the cladoceran assemblage is rather similar to that
of the preceding =zone, but for Eurycercus glacfalls, a rare species,
indicative for perlodically desiccating oligotrophic dune slacks and
moorland pools, Monospilus dispar, rather typical for this zone, 1s rare and
confined to sandy bottoms of eutrophic lakes and pools {Frey, 1975;
Whiteeide, 1970; Notenboom—Ram, 1981).

This zone might correspond with the topographical situation between c.
1850 and 1900 (Fig.l), as water is permanently present and the pines started
to increase (Figs.3 and 4). In this case the annual sedimentation rate would
be about 1,5 mm, With Pb-210 the base of this zone is dated a few decades
too old (Fig.l). As Lobelia dortmanna has been seen for the last time 1in
1927 {Schimmel and M8rzer Bruljns, 1932) and its seeds were found at a depth
of 10-11 em (Fig. 6}, we concluded that the sediments at this depth were
deposited prilor to 1927, in agreement with Pb-210 dating. The Pb-210-infer-
red date of the top of this zone is in excellent agreement with the biologi-
cal data.

Zone 4a {10-4 cm)

The continued plantation of plnes and the termination of sheep farming in
the region of the pool 1inhibited wind erosion, leading to a decreased
accumulation of sand in the sediments. The sediment became more organic
(Table 5) and Littorella uniflora and Lobelia dortmanna disappeared (Figs.5
and 6). Silalis-larvae, preferring an organic bhottom, are frequent in this
zone (Fig.6). The strong decreases in the pollen percentage and the number
of seeds of Potamogeton natans and possibly the decline of Botryocoecus are
assoclated with oligotrophication {Figs.5 and 6).

The diatoms indicate a decline of the pH from 5.8 in the 10-1l-em layer
te 4.8 in the 4-5-cm layer (Fig.7). The acidophilous Eunotia inciga has its
maximum occurrence in this zone. E. rhomboidea and E. exigua are more
abundant than in the previous zones. The lower number of taxa compared to
zone 3 points to a leas hetercogeneous environment {Table 1).

The cladoceran pH spectrum does not indicate a change of the pH. The
taxonomic composition of the cladoceran assemblage 1is similar to that in
zone 3 (Table 3),

This zone might correspond with the topographical situation from ca 1900
to c. 1945 (Fig.l). If so, the average annual sedimentatlon rate would be
approximately 1.3 mm. The Pb-210 dating of the base of the zone agrees with
these results, but with Pb-210 the top is dated 1-2 decades younger than
with alternative methods (Table 5).
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Zone 4b (4-0 cm)

The sediments are rich in organic matter (Table 5). The decline of the
seeds of Potamogeton natans continues (Fig.6). The pollen percentage of this
species and that of Sparganium cf. angustifolium decreases strongly (Fig.5).
In the upper macrofossil samples only Sphagnum leaves and Juncus seeds are
recorded.

The diatoms indicate a further decrease of the pH; from c. 4.6 at 3~4 cm
to 4.3 iIn the top of the core (Fig.7)}. Eunotia exigua dominates the
assemblages and the number of taxa 1s lower than in the zones 3 and 4é4a
(Table 1),

The cladoceran pH spectrum shows a sharp rise of acidoblontic species
(Fig.8), malnly due to the increase of Alonella excisa and the decrease of
Acroperus harpae.

As assessed from bilological data this zone was deposited from c. 1945 to
1985; consequently the annual sedimentation rate is 1.0 mm.

4,2 Kliplo
4,2.1 Documented changes in topography, land- and water-use

Kliple and nearby small pools are not well represented on the topographi-
cal maps of this region, surveyed between 1811 and 1929. On the map of
Bel Jerinck (1924) and topographical maps after 1936 the pool  has
approximately its present shape and area (Fig.l).

The pool was probably formed during the transition of the Subboreal to
the Subatlantie, in a forested landscape, and developed intoc a bog. The
bottom is sealed by an impervious layer, which developed as a podzol B
horizon. Originally the pool was situated in a depression in the landscape.
In early mediaeval times the human population expanded and the forests were
transformed into heathlands. After overgrazing by sheep large drift sand
areas were formed. Probably the 'Lheebraekerzand', where Klipla is situated,
was formed 1in the Late Middle Ages. The relief has been partially inverted
due to wind erosion and at present the water level in Kliplo is higher than
the pine forest floor some tens of metres north of the pool. The open water
was formed when the peat was excavated for use as fuel. Kliploa was
surrounded by wvast areas of aeolian drift sand and swmall patches of
heathland until 1890, when the sheep flock of Lheebroek was diasolved, The
drift sands were planted and invaded by conifers (mainly Scots pines) on a
small scale since 1875 and more intensively since 1906 (Blokhuis, 1935;
Jansen, 1946; Schelling, 1955; Vrielink et al., 1976; Boolj and Van Oosten,
1978; Kalb, 1984; Bakker et al., 1986),

Tourists used the pool as a bathing place, at least from 1939 until 1971
(Brouwer, 1968; P, Kerssies, pers. comm., 1984).

4,2.2 Similarity analysis

The results of the diatom counts are given in Table 6; the similarities
between the plankton tow samples and core assemblages in Table 7. The
1978-84 samples show best similarity (0.84) with the surface sediment
assemblages, due to the relatively high proportion of Frustulia rhomboides
var. saxonica in these samples. The similarities of the 1978-84 samples are
decreasing ta 0,07 to a depth of 14-15 cm, but are Increasing further to the
base of the core, parallel to the iIncrease of Frustulia rhomboides var.
saxonlca, The similarities of the plankton tow samples from 1948~64 and
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TABLE 6

Percentage abundance of diatoms with a relarive abundance

of the sediments or at least one period of the plankton

217
tow samples in Kliplua.

in at

least

one

sanple

§ E

D

1T ¥ ENT 3

Depth interval of sediment sections (cm) 32 29
or period of plankton tow samples (19..) 33 30

b

pH-opt. RS Taxon Humber of samples 1

d e . f

24
25

18

19
20

—

14
13

1

9
10

—

4
5

1

=]
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2

48
64

=
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1924-29 show the same general pattern, but there are remarkable discontinui-
ties at the 14-15, 19-20 and 24-25-cm depth levels, caused by the casual
dominance of Gomphonema gracile, Eunotia incisa and Pimnularia irrorata in
these samples. The plankton tow samples of the two earliest periods show
highest similarities with the two topmost sediment samples.

4,2.3 Reconstruction of past environmental setting and biocommunities

Zone 1 (33-24 cm)

The sediment is rich in organic matter (Table 8), consisting of fairly
well decomposed Ericaceae—Sphagnum peat. The pollen spectra (Figa.9, 10 and
11) are dominated by tree pollen. Ericaceae are excluded from the pollen sum

TABLE 7
TABLE 8
Similarity indices (SIMI) between
plankton tow and sediment core Physical characteristics and Pb-210 dating of
diatom assemblages in Kliplo Kliplo sediment core
Depth {em)/ 1924 1948 1978 Depth Water Inorganie Organic  Year AD
Period 1929 1964 1984 (cm) (%} matter (I} mattar (%)
0-1 .63 .60 .89 -1 96.1 1.9 2.0 1983-1985
4-5 .62 .60 .62 1-2 90.8 5.0 4,2 1978-1983
9-10 .29 .32 .36 2-3 90.3 6.3 3.4 1975-1979
L4-15 .04 .10 .07 3-4 88.5 10.6 0.9 1971-1975
19-20 62 .35 .37 4-5 83.0 13,2 3.8 1966~1971
24-25 .16 W12 W32 6-7 81,9 I3.1 5.0 1957-1962
29-30 .29 2] 64 9-10 64.5 29,3 6.2 1942-1948
312-33 WA2 .24 66 14-15 33.5% 62,2 4.3 1918-1923
19-20 33.1 63.1 3.8 1900-1907
1978-84 .67 .53 1.00 24-25 73.5 7.9 29.9 1878-1886
1948-64 .60 1.00 33 29-30 72.8 13.2 14.0 1845-1859
1924-29 1.00 + 60 .67 32-33 82.0 0.9 17.1 <1830
KLIPLD
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Fig., 9. Iversen diagram (Kliplo).
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Pb-210 Alternative Depth inferred pH
dating dating {cm}
(year AD) (year AD)

0.
1985 1985

1960

1945

1920

1900

1880

1850

<1830

Fig. l4, Diatom—inferred pH in relation to depth. Planktom tow diatom—inferred pH
indicated by horfzontal bars (Kliplo).

because they were strictly local elements, as appears from the presence of
Erica and Calluna leaves and Type 10 fungi, living on roots of Calluna
{Figs.12 and 13) (Van Geel, 1978). The small quantities of sand in the peat
indicate  that disturbed sandy solls without a closed vegetation cover were
present at a relatively short distance of the coring site.

The macreo— and microfossils of Erica tetralix, Calluna vulgaris,
Eriophorum vaginatum, Rhynchospora alba, Scirpus caespitosus, Drosera
intermedia, D. anglica/rotundifolia and Sphagna are typical elements of
acld, ombrotrophic bogs (Figs.10, 11 and 12)., According to Van Geel (1978)
most of the recorded fungi (Types 1, 2, 3a, 4, 5, 6, 10, 12 and 18) are
common in, or even restricted to Sphagnum bogs (Fig.13). The relatively high
percentages of the Types 10 and 12, particularly at a depth of 24-25 ecm,
indicate relatively dry conditiona, probably during summers. The Type 58
zypmataceous spores, which were also seen by Van Geel (1978) in the initial
phase of the 'Engbertsdijkveen' raised bog, indicate temporary inundatioms,
probhably during winter and spring. Pollen of Gentiana pneumonanthe and seeds
of Juncus spec. are present In small quantities (Figs.ll and 12),
characteristic of slightly mesotrophic conditions and a more dynamic
environment than is found in raised bogsa.

Both the low concentrations of diatoms and the species composition of the
diatom assemblages are similar as in ombrotrophic Sphagnum bogs (e.g.
Niessen, 1956; Compére, 1966; Lortie, 1983; De Vries, 1984). However,
Pinnularia {frrorata, which is particularly abundant in the 24-25-cm sample
{Table 6) might be indicative for minerotrophic conditions (A. Mertens and
H. wvan Dam, unpublished data). Aerophilous diatoms are well represented in
this zone. At the base of the core single wvalves of the marine genera
Cymatosira and Rhaphonels are present, These taxa, probably imported by
waterfowl or wind, were excluded from the pH calculations. The
diatominferred pH values in this zone vary between c, 4.1 and 4.6 (Fig.l4).

The relatively high percentages of Carpinus pollen indicate that the peat
deposit 1Is younger than twe thousand years. Because buckwheat is grown in
this area from early post-mediaeval times and is present through the whole
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profile, the core would be less than 500 years old (Overbeck, 19753).
However, as will be discussed later, contamination with younger sediments
cannot be excluded. With Pb-210 the hase of the core is dated to be
deposited prior to 1840, The 24-25-cm stratum would be deposited in 1882 (+4
years) (Table 8).

