
1!:~ff~(~t$ of l~ci.o1ic~&®eip,it@,tiolTh on
Caleit~l'lrn. ilnd J§,~~gpne~i1L:gm UJPta]<~®> k2>y

PiIatR$ 1P@'¥;V1I@J.~

A diss~l.'t;a.tion submitted to the 1!'aculty of Science, University
of the Witwat~rsrand( Johannesbur1J I for tl1e dlii'greeof MaS'l:,er of
Science.

Johannesburg, 1992



Acid.ified rain i;; t.hO't.lght -co have th~ potential to affect the
abi:lity of plants to acqtl.ire nutrients~ The effects of artifi-
cially ·acidified rain on calcium (Ca) and maqn.esium ()yIg) uptalt:e
by Pillt!s patula were investigated in terms· of changes in the Col.

and Mg-levels in the soil and. changes in root gro'llyth and :mycor-
rhizal coloniZation that might result from e:4"POS1lre·to aoidified.
preoipiteltionv The uptalte of 'these ions tv-aS also :i.nvest.iga/ced in
o;!:'der t:o d~rtermine the possible effeots. of acid rain on the
uptaka pJ.:'oce.;;se

Soil analyses showed that t.he soil under: invest.igation was acidic
(pB in 1(Cl of 4~64);t '((lith a high aluminium (A13+) content (~.l2
crnol ]~9'-1) aml low ca and Mg corrberrcs (0 ..08 and O.SO c:mol kg""'l
respectively) .. '.rhe Ca oocurred predominantly in the top lOOnunof
the soil. Undisturbed soil cores wer~leached with si:mul<flted acid
rain. To some oores calciuln carbonate (caCos) was ,added to
determine the potent.ial use of Ci=lCOg as an ameliorative, measure
against any n$gative effects .that acid rain may have, '~he rate
of leaching of Mg~Hfrom the soil was found to increase, l~l:'obably
as a result .of cation e.xohang~ reactions f as the aciclit~~ of the
nra:lnu increased. T.his trend was not however statistically
significant. rne amount of ca2+ lost in the leacna:tb was
undetectable. The l.eachate became incr~asingl,y acidic as the
acidity of the "ra.J.nVl '"as raised. The amourrcs of acid ei!~ui'Va;l-
en'cs r 2\13+ I a+ and Mg2+ lost in the. leachate we;t-e reduii~ad 'ltlhen
cacOs was added to the soil. Over the t.ime period inVestigated
no significant changes in the soil composition could be detected,
although the A13+ and 1ft- contents Of the soil wet'e greater 'l.rhen
the nrain~t was more acidic.

Soil that had been exposed to art.i:eicial xain of various
aoiditi~s was placed in ~.:.'ootingrowth bags in the field. One
season 1s root growth into t.his acidified soil indicated that root
maas per unit. length tended to be positively correlat.ed t·dth the
Mg corrcerrc of. the soil. Root. length and the clegree of total
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J~cidifie1 ra.i.rt is thclllght t.o have the po'l~ential to affeot the
ability .:of plants to aoquire nutrien:ts. The effects Of artifi-
oially at.,:idified rain, .m calcium (ca) and lnagnesi'llln (11g) upta)~e
by Pinus patl:r.la );vere investigated in terms of changes Ln 't;.hl.=1 Ca

and Mg le.vels in the s<:'il and changes in root ~rot'iTth and mycor-.s
rhizal colonization that might result frQm exposure to acidified.
pre~ipitation. The uptake of these ions vIas also invest;i.gated in
order to determine. the pO$sible effects of acid rain on the
uptake process.

Soil analyses sho~led t.hat the soil under investigation t..ras acidio
(pH in ReI of 4064), with a. high aluminium (A13+) pcmtent: (1.12
omol k9-1). and Im..r Ca and t1g oontents (0.08 and 0.50 cmcl kg ....l.
respectively). The Ca ocourJ;ed pred.ominantly in the top loOltim of
the soil. tJrtdistu'rbed soil cores ~Te:re leached 'tv;i.tih simulated acid
rain. To some coreS calcium ca:t."ponalte (CaC03) was added to
determine the potential use. of CaC03 as an ameliorati.ve measure
against any negative effeots that acir.lrain may have. 'rherate
of leaohing 0;( Mg2+ from the soil was found t(J increase I probably
as a X'es)),lt of cat i.01".! e~whal'lge reactiotls, as the acidity of the
IUrainti :i.ncreased. This t.rend. was not ho'Wt)ver stati.stioa1.1y
significant. The aluount of Ca2+ lost in the leachate was
undetect;,able. The le~chat:e became increasingly ..acidic as the
acidity of thE' q1t'A.inn'was raised. The amounts of acid equival-
ents, A13+, H+ and Mg2+ lost in the leachate vIere reduced When
CaC03 t'las· added to. the soil. Over the titus period invE!st:i,gated
no signifioant changes in the soil composition ("Quld be detected,
although .t11eA13+ and H+ contents of th~ so.{l were greater when
the u')::'ain01 was l'tlCn:e, acidic.

(I

Soil that bad been expoaed to artificial rain of vat'ious
acidities was placed in root ingrowth bagt:; in the. field. One
season' s root growth into this acidified soil indicated 'clmt root
mass per urdt len.gth t.euded to be positi"-ely correlated with the.
Mg content of the soil. Root length and the degree of total
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mycorrhizai·.colonization dicl not a.ppear .t.e be affected :by
the other soil pax'am£l'ters· that. t'lere being mO!1itored~ This Is
pr'obably a result of the range .pf soil conditions being too
naz row, The mycorrhizal species composition changed in response
to .the various soil conditions. Of the seven species colonizing
the roots, one species t~as found to be nega:t:.ivel~ affected by 'ens
A.P+ content of the soil, while another was mcze abundant t<Jhen
the pH·of the soil was low.

The concentration profiles of Ca and·Mg it! the mycorrhizal-root
rhizosphere were determined by. se.ctioning 'this soil 5~n Lmm
sections. Magnesiumiva~r found to accumulate slightly a\t the root
surface tnThenthe lYlg concentrations in the .80il were low'. At
higher soil· 14gconcentrations the rate of ,uptake increasedr ..such
that zones of d.lpletion fo.rmed against t.ne root surface" When
A13+ was added to the soil. Mg accumulated 1.~oa greater extent at
the root surface. Consequently it is thOUght that at ..low Mg
concentrations A13+ inhibited the rate of l~g uptake.? :but; as .the
Mg content of the soil increased, less .inhibition by A13+
occurred.

, ,
At low c..oncen1lirations, Ca acculIlulated at th~\ root s'lrl~acel' while
at higher conc\.entratior.rs zones of deplet~ori: fprm~d a\l;.thi\~ ;~OjPt

. ... . .' ... :' \.
surface. If. Ca La ~cti"ely ta~~~n \lp! inhib~,t~~n of t,he '~'Pt\~;~e
process could ~~ave resl.\lted ir(.\lln the high ~\\l3+ contel'lt i;~\ the
~lOil with. the \inhibit.i(~n being red\lC~d· at ,J'),i9h\!~r ~:OtltH\;tl-

t.-cations. conveisely if ca ier activsJ.Y.·£~lttru~\ted .f'x;om thEl! ql~l~s
then the high ca (;oncentrativns it"i\ the. soil re\~u.J.ted in \C<~1