Zone 2 {20-0 cm)

The two lowest samples of this zone (19-20 and 14-15 cm) contain more
than 60% sand (Table 8). The sand percentage gradually decreases to 1.% at
the top of the core, as a consequence of the diminished aeolian erosion
processes in the vicinity of the poel, breought about by the afforestation of
the drift sands with Scots pines. The pollen percentages of pines and
birches are rising from 9-10 cm level to the top of the core. The records of
nmacrofossils of these trees in the upper two samples indicate their presence
close to the coring site {Fig.12).

In the macrofessil sample from 19-20 cm leaves and stems of Sphagnum
denticulatum Brid., (= 8. crassicladum Warnst.) account for half of the
volume of the organic material. Also many seeds of the Juncus articulatus
type (including J. bulbosus) and some seeds of Eleocharis multicaulis were
found (Fig.12), This assemblage is characteristic for acid, oligotrophic
moorland pocls. The presence of Botryococcus indicates open water too. These
findings are corroborated by the Interpretation of the diatom assemblage;
only few aerophilous specimens were found and the diatom—inferred pH (4.9)
is similar to that of the previous sample {(Table 6, Fig.l4).

With Pb-210 this sample is dated as AD 1903 + 4 years (Table 8). The 1low
pollen percentages of pines in this and the next sample, as well as the
comparatively low percentage of Cerealia, would indicate a depoaition well
before 1900 (Fig.l0).

The l4-15-cm sample was deposited in a rather different environment.
Sphagnum and Juncus are present in small amounts only (Fig.12). The presence
of pollen of the Sparganium emersum type, pollen and seeds of Potamogeton
natans and eggs of the rotifer Filinla longiseta points to meso-eutrophic
conditions (Fige,ll, 12 and 13) (Radwan, 1976; MHemets, 1983). The diatoms
Achnanthes wminutissima, Fragilaris virescems, and Gomphonema gracile (Table
6) are known from moderately eutrophied moorland pools (Van Dam and Kooyman-
van Blokland, 1978), The diatom—inferred pH 13 ¢, 6 (Fig.l4).

According to the Pb-210 data this sample would be deposited between 1918
and 1923 (Table 8). The peak of Cerealia pollen (Fig.10Q) is assoclated with
the intensification of agriculture by reclamation of moorlands arocund the
turn of the 19th century (Boolj and Van Oosten, 1978; Bakker et al., 1986).

In the upper three sauples of the profile Pedlastrum and Scenedesmus
indicate meso—~ or eutrophic conditions, just 1like Potamogeton natans
(Fig,11). Seeds of the Juncus articulatus type decline at the favour of Je
effusus type seeds. The latter taxon is associated with disturbance (most
often by eutrophication) of originally oligotrophlc shallow pools. The
decrease of Achnanthes minutissima, Fragilaria virescens, and Gomphonema
gracile might indicate less eutrophic conditions than in the 1l4-15-cm
gample. Brachysira wvitrea and Cymbella rabenhorstii, characteristic of
oligo—mesotrophic conditions (Jdrgensen, 1948; Niessen, 1956), have their
maximum in the 9-10-cm sample and are decreasing to the top of the core. The
diatom diversity is maximal (high number of taxa and low dominance} in this
mesotrophic stage (Table 6). The diatom—inferred pH decreases from c¢. 5.4 at
9-10 to ¢. 5.0 at the top of the core (Fig.l4}.

According to the Pb-210 data the 9-10-cm sample would be deposited
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TABLE ¢

Comparfson of dating methods

Pool Depth  Fb-210 Alternative Alternative

{cm) dating dating method

G 0-3 1966-1985 1964-1985 diatoms, cladocerans
G 3-4 1961-1967  1950-1960  diatoms

G 6-8 [%900-1949 1915-1920 pollen, diatoms

G 10-11 ca 1830 ca 1900 diatoms

¢ 11-13 <1840 ca 1870 pollen

G 19-30 <1840 <1850 pellen, diatoms, maps
G 315-39 <1840 <1840 pellen, diatoms, maps
K 9-10 1942-1948 ca 1930 pollen

X 14-15 1918-1923 ca 1910 pollen

K 19-20 1900-1907 ca 1880 pollen

G = Garritsfles, X = Klipla.

between 1942 and 1948 (Table 8). The rise of the percentage of pollen of
pines and birches follows the massive planting from 1906 onwards.

The sedimentation rate of the predominantly organic sediments between
1935 and 1985 was c. 2 mm per vear. If the predominantly sandy sediments
between 19-20 and 9-10 cm depth would be deposited between 1870 and 1935 the
sedimentation rate would be about 1.5 mm per year.

5 DISCUSSION
5.1 Gerritafles

Dating both by Pb-210 and alternative methods of the uwpper 7 cm of the
core shows consistent results (Table 9). With Pb-210 the deeper layers are
dated a few decades older than with alternative methods, probably due to an
anomalous high Pb-210 content at th 6-7 cm level in the activity-depth
profile (Van der Wijk and Mook, in press). Therefore, we prefer to use the
ages obtalned from alternative methods at depths greater than 7 cm.

Hesselink (1915) and Lori& (1916) assume that the gully, depicted as a
marsh in 1826, existed earlier as a dry depression in the heathlands.
Stagnation of water became possible after blocking up the western end of the
gully by a dam of aeolian drift sand. Although asolian drift sand is very
permeable to vertical percolation of water, it can be rather impermeable to
lateral £flow, Other moorland poole in The Netherlands have been formed in
this way too (e.g. Zonneveld, 1965; Van Zuidam, 1980),

Vertical drainage was impeded by the presence of a more or less
impermeable 1lluvial horlzon of amorphous humus and sesquioxides. Such
horizons are often present 1in heathland areas, and small marshes or
intermittent pools may develop at such localities. A placic horizon (iron
pan} can be formed within a century where waterlogged soil, poor in oxygen,
overlies a well drained soil, rich 1In oxygen (Crompton, 1952, 1956;
Proudfoot, 1958; Buurman, 1984), The formation of a permanent water body on
guch an horizon is apparently favoured if it is covered with either a layer
of drift sand or with an unusually thick layer (>0.8 m) of eluviated sand.
During overflow of the pool at high water levels a vertical wall of iron
concretions is built up at the brim, by leaching of iron £from the
ferrugineous cutans of the grains of drift sand blown into the pool, and
subsequent precipitation by oxidation (Voorwijk and Hardjoprakoso, 1945;
Schimmel and Ter Hoeve, 1952; Stoutjesdijk, 1959; Zonneveld, 1965; Jungerius
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and Marsman, 1971). This process can take place very rapidly; In the 'Dee-
lenache Heide', about 8 km south of Gerritsfles, permanent moorland pools
developed from a dry heath within fifty vears. The annual increase of the
mean water level in these pools was between 0.5 and 1 cm (5. van der Werf,
personal communication, 1986},

During the first half of the 19th century the Gerritsfles site rapidly
evolved towards a pool, presumably because the growth of the vertical wall
of concretionary 1iron was stimulated by sand, blown in from the
'Harskamperzand® (Zone 1 of the profile)}. The weak pollution was probably
due to sheep excrements.

The water level gradually increased and Gerritsfles became a shallow,
acid, oligotrophic pool (Zone 2). In this stage the water was too deep for
sheep to cross the pool regularly, so pollution with excrements stopped. As
the pool did not desiccate each summer any longer, the rate of decomposition
of organic material decreased and humic substances accumulated.

When the water level further increased the pool became sufficiently deep
for the washing of sheep around 1850, The gheep introduced a considerable
amount of nutrients Into the pool each year and allowed meso— and eutraphent
specles to grow. Such changes were also seen in the diatom assemblages of
the pool 'Deelensche Wasch', 8 km from Gerritsfles {Leentvaar, 1984). Both
the annual variations in precipitation excess and casual drainage of the
pool in order to catch fish caused fluctuations of the water level {(Zone 3).
The eutrophication caused an increase of pH, as was observed in soft-water
lakes that were fertilized experimentally with phosphate and/or nitrate
(Schindler et al., 1985) and in moorland pools that were eutrophicated by
agricultural dralnage water, fishing or bathing (Van Dam and Kooyman-van
Blokland, 1978), Probably Gerritafles was stocked with fish after eutrophi-
cation, as fish cannot 1live in acid, oligotrophic waters (Haines and
Johnson, 1982).

Due to the decline of sheep farming and the planting of pines the drift
sand stabilized at the turn of the 2{th century. As less sand was blown into
the pool the sediments became more organic. The growth of the vertical wall
of iron concretlons ended and both the surface area and the depth did not
increase any longer (Zone 4a). The reduced input of nutrients by aheep and
depletion of nutrients by annual overflow of the pool led to a process of
oligotrophication, with a concomitant decrease of pH and fish. The rate of
the decrease of the nutrient level and pH may have been slowed down by the
input of nutrients by swimmers from c. 1920 through c. 1960. Particularly
after 1950 the increased acidity of dry and wet atmospheric deposition
contributed to a further decrease of the pH, as described by Van Dam (in
review) (Zone 4b).

5.2 Kliple

Pb-210 inferred dates are systematically L0 to 20 years younger than the
dates inferred from changes in Pinus and Cerealia pollen in three samples
from the top of the c¢ore. The wvarilous mechanisms, e.g molecular
redistribution of Pb-210 due to bacterial activity or diffusion, that may
explain such differences, are beyond the scope of this paper. The
uncertalnty Iin the absolute ages of these samples will not affect the
validity of the conclusions.

Soon after its formation Kliplo developed into a bog, which was slightly
mesotrophic, probably due to inflow of water from the surrounding area (Zone
1}, The high proportion of aerophilous diatoms 1in the 24-25-em layer
indicates relatively dry conditions and might be associsted with artificial
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drainage of the bog, prior to excavation.

Apparently the Kliplo bog was excavated for the larger part around 1850
and an aquatic community, characteristic for humic-acid, oligotrophie pools
{19-20 cm), on top of a hiatus, started to develop. The excavation might
have disturbed the original stratification at the base of the core.

Around 1900 a meso—eutrophic system (pH c. 6) had developed. The exact
causes of nutrient enrichment are not documented by the historical
information at our dispesal, and only speculations are possible. Staring
(1861) mentions the great activity of the drift sand area arcund Kliplo,
which caused a continuous flux of sand d1into the pool. As the thermal
conductivity of water saturated quartz sand is 5-10 times higher than that
of peat (De Vries, 1963) the temperature of the sediment iIncreased more
rapldly in spring, the heat penetrated deeper into the sediment and higher
summer temperatures were reached in the sediment, As a consequence the
decomposition of the organic sediment would have been accelerated, and the
nutrient levels in the overlying water might have been Increased to the
meso—oligotrophic level that 1is required for a good development of
Sparganium angustifolium. This species has its optimum in moorland pools
with a sandy-peaty bottom 1n or near aeclian drift sands and is often
accompanied by nitrophilous plant specles {Van Ooststroom and Reichelt,
1964)., A further increase of the nutrient level might be due to sheep
washing, as a sandy eastern shore, rare In other pools in the area, makes
Kliplo suitable for this purpose. Moreover, Kliplo might have been used as a
duck-decoy, like the nearby pool Schurenberg (G.J. Baaljens, personal
communication, 1986), The abandoned ditch in the northeastern corner of the
pool might be a remnant of a pipe of the decoy. The belt of reed (Phragmites
australis), certainly not autochthonous, might be derived from a reed-mat
that was used as a shelter for the decoy-man and his dog.

After dissolution of the sheep flock, finishing decoying, and fixation of
the drift sand at the turn of the 20th century, a process of
cligotrophication started, which is seen as a decrease of meso—- and
eutraphent organisms and the diatom—-inferred pH 1in the most recent
sediments. The increased acidity of atmospheric deposition is an additional
cause for this process. As assessed from changes In the assemblages of
desmids and macrophytes since c. 1920, eutrophication of this pool has been
reported by Coesel and Smit {1977) and Van Dam (in review). The discrepancy
is difficult to explain.

6 GENERAL DISCUSSION AND CONCLUSIONS

Diatominferred pH values in undisturbed soft-water lakes in Northern
Furope and Northern America have been constant or departed from initial
values between 5 and 7 with a decrease of less than 0,1 unit per millennium
between 8000 and 100 yr BP, The slow and long-term acidification is a
natural process in Interglaclal periods. More recently the rate of
acidification of these lakes has Increased to over 0.1 unit per decade, due
to acid atmospheric deposition (Andersen, 1966, 1967; Renberg and Hellberg,
1982; Jones et al,, 1986; Whitehead et al,, 1986),

Our results indicate that the moorland pools studied, including Achterste
Goorven (Dickman et al., in press), are younger and much more dynamic
systems than the lakes mentioned. Secular changes 1In our pools exceed
millenary changes in these lakes.

After the origin of Achterste Goorven in the early Holacene and of Kliple
in the early Subatlantic both pools developed Into oligotrophic bogs,
Following excavation of the bogs in the 19th century, the pH-values of the
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poals increased from 4-5 to c. 6 around 1900, due to eutrophication by
external sources, and later on decreased to present values between 4 and 3,
when eutrophication stopped and acld atmospheric deposition increased.

Gerritsfles is even more dynamic. This pool formed spontaneocusly in a
depression In a humid heath, lesa than two centuries ago, by pedological
processes that are associated with the presence of aeclian drift sands. As
these sands were formed from the semi-natural heathlands by overgrazing with
sheep, the Gerritsfles pool can be considered as an artefact., The chemistry
was influenced by anthropogenic processes too. The initial pH-value between
4 and 5 increased to c. 6 around 1900, due to eutrophication by washing of
sheep, and later decreased, like in Achterste Goorven and Kliplo.

Beyens (1984) studied the diatoms in the sediments of a Belgian moorland
pool, which were deposited since 7000 yr BP. Indicators for strong organic
acidity (pH < 4.5) were found in the lower part of the core., Throughout the
core the diatoms indicated strongly acid conditions. The impact of Increased
acld atmospheric deposition is reflected by the increase of Eunotia exigua,
an indicator of mineral acidity, since 1850.

Thus weakly acid conditions {pH 5-6) at our study sites were artificial
and ephemeral. For the present it seems 1mpossible ta separate the
contributions of acid atmospheric deposition and the discontinuation of
eutrophication to the acidification of these pools. Consequently it is hard
to determine when acidification by acid atmospheric deposition started.

Presumably many isclated, now ostensibly pristine, moorland pools have
been anthropogenically eutrophied in the past. Therefore Leuven et al.
{1986) probably overestimated the extent of acidification by  acid
atmospheric deposition on mnmoorland pools in The Ketherlands, as assessed
from compariscn of old and recent chemical and biological records, without
paying much attention to changes of management of the study sites.

At least in the 1intensively cultivated region of Western Europe
documented evidence on human influence upon study sites and their
surrounding landscapes 1s a prerequisite to obtain proper conclusions about
the history of surface water acidification.
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HOOFDSTUK 7

ALGEMENE DISCUSSIE
1 Verloop van het onderzoek

Mede doordat de auteur het onderhavige onderzoek naast andere werkzaamheden
uitvoerde, duurde het meer dan tien jaar voerdat het voltoold was. Aan deze
lange periode zijn verschillende voordelen verbonden. Zo was er gelegenheid
zelf materiaal voor het opstellen van tijdreeksen te verzamelen en te be-
werken, hetgeen de homogeniteit van de waarnemingen ten goede is gekomen. De
verzuring en alkalinisering van vennen kon op verachillende tijdschalen
worden bestudeerd. Het accent van het onderzoek verschoof daarbij wan een
diagnostische beschrijving naar het volgen en interpreteren van processen
die zich bij de verzuring van vennen voordoen.

Een nadeel van de lange duur van het onderzoek was dat de nomenclatuur en
taxonomie van kiezelwieren, die als voornaamste bioloplsche indicatoren voor
de zuurgraad zijn gebruikt, in de onderzoekperiode aan sterke veranderingen
onderhevig waren. Daardoor zijn die namen uit de verschillende hoofdstukken
niet altijd direct  vergelijkbaar. Latere onderzoekers kunnen de
determinaties controleren en aanpassen aan nieuwe inzichten doar studie van
de meonsters en preparaten, opgencmen in de collectie van het Rijksinstituut
voor Natuurbeheer (Leersum). Bij het Hugo de Vries~laboratorium van de Uni-
versiteit van Amsterdam zijn duplicaten van de preparaten gedeponeerd.

2 Collecties en archieven

Bij dit onderzoek 1s veel gebruik gemaakt van een deel van de algemmonsters,
die in de eerste helft van deze eeuw door J. Heimans in enkele honderden
vennen in het hele land werden genomen en sindsdien zorgwuldig worden gecon-
serveerd in het Hugo de Vries—laboratorium (Schroevers 1980). Ook uit andere
verzamelingen werd materiazal betrokken.

Beijerinck (1926) vermeldt dat hij zijn monsters uit ongeveer 200 Drentse
vennen zorgvuldig had geconserveerd ten behoeve van toekomstige onderzoe-—
kers. Het materiaal is in de jaren zestig, samen met aanvullende documenta-
tie, verdwenen na een schoonmaakbeurt van het blologlsch station te Wijster,
dat door Beijerinck werd opgericht. Omdat hij van de meeste door hem onder-
zochte locaties de exacte soortensamenstelling niet opgeeft, is deze nu ook
niet meer na te gaan. Blijkens zijn tekeningen voldoen sommige van ziin
determinaties niet aan de hedendaagse eisen. Aanpassing is helaas niet meer
mogeldjk.

Van Dam & Beljaars (1984) en Arzet & Van Dam (1986) bestudeerden kie-
zelwleren op nerbariummateriaal van hogere planten en wossen, dat vanaf 1839
in Duitse laag-alkaliene wateren werd verzameld. Door wvergelijking met
recent verzameld materiaal kon verzuring van een aantal van deze wateren
worden vastgesteld.

Deze voorbeelden taonen aan dat het voor toekonstige milieu-onderzoekers
van groot belang 1is dat de huidige botanische verzamelingen op adequate
wljze worden beheerd en onderhouden,

BLj het zeoeken naar oude gegevens over de onderzochte locaties consta-
teerde ik herhaaldeli jk onvolledige verslaglegging van verzamelde gegevens
en onvoldoende ontsluiting daarvan met al of niet geautomatiseerde documen-
tatiesystemen. Zo konden b.v. nog geen twintig jaar oude chemische gegevens,
waarvan bekend was dat ze verzameld waren, ondanks uitgebreide speurtochten
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langs archieven en privé-personen, niet meer worden achterhaald. In de
archieven van het Ri jksinstituut voor Natuurbeheer, het Staatsbosbeheer, de
Hydroblologische Vereniging en de Vereniging tot Behoud van Natuurmonumenten
in Nederland werd veel waardevol materiaal aangetroffen. Vaak werdem voor
dit onderzoek belangrijke gegevens slechts bij toeval als terloopse
opmerking gevonden in stukken over geheel andere onderwerpen. WNog sterker
was dit het geval blj gegevens over het beheer van enkele vennen in vorige
eeuwen, die slechts met hulp van historici 1in gemeenteliike, provinciale en
rijksarchieven konden worden opgespoord.

Ten gevolge van onvolledige verslaglegging kunnen latere onderzoekers
fouten maken. Zoals reeds vermeld in Hoofdstuk 1 werd de pH van vennen
tijdens het z.g. S5.0.L.-onderzoek met indicatorpapier gemeten, waardoor de
waarnemingen onbrulkbaar =zijn. De methode is destijds niet in de excursie-
verslagen vermeld, waardoor de waarnemingen later door verschillende
onderzoekers ten onrechte zijn gebruikt om pH-dalingen in een aantal vennen
te illustreren.

Het verdient derhalve aanbeveling om ongepubliceerde gegevens, voorzien
van een goede beschrijving van de gebruikte bemonsteringstechnieken en ana-
lysemethoden, in meer dan &&n archief te deponeren en de gegevens met docu-
mentatiesystemen te ontsluiten,

3 Zourgraadverschillen in ruimte en tijd

De pH is een belangri jke conditionele milieufactor voor de samenstelling van
venlevensgemeenschappen. In de volgende discusaie wordt de pH, zoals die
direct is gemeten of 1is geschat op grond van de voorkomende organismen, ge-
bruikt om de onderzochte vennen, met hun levensgemeenschappen, op eenvoudige
wijze te karakteriseren, hoewel andere factoren de samenstelling wvan de
levensgemeenschap mede bepalen. In de Nederlandse vennen is de nmate van
voedselri jkdom sterk gecorreleerd met de pH (Hoofdatuk 2}. In het extreme
milieuw wvan sterk zure vennen is het soortenassortiment zeer beperkt, hoewel
er duideli jke verschillen zijn tussen vennen waar de 1lage pH veroorzaakt
wordt door organische zuren (zoals vroeger meestal het geval was) en vennen
waar deze veroorzaakt wordt door minerale zuven (zoals nu vaak het geval
is). In wateren met hogere pH-waarden kunnen meer soorten leven en kan de
psoortensamenstelling tussen wateren met een zelfde pH sterker verschillen
dan in wateren met een lage pH.

Uit Hoofdstuk 2 blijkt dat de pH in gelsoleerde vennen tussen ca 1920 en
1975 13 gedaald. De daling werd toegeschreven aan de invlced van zure
neerslag. In vennen die werden belast met voedingssstoffen, afkomstig wvan
landbouw, visserij, of recreatie, was de pH-daling minder sterk dan in ge-
isoleerde vennen of was de pH zelfs toegencmen.

In Hoofdstuk 3 werden 16 geIsoleerde vennen bestudeerd. Ult oriEnterend
literatuuronderzoek was nlet gebleken dat ze in deze eeuw door toevoer van
voedingsstoffen uit de omgeving waren bhelast, Rond 1920 liep de pH tussen de
vennen uiteen van ca 4 tot ca 6, in 1978 waren de verschillen afgenomen en
lag de pH tussen 3,7 en 4,6. De pH was thet minst gedaald in vennen met
humeus water en een venige bodem, waar de sulfaatreductie zeer intensief is,
en het meest in vennen met helder water emn een zandige bodem.

Het onderzoek in de volgende hoofdstukken concentreerde zich op drie ven—
nen, Achterste (A.) Goorven, Gerritsfles en Kliplo, waarvan naast oude al-
genmonsters relatief veel oude gegevens over chemie, biologie en beheer be-
schikbaar waren. Elk van deze vennen vertegenwoordigt een uiterste van de
bioleogische en chemische variatie die in Hoofdstuk 2 werd behandeld. Met
elkaar zijn 2e representatief wvaoor de 16 vennen van Hoofdstuk 2. De
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chemische samenstelling van A. Goorven en Gerritsfles komt goed overeen met
die wvan ruim honderd zure laag-alkaliene wateren, die door Kersten (19853)
werden bestudeerd. Voor Kliple is dit in mindere mate het geval.

Uit Hoofdstuk 4 blijkt dat de mate van verzuring afhankelijk 18 wvan de
vorm van het waterbekken, Een deel van de zwavel— en stikstofverbindingen,
die door atmosferische depositie in het ven terechtkomen, wordt in gere—-
duceerde vorm in de onderwaterbodem vastgelegd. De reductieprocessen hebben
een bufferende werking op de verzuring., In recente extreem droge zomers
(b.v., 1959, 1976) viel een deel van de venbodem droog en werden deze
verbindingen geoxydeerd, waarbij zuren werden gevormd. In vroegere droge
zomera (b.v. 1921} was dit laatste niet het geval. In komvormige vennen valt
een klelnere fractie van de bodem droog dan in schotelvormige vemnen en 1is
de verzuring ook geringer. De duur van herstel na een droge zomer hangt af
van de verblijftijd van het water (3-6 jaar) en varieert van vijf tot tien
jaar. De stijging van de pH iIn de herstelpericde is het gevolg van
alkaliniteitsproduktie door sulfaatreduktie en denitrificatie. Deze proces-
sen worden bevorderd door de beschikbaarheid van organische stof, die zich
eerder had opgehaopt, doordat de afbraakprocessen ten gevolge van verzuring
werden geremd. In de eerste jaren na de droogte van 1976 was het
calciumgehalte van deze drie en andere vennen (Kersten 1985) hoger dan in de
periode ervoor of gedurende de laatste paar jaar. Het model van Henriksen
(1980), waarmee de vroegere alkaliniteit berekend wordt op grond wvan de
huidige calclumconcentratie, kan daarom nlet gebruikt worden om de mate van
verzuring van Nederlandse vennen te berekenen. De door Schuurkes & Leuven
(1986) op dit model gebaseerde schatting van het percentage verzuurde
laag-alkaliene Nederlandse wateren is daarom te hoog.

1800 1850 1900 1950 2000

jaar

Fig. l. Veranderingen in de pH van Achterste Goorvem (4), Gerritsfles (G), Kliplo
(K} en Round Loch of Glenhead, Schotland (R).

In de Hoofdstukken 5 en 6 werd de pH-ontwikkeling vanaf ca 1800 gerecoen~
strueerd. De resultaten zijn, samen met die uit Hoofdstuk 4 en metingen in
1985 en 1986, enigszins geschematiseerd in Flguur 1 weergegeven. Ter
vergelijking is het pH-verloop in een kalkarm Schots meer opgenomen, dat min
of meer repregsentatief is voor verzurende Eurcopese meren {Flower & Battarbee
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1983), De ocorspronkelijk lage pH-waarden in de vennen bereikten een maximum
rond 1900, door toevoer van landbouwwater (A. Georven) of door het wassen
van schapen (Gerritsfles), Kliplo werd waarschijnlijk als schapenwas enfof
als eendenkoci gebruikt. Na het staken van de toevoer van voedingsstoffen
daalde de pH weer, hetgeen mede Is bevorderd deor de toename van zure
atmosferische depositie.

De pH-veranderingen in de cnderzochte vemnen ziin aanzienlijk ingewikkel-
der dan die in verzurende meren, waar de pH in de laatste millennla vrijwel
constant was en pas in de laatste eeuwen of decennia een sterke, monotone,
daling vertoont (Battarbee & Charles 1986). Door het kleine watervolume en
het relatief grote oppervlak =ziin vennen gevoeliger voor externa
beinvloeding dan meren.

4 Veranderende vemnen in een veranderend landschap

Vennen zijn karakteristiek voor het flauw naar zee afhellende zandland-
schap van de Noardwesteuropese laagvlakte, dat uniek is ap het noordelijk
halfrond (De Smidt 1984), In de vorige eeuw lagen 1in ons land duizenden
vennen te mnidden wvan uitgestrekte helden en zandverstulvingen, waar het
zicht vaak tot de horizon reikte, Dit landschap was het produkt van
begrazing en overbegrazing door schapen, die veornameli jk werden gehouden om
te voorzien In de mestbehoefte van de bouwlanden.

Veel vennen zijn ontstaan op lage plaatsen in heidevelden, daar waar zich
een waterdicht ijzercerlaagje gevormd heeft. Zonneveld (1965) beschouwt dit
als een extreem geval van humuspodzolvorming, zoals die alleen onder een
heldevegetatie mogelijk is, Uit de ontstaansgeschiedenis van de Gerritsfles,
beschreven in Hoofdstuk 6, en de aldaar geciteerde literatuur, blijkt dat
het ontstaan van dergeliike vennen bevorderd werd door actief stuifzand en
nog plaatsvond tot In de vorige eeuw,

Veel vennen hadden een functie in het oude landbouwsysteem en dienden
onder meer voor het steken van turf (waardoor het open water van veel vennen
ontstond}, het wassen van schapen, roten van vlas en kweken van vis, Het
water werd o.a. gebruikt voor het brouwen van bier. Namen als Klotven, Was-
meer, Vliasven, Pastoorsweijer en Brouwkuip herinneren hier nog aan. Afhan-
kellijk wvan de mate van mensell jke beInvloeding ontwikkelden zich verschil-
lende levensgemeenschappen in de vennen. Dit wordt o.a. gelllustreerd door
de ontwikkelingen 1in A. Goorven, Gerritsfles en Kiiplo (Hoofdstukken 5 en
6). In de eerste twee vennen kwamen planten uit het oeverkruidverbond
(waterlobelia en ceverkruid) in het begin van de 19e eeuw niet of nauwell jks
voor, Pas nadat de pH door externe toevoer van voedingsstoffen in de tweede
helft wvan de 19 eeuw tot waarden tussen 5 en 6 was gestegen, konden deze
planten zich ontwikkelen. In Kliplo verscheen na euvtrofifring de drijvende
epgelskop, die ecologisch verwant is aan scorten uit het oeverkruidverbond
(Westhoff & Den Held, 1969), Behalve enige voedselverrijking stimuleerde een
beheer wvan 'bodemverjonging', d.w.z. een regelmatige verwijdering van het
organische sediment, het voorkomen van zeldzame planten en dieren (Westhoff
& Van Leeuwen 1959, Westhoff 1979, Schroevers 1979, Arts 1986). In sommige
gebieden werden vennen door sloten met elkaar en met beeklopen verbonden en
werd relatief voedselrijk water aangevoerd, In de geleidelijke overgangen
van voedselarm naar voedselrijk was een grote verscheidenheld aan levens-
vormen {(b.v. Hoofdstuk 2), De menselijke activiteiten veroorzaakten een
toename van de bicleogische verscheldenheld.

Na de uitvinding en toepassing van kunstmest verloren de heiden hun
betekenis als mestbron voor de landbouw en grote opperviakten ervan werden
ontgonnen en bebost. De meeste stulfzanden werden door bebossing vastgelegd.
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Vennen 1in de ontginningen die niet verdwenen door ontwatering of egalisatie
verloren hun voedselarme tot matig voedselrijke karakter door overmatige
bemesting. Bijzondere sovorten hogere planten ontbreken in dergelijke vennen,
maar wel zijn soms bijzondere soorten kiezelwleren aanwezig (Hoofdstuk 2},

Door bebossing wvan heiden en stuifzanden en het dichtgroelen van
onbeboste delen hiervan met opslag van berken en dennen, is de vereiste mate
van dynamiek in deze landschapstypen, voornamelijk veroorzaakt door de wind,
verloren gegaan. Zowel het ontstaan van nieuwe vennen als de instandhcuding
van gemeenschappen uit het oceverkruidverbond, die voorkomen op een door
windwerking of anderszins kaal gehouden zandbodem, zijn daardocr vrijwel on-
mogelijk geworden (Hoofdstuk 6).

De natuurbescherming deed veel moeite om de vennen In de overgebleven
heiderestanten en heide- en stuifzandbebossingen te vrijwaren van overmatige
verrijking met voedingsstoffen., Sloten die landbouwwater aanvoerden moesten
daartoe worden afgedamd, maar daardoor veranderden de eertijds geleideld jke
overgangen van voedselrijk naar voedselarm in sprongsgewljze overgangen.
Vestiging van kokmeeuwenkolonles en overmatig gebruik van vennen als zwem—
water moesten worden tegengegaan. Door het verdwljnen van de oude gebruiks-—
vormen van de vennen verdwenen de kleine verschillen in voedselri jkdom
grotendeels en de levensgemeensachappen van geIsoleerde vennen convergeerden,
mede door de Invloed van zure neerslag, steeds meer naar een zelfde type van
wataren met hoge gehalten aan minerale zuren. Hierin zijn knolrus en veenmos
de  meest voorkomende macrofyten en Eunotia exigua is het dominante
kiezelwier,

De tweedeling in overmatig bemeste, alkalische vennen en verzuurde vennen
wordt gelllustreerd door Filguur 5 van Hoofdstuk 2. Vennen met pH-waarden
tussen 5 en 6, waar o.a. soorten uit het oceverkruldverbond en zeldzame
sieralgen thuishoren {Coesel e.a. 1978), ontbreken nagenceg. Uit de gegevens
van Arts (1386), Arts e.a. (1986) en Schuurkes & Leuven {(1986) blijkt dat
een dergelijke ontwikkeling zich ook landeliijk heeft voorgedaan. Het aantal
vindplaatsen wvan drie helangrijke scorten uit  het oeverkruidverbond
(biesvaren, waterlobelia en ceverkruid) is na 1980 meer dan 90% lager dan
voor 1960, Van de sieralgen leldt nog slechts ca 10% van het aantal inheemse
soorten een onbedreigd bestaan (Coesel 1986). Terecht stelt Westhoff (1979)
dat het behoud van levensgemeenschappen van halfnatuurlijke landachapsele—
menten zoals matig voedselarme vennen een der moeilijkste problemen van de
Eurcpese natuurbescherming is.

5 Criteria en normen

Ten behoeve van de bestrljding van waterverzuring zijn normen voor zure at-
mosferische depositie noodzakelijk. Daartoe is het nodig om eerst vast te
stellen wat de gewenste toestand van de levensgemeenschappen van vennen ia.
Vervolgens moet worden vastgesteld bij welk niveau van zure atmosferische
depositie deze, of een andere wenselijk geachte, toestand kan voortbestaan
of kan worden ontwikkeld.

5.1 Vennen

Diemont (1984) en Bieleman (1983) toonden aan dat het heidelandbouwsysteen
sinds de 17e eeuw veel sterker is veranderd dan eerder werd verondersteld,
zoals nu ook bij vennen het geval blijkt te zijn. Diemont schrijft: "O0f de
heide paars mwoet =zijn, paars/groen of groen, kan niet uit het verleden ge-
destilleerd worden, daarvoor heeft de heide te veel verschillende gezichten
gehad, Wij zullen zelf moeten uitmaken hoe de heide er moet uitzien."
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Dit 1s, mutatis mutandis, ook het geval voor vennen. Om te beoordelen
welke ontwikkelingen gewenst, dan wel ongewenst zljn, Is er behoefte aan
criteria voor beoordeling. Daar het behoud en het beverderen van verschei-
denheid het kernthema van het natuurbeheer is {b.v. Westhoff 1984) is deze
verschelidenheld een belangrijk criterium. De verscheidenheld omvat zowel de
diversiteit aan soorten op een bepaalde plaats (diversity in Hoofdstuk 3)
als de mate waarin de socortensamenstelling op een plaats afwijkt van die op
andere plaatsen (dissimilarity 1in Hoofdstuk 3). Vooral vroeger was er een
grote verscheldenheld aan scorten organismen binnen en tussen vennen, die
werd bevorderd door verschillen in mensell jke belnvloeding tussen vennen.
Voedselarme tot matig voedselrijke vennen leveren een belangrijke bijdrage
tot de verscheidenheid van oppervlaktewateren in nationaal en internationaal
verband, daar de levensgemeenschappen van deze vennen sterk afwijken van die
van voedelrljke oppervliaktewateren, die in de meerderheid zijn. Schroevers
(1975) vestigt ook de aandacht op onvervangbaarheid als maatstaf blj de
beoordeling van natuurwaarden., Veoedselarme systemen 2zijn moeilljker te
credren ~ en daardoor moeilf jker te vervangen - dan voedselrijke systemen.

BLj het becordelen van de kwaliteit van een water in het algemeen, en van
een. ven in het bijzonder, wordt met behulp van bovengenoemde criteria ge—
toetst in hoeverre een bepaald water zijn functie als natuurgebled vervult.
In de prakcijk wordt de aangetroffen toestand daarfoe vaak vergeleken met
een standaardtoestand of referentie (Schroevers 1984). Een uniforme
standaardtoestand 1s voor vennen, gezien het belang van de verscheidenheid,
niet gemakkelijk te definiBren. Schuurkes & Leuven (1986) rapporteren aver
een omvangrijk onderzoek naar oorzaken, cnmvang en effecten van water—
verzuring in Nederland. Zi) defini&ren hun standaardtoestand niet expliciet,
maar als zij stellen: "“Zwak gebufferde, voedselarme wateren worden van
oorsprong gedomineerd door een variatie wvan soorten uit het oceverkruid-
verbond, zoals oeverkruid (Littorella uniflora), waterlobelia (Lobelia
dortmanna) en biesvaren {Isoetes lacustris)", mag worden aangenomen dat dit
hun  standaardtoestand is. Uit de Hoofdstukken 5 en 6 blijkt dat
standplaatsen voor soorten ult het ceverkruidverbond tot in de vorige eeuw
relatief gemakkelitk te <creéren waren, uitgaande van voedselarme begin-
sltuaties, Thans is dit, mede door atmosferische depositie, niet meer het
geval en zijn systemen met socorten uilt het oceverkruidverbond minder gemakke-—
11 jk vervangbaar dan een eeuw geleden. Vennen met soorten ult het oever—
kruidverbond leveren een belangrijke bljdrage aan de verscheldenheld, maar
dat kan met sommige andere vennen ook het geval zijn. Een meer algemene om-—
schrijving van de standaardtoestand gaat uit van de onwenselt jkheid van ni-
vellering door sterke voedselverrijking en/of verzuring en laat daarbinnen
ruimte voor het optreden van een groot aantal verschillen.

De standaardtoestand is dan een ven met een pH lager dan ¢ca 6,5, waarin
soorten uit voedselrijke omgeving niet of weinig voorkomen en de verzurings-
indicator Eunotia exigua niet of In slechts geringe hoeveelheden (relatieve
hoeveelheld < 20%) voorkomt. Dit gaat, althans in de wat grotere en diepere
vennen, vaak samen met slechts geringe hoeveelheden veenmos en knolrus. Deze
toestand 15 een omschrijving wvan de waterkwaliteitsdoelstelling van het
hoogste niveau, maar komt niet altijd overeen met de mnatuurlijke toestand,
die in het Indicatief Meerjarenprogramma Water 1985-1989 (Ri jkswaterstaat
1986) als streefdoel wordt gezien. Het nalaten van oogsten of ander
menselijk pgebruik, dat in het IMP als bestaansvoorwaarde voor dit niveau
wordt genoemd, is daarom niet altijd wenseli jk.
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5.2 Depositie

Schuurkes & Leuven (1986) presenteren normen voor depositieniveaus van (po-—
tentieel) verzurende stoffen, die zijn gebaseerd op laboratoriumexperimenten
met mini-ecosystemen {'kunstvennen') en bodem-waterkolommen met een inhoud
van enkele liters, waaraan kunstmatig regenwater werd toegevoegd. Zowel in
de kunstvennen als in de kolommen treden na verlaop van tijd zeer hoge
sulfaatconcentraties op en verloopt het bhufferende sulfaatreductieproces
kennelijk in mindere mate dan in echte vennen (Hoofdstukken 3 en 4). In de
kolommen 1is ook het - eveneens bufferende ~ denitrificatieproces sterk
geremd. De experimenten duurden relatief kort (kunstvennen 2 jaar, kolommen
12 weken) en er 1s geen aandacht geschonken aan het droogvallen van de
venbodem, hetgeen op langere termijn van wezenlijk belang voor de
protonenbalans is. Bij  Thet afleiden van depositienormen uit deze
experimenten dient daarom de nodige reserve in acht genomen te worden.

Bij de depositieniveaus van de eerste decennla wvan deze eeuw was het
voortbestaan van levensgemeenschappen in vennen die hun bi jzondere waarde
danken aan enige directe toevoer van voedingsstoffen mogeli jk (Hoofdstukken
5 en 6), Voor vennen waaraan geen voedingsstoffen uit de omgeving worden
toegevoerd kan een dergelljke uitspraak nog niet worden gedaan. Arts (1986)
komt voor vennen met het oeverkruidverbond tot dezelfde conclusie. Zij
betrok de toevoer van protonen door natte neerslag en de toevoer van poten-
tiéle aciditeit in de vorm van ammoniak en ammonium In haar berekeningen van
depositieniveaus, maar beschikte over onvoldoende gegevens om de verzurende
droge depositie van zwaveldloxyde en de bufferende invloeden van sulfaten en
nitraten hierbij te betrekken.

Het is wenselijk in toekomstige (model)studies wvan de relatie tussen
actuele en historische depositieniveaus en verzuring van vennen rekening te
houden met laatstgencemde componenten en het droogvallen van venbodems in
droge zomers,

& Actief beheer van vennen

Zonder bewust ingrijpen zal de reeds ver voortgeschreden convergentie van
levensgemeenschappen naar het 'knolrus - Eunotfa exipgua - Staurastrum punc-
tulatum - type' in gelsoleerde vennen onverminderd voortgaan. Dit type
levensgemeenschap kan in de meeste gevallen worden ingeschaald in het
laagste niveau van waterkwaliteitsdoelstellingen (basiskwaliteit) wvan het
IMP Water (Rijkswaterstaat 1986). Strikt genomen voldcet het niet eens aan
sommige eisen van dit niveau (te lage pH, geen vis aanwezig),

Bij het formuleren van waterkwaliteitsdoelstellingen voor vennen kan niet
aan enkele randvoorwaarden worden voorhijgegaan, die in hoofdzaak worden
bepaald deor maatschappeli jke ontwikkelingen, Hoewel de zure atmosferische
depositie wellicht kan worden gereduceerd, 1s het niet aannemelijk dat deze
zal terugkeren tot het niveau van een eeuw geleden, Daardoor zullen
organismen die =zijn gebonden aan een zeer laag mineralengehalte van het
venwater niet terugkeren. Het is evenmin aannemeli jk te veronderstellen dat
er grote sommen gelds aan 'restauratie' van venecosystemen besteed kunnen
worden. Voor een aantal vennen 1s misschien het middelste niveau haalbaar.
Volgens het IMP Water (Rijkswaterstaat 1986) gaat dit in de richting van de
natuurli jke toestand, maar 1s nog niet gelijk daaraan. Misschien is het
beter om bij Nederlandse vennen van het middelste niveau te spreken bilj zwak
zure omstandigheden (pH 5-6), waarbij het mineralengehalte hoger is dan in
vennen met dezelfde pH, maar zonder de invloed van zure depositie en/of
voedselverrijking uit de omgeving.
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Dergelijke toestanden zijn te cred&ren door actief beheer. 1In tegenstel-
ling tot het gestelde in het IMP Water {Ri jkswaterstaat 1986) zijn het
nalaten van oogsten, ultzeiten van organismen en ander gebruik niet noodza-
kell jk, Deze activitelten ziin soms zelfs vereist. Daarbilj verschi jnen,
naast soorten uit matlg voedselarme tot matilg wvoedselrijke situaties,
meestal ook ook 'storingsindicatoren’, Deze wijzen op instabiele (metatrofe)
omstandigheden. De 'fijnproevers' uilt stabiele {(mesotrofe) milieus verschij-
nen niet of nauwelijks. Dit laatste geldt vooral de sieralgen. Een aantal
voorbeelden illustreert de mogeld jkheden en beperkingen.

Waterlobelia komt nog voor in twee vennen, waar de minerale bodem door
actlef beheer wordt vrijgehouden van organisch materiaal. In het verleden
werden deze vennen beInvloed door toevoer van voedselrijk water van elders,
Biesvaren komt nog voor 1in een ven, waaraan buffercapaciteit wordt
toegevoerd in de vorm van urine van zwemmers en waaraan grondwater wordt
toegevoerd {Arts e.,a. 1986). In het laatste ven (META I in Hoofdstuk 2)
waren in 1975 naast soorten kiezelwieren uit voedselrijk en voedselarm water
ook Boorten uilt matig voedselrijk, zwak zuur water aanwezig. Dit was
eveneens het geval in META II, dat ten behoeve van de sportvisserij bemest
en bekalkt werd., Hofstra (1982) vond soorten uit het oceverkruidverbond in
slootjes, vijvers en door zandwinning ontstane plasjes op voedselarme grond,
waar voedselrijk water van elders werd aangevoerd., Kwakkestein (1980) vond
biljzondere sieralgen op de plaats waar kalk- en voedselrijk water in een
zuur ven sijpelde. Van Tooren & Van Tooren (1984) vermeldden een toename van
sleralgen uit matig voedselrijk water na toevoer van grond- en oppervlakte-
water naar het oorsponkelijk zure water van een ijsbaan.

In dit kader 1s waarschijnlljk samenwerking met hengelsportverenigingen
mogeli jk, Vanwege de armoede aan van nature visrijk oppervlaktewater van de
voedselarme zandgronden zijn veel vennen in het verleden bekalkt en bemest.
Uit ongepubliceerde gegevens van de Drectie Visserijen van het Ministerie
van Landbouw en Visserij blijkt dat de bekalkingen jaariijks of zelfs nog
frequenter werden verricht.

Onderzoek naar manieren waarop dergelijke zwak zure systemen beheerd en
gecrederd kunnen worden I8 van belang. Deze vorm van 'ecologisch tuinieren'
mag niet dienen om het publiek kalk in de ogen te strooien, alsof het
verzuringsprobleem door middel van eenvoudige natuurtechnische ingrepen kan
worden opgelast, Voor de uiteindeli jke oplossing van de verzuring van grond-
en oppervliakte water, bossterfte en aantasting van cultuurgoederen door zure
neerslag is een drastische reductie van de zure atmoaferische depositie
noodzakeli jk.

7 Aanbevelingen voor verder onderzoek

1. Voortzetting van het monitoringsonderzoek van chemie, kiezelwieren en ma-
crofyten in ten minste de drie tijdens dit onderzoek intensief bestudeer—
de vennen, zo mogelljk aangevuld met een ven dat In het verleden nilet
{noemenswaard) met voedingsstoffen is verrijkt.

2. Het opstellen van zwavel- en stikstofbalansen voor een aantal vennen
gedurende een reeks van jaren met &&n of meer droge zomers.

3. Palaeolimnologisch en historisch onderzoek als in Hoofdstuk 6 in tien tot
twintlg gelsoleerde vennen om landelijk een representatief beeld van de
geschiedenis van alkalinisering en verzuring te verkrijgen.

4. Modelleren van de verkregen tijdreeksen in relatie tot tijdreeksen wvan
zure atmosferische depositie, om voorspellingen te doen over blologlsche
en chemische veranderingen in vennen bij toekomstige veranderingen van
zure atmosferische depositie.
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5. Onderzoek naar kleinschalige, lokale masatregelen om in vennen een water-—
kwaliteit van het middelste niveau mogelijk te maken.

6. Onderzoek naar mogelijkheden om de windwerking in de omgeving van vennen
en plaatsen waar vennen kunnen ontstaan te vergroten, b.v. door het
kappen van bossen, vetwljderen van bosopslag en het toepassen van

begrazing.
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SAMERVATTING

Hoofdstuk 1 bevat motivering, doelstelling en opzet van het onderzoek,
naast een overzicht wvan ontwikkelingen in het plantkundig onderzoek van
vennen vanaf ca 1900.

Bij de aanvang van dit onderzoek, in 1976, was over de invloed van zure
atmosferische depositie {zure neerslag) op oppervlaktewateren in Nederland
nauwelijks iets bekend. Er werd verwacht dat effecten van zure neerslag
vastgesteld zouden Xkunnen worden, daar in gebieden met een veel geringere
zure atmosferische depositie, zoals Scandinavié, de visstand wvan kalkarme,
slecht gebufferde wateren al sinds de twintiger jaren terugliep als gevolg
van verzuring door atmosferische depositie.

De belangrijkste groep van kalkarme, slecht gebufferde oppervlaktewateren
in Nederland vormen de vennen. Deze plassen op voedselarme zandgrond worden
geheel of grotendeels door de neerslag van water voorzlen. Voedselarme en
matlg voedselarme vennen herhergen karakteristieke levensgemeenschappen en
behoren tot de meest waardevolle natuurelementen in Nederland en .omringende
landen, Veel vennen hebben hun voedselarme en zwak zure karakter verloren
door ©bemesting met landbouwwater, visserij, zwemmen enz. Betrekkelljk
ongestoorde vennan zijn zeldzaam en komen bijna alleen nog in natuurreser—
vaten voor. Er werd verwacht dat julst in deze vennen de gevolgen van
verzuring het best waarneembaar zouden zijn.

Ter formulering van een beleid inzake de bestriiding van verzuring worden
in dit onderzoek veranderingen in de chemie, met name de zuurgraad, van
vennen heschreven op tijdschalen van eeuwen, decennia en jaren. Tevens wordt
nagegaan welke natuurlijke en kunstmatige oorzaken voor deze veranderingen
en de verschillen in zuurgraad tussen vennen verantwoordelijk zi jn.

Directe waarnemingen van de chemische samenstelling van venwater zijn in
het begin van deze eeuw welnig en in de vorige eeuw geheel nlet wverricht.
Daarom worden gegevens over het voorkomen van macrofyten (hogere planten en
mossen) en klezelwieren in het verleden gebruikt als indicatoren vaor de
vroegere voedselrljkdom en zuurgraad. Veranderingen worden afgeleid door
vergelijking van oude met recente inventarisaties.

In Hoofdstuk 2 wordt de toestand van vennen bij Cisterwijk getypeerd met
geconserveerde planktonmonsters wuit 1916-29 en 1975. De recente vegetatie
van macrofyten wordt vergeleken met literatuurgegevens van omstreeks 1930.
In het begin van deze eeuw waren er tussen deze vennen grote verschillen in
zuurgraad en voedselrl jkdom, veroorzaakt door de verschillende mate waarin
ze door landbouwwater (directe inspoeling of via sloten) werden beInvloed.
Bij de recente inventarisatie treedt een tweedeling op (Hoofdstuk 2, Figuur
5)}: er resten slechts zeer voedselri jke, alkalische vennen (pH > 7) in land~
bouwgebieden en gelscleerde, voedselarme, sterk zure vennen {(pE < 4,5) in
natuurreservaten. De verzuring wordt toegeschreven aan de invlced van zure
neerslag. De oorspronkelijke variatie in levensgenmeenschappen 1is hierdoor
achteruitgegaan, waarblj vooral zeldzame scorten macrofyten en kiezelwieren
zijn verdwenen. In vennen die dcor sportvisseri] of zwemactiviteiten {(niet
overmatig) met voedsel =ziin verrlijkt, komen nog socrten uit matig zuur
milieu (pH 5-6) voor, naast soorten uilt sterk zuur en alkalisch water.

In Hoofdstuk 3 worden de veranderingen 1in kiezelwlierencombinaties wvan
zestien vennen tussen ca 1920 en 1978 in samenhang met de chemie van het
water beschreven. Van deze vennen (bij Oisterwiik, Xootwijk en Dwingeloo)
was niet bekend dat =ze 1n deze eeuw door direct menselijk handelen zijn
beInvloed. De oude en recente kiezelwierencombinaties worden vergeleken door
analyse van pH-spectra, diversiteit (verscheidenheid), dissimilariteit (af-
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wijkendheid) en hoofdcomponentenanalyse {een statistische techniek om de sa-—
menhang tussen een groot aantal variabelen overzichtelljk te maken), Uit de
pH-spectra blijkt dat de vroegere varlatie tussen vennen met een laag humus-
gehalte van het water (pH 4-6) is teruggelopen in de recente momsteras (pH
3,7-4,6). In vennen met humeus water is de pH {ca 4,5) niet significant ver-
anderd, De diversitelt neemt significant af in niet-humeuze vennen en niet
significant toe in humeuze vennen. De dissimilariteit neemt significant af
in niet-humeuze vennen en verandert niet in humeuze vennen. De eerste hoofd-
component verklaart 617 van de totale varfatie tussen de monsters en wordt
vrijwel geheel bepaald door Eunotia exigua, Deze soort komt ook voor in
voedselrijke wateren met een hoog gehalte aan minerale zurem (b.v. afval-
water van ertsmijnen) en 1s nog nauwelljks gevonden in verzuurde wateren in
Scandinavi@, Dit wijst erop dat de Nederlandse vennen in biologisch opzicht
in wveel sterkere mate door verzuring zijn belnvloed dan de Scandinavische
meren,

De eerste hoofdcomponent is sterk positief gecorreleerd met de sulfaat-
concentratle en andere factoren die samenhangen met verzuring (b.v. alumi-
nium) en sterk negatief gecorreleerd met factoren die samenhangen met de
aanwezlgheld van humuszuren. Oude monmsters uit alle vennen hebben lage en
recente monsters ult niet-humeuze vennen hebben hoge scores op de eerste
hoofdcomponent. De corspronkeli jke variatlie, veroorzaakt door lokale ocorza-
ken, heeft plaats gemaakt voor een varlatle die wordt verocorzaakt door ver-
schillen in sulfaatconcentraties, Naast zure depositie komen ook bebossing
van de omgeving van vennen en het optreden van droogteperioden in aanmerking
als corzaak van toename van de sulfaatgehalten. Verschillen in sulfaatgehal-
te, en daardoor in pH, kunnen ook worden vercorzaakt door verschillen in
sulfaatreductie, samenhangend met de beschikbaarheid van organische stof.

Het doel van het onderzoek van Hoofdstuk 4 13 om de invloed van water-—
diepte en droge zomers op verzuring van vennen te beschrijven en om aan te
tonen dat vennen mede door hun cndiepte sterker verzuurd zijn dan meren in
het buitenland. Dit onderzoek was geconcentreerd in drie vennen (Achterste
Goorven, Gerritsfles en Kliplo), die verschillen in de mate wvan verzuring.
Van deze vennen zijn relatlef veel oude gegevens over macrofyten en pH en
oude planktonmonsters beschikbsar. Het waterpeil, de chemische samenstelling
van het water en de samenstelling van de kiezelwierencombinaties werden
regelmatig gevolgd van 1979 tot 1985 en dieptekaarten werden vervaardigd.

In zeer droge zomers {(b.v. 1921, 1947, 1959 en 1976) wvalt ongeveer 20%
van bodem van Kliplo droog. In Gerritafles en A. Goorven {is dit
respectievell jk ca 50 en 70%. In het humeuze ven Kliplo konden de relatief
geringe blologische en chemische verschillen voor en na 1976 niet aan de
droogte van dit jaar worden gerelateerd. In Gerritsfles en wvooral i1in A.
Goorven, met minder humeus water, waren de sulfaatconcentraties in 1977 en
1978 zeer haog en namen daarna geleidelijk af. In deze twee vennen kwamen
knolrus en Eunotia exigua de eerste jaren na de droogte van 1976 zeer veel
voor en namen daarna weer af; het snelst in de Gerritsfles, waar de
verblijftijd wvan het water (3 jaar) korter is dan in het A, Goorven (5-6
jaar), zoals blijkt uit een eenvoudig hydrologisch model. E. exlgua reageert
met vertraging.

Kennelijk werden tijdens de droogte van 1976 gereducearde zwavelverbin-
dingen, dle zich in de decennia ervoor In de bodem hadden opgehoapt,
geoxydeerd. Na het vollopen van de vennen was er in het water veel sulfaat
(bij een lage pH), dat daarna afnam door sulfaatreductie en afveer via
drainage. De verhouding sulfaat/chloride 1s in venwater kleiner dan in
regenwater, hetgeen wijst op sulfaatreductie. Door de produktie van alkali-
niteit blj dit proces en blj denitrificatie steeg de pH op den duur weer.
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De extreem droge zomer van 1921 had geen duidelijke invloed op de
samenstelling van klezelwiermonsters wuit het A. Goorven. E. exigua was
nauwelijks aanwezlig. Kennelljk hadden zich in 1921 nog weinig gereduceerde
zwavelverbindingen, afkomstig van atmosferische depositie, in het sediment
van dit ven kunnen ophopen. In de Gerritsfles werd na de droge zomer van
1959 een sterke toename van E. exigua gevonden.

Sinds ca 1920 is de pH in Kliplo mer ca 0,53 punt gedaald, in de andere
twee vennen met 1-2 punten. Dit bli jkt uit directe metingen en pH-schattin-
gen met kiezelwieren. De veranderingen in Kliplo, waar de gereduceerde zwa-
velverbindingen in de bodem blijven opgeborgen, zijn vergeli jkbaar met die
in verzurende meren in Scandinavi& en Noord-Amerika. In A. Goorven en
Gerritsfles, waar de gereduceerde zwavelverbindingen bij ernstige droogten
worden geoxydeerd, is de verzuring veel groter dan in genoemde meren.

Door paleolimnoclogisch onderzoek is gebleken dat verzuring van Schotse en
Scandinavische meren al tussen 1850 en 1900 is begonnen. Hierbij werden
restanten van organismen in het bodemmateriaal bestudeerd en gebruikt om een
indruk te krijgen wvan het vrcegere milieu. In Hoofdstuk 5 wordt verslag
gedaan van een dergell jk onderzoek in het A. Goorven. Ondanks de verstorende
invlged van wverplaatsing van sedimenten door wind en dieren (bioturbatie),
is het mogelijk om in de ondiepe vennen door middel wvan paleolimnologische
nethoden een redelijk beeld te krijgen van de vroegere milieuomstandigheden.
Er is goede overeenstemming tussen directe pH-metingen wuit verschillende
perioden enerzijds en de pH-waarden die werden berekend uit de kiezelwieren
ult wveraschillende lasgjes wvan het sediment en ult planktonmonaters van
verschillende pericden anderzijds. De datering geschiedde door analyse van
lood-210, pollen, zaden en vruchten.

Hoewel het A. Goorven al in het Laat-Glaciaal ontstond, dateren de oudste
sedimentlagen op de plaats waar werd geboord uit de vroege negentiende eeuw.
Oudere sedimenten zIijn waarschijnlijk door steken van turf verwijderd. Rond
1830 was de pH ca 5 en steeg tot ca 6 aan het begin van deze eeuw, door
aanvoer van matig voedselrijk water uit het Voorste Goorven. Vermoedelijk
kwam hier ca 1880 een einde aan door aanleg van een dam. Door deze aanvoer
konden planten uit een niet extreem voedselarm, zwak zuur milieu als
waterlobelia en teer vederkruid zich vestigen. Er kwamen zeldzame scarten
muggelarven voor, die nooit levend in Nederland zljn aangetroffen en thans
nog In Scandinavi&€ voorkomen. Vervolgens is de pH afgenomen tot ca 4. De
bijzondere plante- en diersoorten zijn verdwenen om plaats te maken vaor een
beperkte groep zuurtolerante organismen.

Hoofdstuk 6 gaat over een vergelijkbaar onderzoek iIin Gerritsfles en
Kliplo. Er werd verwacht dat met name de Gerritsfles een eeuwen oud, 'onge-
stoord' ven zou zijn en dat hier vastgesteld 2zou kunnen worden wanneer
waterverzuring in Nederland begonnen i{s. Uit combinatie van de gegevens van
de boorkern met gegevens ult gepubliceerde en ongepubliceerde bronnen blijkt
echter dat dit laatste ven pas Iin het begin van de negentiende eeuw als een
humeuze, voedselarme plas 1is ontstaan uit een vochtig heideveld, door
bodemkundige processen die te maken hebben met de nabijheid van stuifzand.
Doordat jaarlijks ruim duizend schapen in het ven werden gewassen werd de
Gerritsfles voedselrijker en steeg de pH van ca 4,5 tot ca 6 rond 1900. Er
verschenen planten uit het oeverkruidverbond (waterlobelia, oeverkruid) en
het water werd gebruilkt als visvijver. Ook onder de micro—organismen nam de
verscheidenheid toe. Nadat het wassen van de schapen in het begin van deze
eeuw werd gestaakt en de zure neerslag tcenam trad verzuring op, iIn
verhevigde mate sinds ca 1950.

Het bekken van Kliplo was geheel opgevuld met voedselarm, zuur veen, dat
in het begin van de vorige ceuw gedeeltell jk werd afgegraven. De ontstane

- 167 -



plas had een pH van ca 4,5, die steeg tot ca 6 omstreeks 1900, Deze stijging
was het gevolg van een verriijking met voedsel. Vermoedeli jk werd het wven in
de vorige eeuw gebruikt als schapenwas enf/of eendenkcoi., Na 1900 daalde de
pH geleideldi jk tot ca 5.

De ontwikkelingen in de drie vennen sinds 1800 worden vergeleken met die
in een verzurend Schots meer (Figuur 1 van Hoofdstuk 7). De vennen zijn veel
dynamischer systemen dan dit meer en andere verzurende meren in Schotland,
Scandinavié en Noord-Amerika. De zwak zure omstandigheden (pH 5-6) rond 1900
in de drie vennen zijn een gevolg van mensell jk handelen. De daling van de
pPH na 1900 is deels het gevolg van het staken van voedselverri jkende
activiteiten en deels van de toename van de zure depositie., Het 1is daarom
niet mogelijk om te bepalen wanneer de verzuring door atmosferiache
depositie in deze vennen begon.

Het blijkt dat, ten minste in het intensief gecultiveerde landschap van
West-Furopa, historische informatie over menselijke beInvloeding van de
bestudeerde wateren en het omringende landschap noodzakelijk is om juiste
conclusies omtrent de ocorzaak van vastgestelde verzuring te kunnen trekken.

In Hoofdstuk 7 worden de corzaken van zuurgraadverschillem in ruimte en
tijd samengevat. Natuurlijke verschillen worden o.a. door de aard van de
bodem, de vorm en diepte van het waterbekken en de samenstelling wvan de
neerslag bepaald. Antropogene verschillen worden vooral veroorzaakt door be-—
mesting en zure neerslag. Doordat de menseli jke belnvloeding in het verleden
op beschelden schaal plaatsvond werd de verscheidenheid van de levensgemeen—
schappen binnen en tussen vemnen hierdoor bevorderd. Door heideontginningen
zijn veel vennen overmatig met voedsel verrijkt en gingen de karakteristie-
ke, thans zeldzame, soorten planten en dieren ult voedselarm tot matig voed-
selarm water sterk achteruit. Zij vonden een refugium in geIsoleerde vennen
in natuurreservaten, waar zij door verzuring verder achterultgingen. De ver-
zuring is zowel het gevolg van zure neerslag als van het verdwijnen van oude
agrarische gebrulksvormen, zoals het wassen van schapen en het roten wvan
vlas, Het verdwijnen van begrazing door schapen en de bebossing van heiden
en stuifzanden in de omgeving van geisoleerde vennen vercorzaakten een
vermindering wvan een geringe mate van dynamiek, met name windwerking. Dit
droeg waarschijnlijk bij tot de achteruitgang van een aantal karakteristieke
venplanten die van deze dynamiek afhankelijk waren. Tevens werden de
ontstaansmogell jkheden voor nieuwe vennen in en nabij stuifzandgebleden door
deze verstarring van het landschap verminderd.

Uitgaande van de criteria verscheidenheid en onvervangbaarheid worden
biologische normen voor de becordeling van vennen geformuleerd. Zolang de
zure atmosferische depositie nog niet op het niveau van het begin wvan deze
eeuw terug 1is, kan in een aantal vennen aan deze normen wellicht worden
voldaan door een lokale, bescheiden toevoer van bufferstoffen. Hierdoor kan
een zwak zuur milieu worden gecrederd, waar een aantal soorten uilt het
pH-interval 5-6 kan voorkomen, maar waar de meest veeleisende soorten
ontbreken,

Tenslotte wordt aanbevolen om door te pgaan met het verzamelen van
materiaal voor historische en recente biaologische en chemische tijdreeksen
in een aantal vennen en dit te gebruiken voor het opstellen van modellen om
uitspraken te kunnen doen over de effecten van toekomstige veranderingen van
de zure depositie. Om inzicht te krijgen in de chemische processen die zich
bij verzuring van vennen voordoen, is het opstellen van zwavel- en
stikstofbalansen van een aantal vennen over een reeks wvan jaren dringend
noodzakeli jk. De mogeli jkheden om de windwerking in de omgeving van vennmen,
waar sommige karakteristieke planten van afhankelijk =zijn, te vergroten,
verdienen nader onderzoek.
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SUMMARY

Chapter ! deals with the rationale, aim and research approach of the
investigations. A survey of the botanical investigations in moorland pools imn
The Netherlands since 1900 is presented too.

In 1976, when the present investigations started, almost nothing was known
about the d1mpact of acld atmospheric deposition ('acid precipitatien’) on
surface water in The Netherlands. As acidification of weakly buffered surface
waters due to acid precipitation has been observed in much more remote areas
it was expected that this phenomenon could be observed in The Netherlands too.

Moorland pools ('vennen') are the most important group of weakly buffered
surface waters in The Netherlands. They are situated in areas with
oligotrophic, sandy sovils and are entirely or mainly fed by precipitation
water. A vrare and characteristic flora and fauna i1s found in oligo- and
mesotrophic moorland pocls. Therefore they belong to the most valuable sites
of nature 1in Western Furope. Many moorland pools have been eutrophied and
alkalized due to nutrient enrichment by agricultural drainage water,
fisheries, bathing etc. Relatively pristine moorland pools are rare and
confined to nature reserves, It was expected that acidification could be
observed particularly in the latter pools.

To provide data for policy-making in the field of abatement of
acidification this thesis describes changes in chemistry, and particularly
acidity of moorland pools on time scaleas of centuries, decades and years and
tries to find explanations for the observed changes in the course of time and
for the differences in acidity between moorland pools.

Direct observations of the chemical composition of meorland pool water were
rarely made at the beginning of the 20th century and are unknown from the 19th
century. Therefore, diatoms in 0ld and recent samples and historical and
recent data about the presence of aquatic macrophytes are used to infer
changes in trophic state and acidity.

In Chapter 2 plankton tow diatoms from moorland pools near Olsterwijk from
1916-29 are compared with those from 1975, Recent inventoriea of macrophytes
are compared with those from c. 1930. At the beginning of this century, a wide
array of trophic state levels and acidities was found in the different pools,
due to differences in the amount of nutrients, supplied by agricultural
dralnage water. During the recent inventories a bipartition was observed in
hypertrophic, alkaline poals, situated in agriculture areas, and isolated,
oligotrophic, very acid pools (pH < 4.5), situated in nature reserves {Ch. 2,
Fig., 5). The acidiffcation was attributed to acidification by acid atmospheric
deposition. The variation in biocommunities decreased strongly over the perioed
of half a century. Particularly rare macrophytes and dlatoms declined. Taxa
from weakly acid (pH 5-6) water still occurred in those pools which were {not
excessively) enriched with nutrients by fisherles or excrements of swimmers,
together with acidoblontic and alkaliphilous taxa.

In Chapter 3 old (e. 1920) and recent (1978) diatom assemblages from
sixteen moorland pools in different parts of The Netherlands are compared by
analysis of pH-spectra, diversity, dissimilarity and principal component
analysis, The pH-spectra of clear water pools indicate that the formerly wide
range of pH (4-6) is narrowed to 3.7-4.6 in the recent samples. No significant
change of pH (c. 4.5) is seen in the brown water pools. Diversity declines
significantly in clear water pocls and increases 1insignificantly in browm
water pools. The dissim{larity decreases in clear water pools, no change 1is
found In brown water pools. The first principal component (PC 1) explains 61%
of total variance between samples and 1s nearly completely determined by
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Eunotia exigua, an acidobiontic diatom, which {s also known from acid mine
waters. PC 1 has a strong positive correlation with sulphate and other factors
related to acldification (e.g. aluminium) and a negative correlation with
factors characterizing humic acid waters, 0ld samples have low scores on PC 1
and recent samples from clear waters have high scores on PC 1. The wvariation
that was due to local factors in the old samples has been substituted by a
sulphate contrelled variation in the recent samples. The recent differences in
sulphate concentrations and pH of the pools, e.g. sulphate reduction, drought
and afforestation of the surrounding landscape, are discussed.

A hypothesis that depth distribution and the occcurrence of extremely dry
years play a role 1in the acidification of moorland pools and that moorland
pools are more severely acidified than lakes, due to thelr shallowness, 1s
tested In Chapter 4., The research was conducted in three pools (Achterste
Goorven, Gerritafles and Kliplo), which differed in the extent of acidifi-
cation, as was revealed 1in the preceding chapter. Relatively many old data
concerning macrophytes and pH and old plankton tow samples from these sites
are avallable. Water level, water chemistry and the composition of diatom
assemblages were monitared from 1979 through 1984 and bathymetry was mapped.

In extremely dry summers (e.g. 1921, 1947, 1959 and 1976) in Kliplo,
Gerritsfles and Kliplo about 20, 50 and 70% of the bottom respectively is
exposed to the atmosphere. In the brown water pool Kliplo the relatively small
chemical and biological differences before and after 1976 could not be
attributed to the drought of that year. In the clear water pools Gerritsfles
and particularly A. Goorven sulphate concentrations were extraordinary high in
1977 and 1978 and decreased afterwards, parallel to the abundance of Juncus
bulbosus., E. exigua decreased with a delay. The decrease was most rapid in
Gerritsfles, which has a shorter water residence time {3 years) than A. Goor-
ven {56 years), as was inferred from a simple hydrological model.

During the dry spell af 1976, the reduced sulphur compounds, which accumu-
lated 1in the sediments during the preceding decades, were oxidized and caused
pH-values below 4. Sulphate was released into the water when the water level
rose, and decreased by overflow of the pool. Also sulphate must have been
disappeared by sulphate reduction, because at an average the ratio of sulphate
to chloride 12 lower in pool water than in precipitation water. Later on the
pH increased above 4, presumably because of alkalinity production by sulphate
reduction and denitrification.

From A, Goorven a series of plankton tow diatom samples from the period
1916-1929 was analysed, E. exigua was hardly present and the drought of 1921
did not affect the composition of the diatom assemblages clearly. Apparently
no reduced sulphur compounds, derived from atmospheric deposition, had accumu-
lated in the sediments at that time. In Gerritsfles E. exigua increased after
the dry summer of 1959,

In Kliplo the pH has declined by ¢. 0.5 unit over the last six decades, as
appears from direct wmeasurements and inference from diatoms. The changes in
Kliple, where the reduced sulphur compounds are stored permanently in the
sediments, are saimilar to those in acldifying lakes in Scandinavia and North
America. In A. Goorven and Gerritsfles the pH decreased by 1-2 units. The more
gevere acldification of these poals is at least partly due to the exposure. of
the sediments in extremely dry summers.

It has been shown by palaeolimnological methods that acidification of lakes
in Scotland and Scandinavia started between 1850 and 1900, Such methods might
be uséd to determine the onset of acidification in The Netherlands, but in
shallow pools the sedimentation process 1s more intensively disturbed by wind
mixing, bioturbation and desiccation in dry summers than in lakes. It appears
from Chapter 5 that the acidification history of A, Goorven can be
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reconstructed rather well by sediment core studies, as sediment diatom infer-
. red pH values agree reasonably well with plankton tow diatom inferred
pH-values and direct measurements of pH. The sediments were dated by analysis
of Pb~210, pollen, seeds and fruits.

Although A. Goorven was formed in the Late Glacial period, the oldest
sediments at the coring site were from the early 19th century. Older deposits
have. been removed by peat digging. Around 1830 the pH was c. 5 and increased
to ¢. 6 in the early 20th century, due to inflow of mesotrophic water from the
pool Voorste Goorven. The inflow stopped when a dam was constructed between
the two pools, presumably around 1880, Because of the nutrient enrichment
oligo-mesotraphent species (e.g. Lobelis dortmanna, Myriophyllum alternifo-
lium) settled. Chironomids of the Cladopelma-assemblage, which have never been
reported alive from The Retherlands, and are more typically found in
Scandinavian soft water lakes, were present. Subsequently the pH decreased to
current levels of c. 4 and most rare plants and animals have disappeared and
were replaced by a limited number of acid-tolerant taxa.

Similar research in Gerritsfles and Kliplo is described in Chapter 6. When
this preject started it was expected that particularly Gerritsfles would be a
comparatively old and ‘'undisturbed' meorland peool, where the onset of
acidification of moorland pools in The Netherlands could be determined.
However, after combining palaeolimnological data and documented evidence it
appeared that the latter ‘pool originated from a humid heath as late as the
early 19th century. It was formed as a shallow, oligo-dystrophic pool (pH c.
4,5) due to pedological processes, assoclated with the presence of aeolian
drift sand. The pool was enriched with nutrients, because over thousand sheep
were washed in the pool each year and the pH increased to c¢. 6. Littorellion
species (Littorella uniflora, Lobella dortmanna) settled and the pool was used
as a fish pond. The diversity of micro-organisms increased too. Sheep washing
finished around 1900 and the pool started to acidify, particularly after 1950,
parallel with the increase of acid atmospheric depositiom.

The oligotrophic peat-bog of Kliplo was partly excavated In the beginning
of the 19th century. The pH of the pool was c. 4.5 and gradually increased to
¢s 6 1n 1900, due to eutrophication, presumably because of sheep washing or
use of the pool as a duck-decoy. After 1900 the pH decreased to current levels
of c. 5.

In Fig. 1 of Chapter 7 the changes of pH in the three pools since 1800 are
compared with those in an acidifying Scotch lake, which 1s an example for
acidifying lakes in Northern Europe and Northern America. The moorland pools
are more dynamic systems than these lakes, The weakly acld conditions {(pH 5-6)
around 1900 are anthropogenic. The decrease of pH in the present century 1is
due both to termination of direct nutrient enrichment of the pools and of
increased acid atmospheric deposition. Consequently it is hard to determine
when acidification by acid atmospheric deposition started.

Documented evidenée of human influence upon the study sites, combined with
palaeclimnological techniques 18 found to be necessary to obtain proper con-—
clusions with studies on the history of surface water acidification.

The causes of pH-differences in space and time are summarized in Chapter 7,
Natural pH differences are due to depth distribution and soil conditions,
composition of precipitation etc. Anthropogenic differences are caused by
nutrient enrichment and acid atmospheric deposition. In the past the human
influence was less intensive than at present and promoted the diversity within
and between moorland pools. Many pools were drained or excessively enriched
with nutrients because of the reclamation of heathlands after 1900,
Consequently the characteristic, presently rare, species from oligotrephic to
mesotrophic water bodies declined and became confined to 1isolated pools in
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nature  reserves, where acidification <caused a further decline. The
acidification of moorland pools 1is due both to the disappearanca of
traditional agricultural activities (sheep washing, retting of flax etc.) and
to the Increase of acid atmospheric deposition. The disappearance of sheep
grazing and the afforestation of heathlands near isolated moorland pools
caused a decrease of wind induced dynamics. This decrease probably contributed
to the decline of plants which were dependent on these dynamics. Also the
formation of new moorland pocls in and near areas of aeolian drift sand 1is
hampered in a fixated landacape.

Biclogical standards for the assessment of water quality in moorland pools
are formulated, based on the criteria diversity and irreplaceability. A weakly
acid environment can be created deliberately by a local and moderate supply of
buffering substances to acidified moorland pools, This permits a number of
species from the pH-interval 5-6 to live, with notable exception of the most
sengitive and rare cnes, which are particularly found in water with very low
concentrations of 1lons. Such an Iintervention is necessary 1in some pools to
achieve the formulated standards, as long as the acid atmospheric deposition
has not reached the level of the beginning of this century.

Finally it is reccmmended to continue chemical and biolecgical monitoring in
a number of pools and to wuse the data for modelling the impact of acid
atmospheric deposion on chemical and biological conditions in moorland pools,
to predict the effects of future changes of acid atmospheric deposition on
moorland pools. For this purpose it is also necesgsary to calculate sulphur and
nitrogen budgets from a series of consecutive years, including dry ones, for a
number of moorland pools., The possibilities to enhance wind induced dynamics
near moorland pools, an important envirommental factor for some characteristic
plant species, are worth to be investigated.
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VERANTWOORDING

De determinaties en tellingen van kiezelwieren van Hoofdstuk 2 zijn geheel
voor de verantwoordelljkhetd wvanm H. Rooyman-van Blokland, alle overige
aspecten voor die van H, van Dam.

Soortbepaling en telling van de kiezelwieren van Hoofdstuk 3 vonden
plaats onder dagell jkse hegeleiding van H, van Dam door G. Suurmond, die ook
een begin maakte met de statistische analyse. C.J.F., ter Braak en Ir J., Oude
Voshaar zijn In de eerste plaats verantwoordelijk voor de keuze van de
statlstische methoden. Alle overige aspecten komen vaor rekening vanm H. van
Dam.

De opzet van het onderzoek van Hoofdstuk 5 en het historisch onderzoek
werden verzorgd door H. wvan Dam. De determinaties en tellingen van
klezelwieren uit sedimenten werden, 1n nauw overleg met H. van Dam, verricht
door dr M.D. Dickman, die ook diverse concepten van dit hoofdstuk redigeer-
de. C.N, Beljaars telde de kiezelwieren wuit planktonmonsters, onder
verantwoordell jkheid wan H. wvan Dam. Voor uitvoering, interpretatie en
rapportage van de aspecten pollen {inclusief vruchten en zaden), muggelarven
(Chironomidae) en looddatering =ziin respectievelljk dr B. van Geel, ir A,
Klink en A. van der Wijk verantwoordelijk. H. van Dam verzorgde de
eindredactie. De verantwoardeli jkheden voor dit hoofdstuk zijn soms moeili jk
te scheiden, vanwege de veelvuldige discussies tussen de auteurs.

De opzet van het onderzoek van Hoofdstuk 6 komt voor rekening van H, van
Dam, evenals het historisch onderzoek, de integratie van de resultaten van
de deelonderzoekingen en het schrijven van het artikel, C.N. Beljaars emn A.
Mertens determineerden en telden de kiezelwieren onder begeleiding van H.
van Dam. Dr B, van Geel voerde de pollen-, vruchten— en zadentellingen wuit,
interpreteerde de resultaten hiervan en stelde de indeling in zones op. Dr
J.F.M. Geelen en R, van der Heijden determincerden en telden de watervloolen
(Cladocera) en interpreteerden de resultaten hiervan, A, van der Wijk is
verantwoordell ik voor de looddateringen.

De verantwoordelijkheid voor de Hoofdstukken 1, 4 en 7 berust geheel bij
H. van Dam.
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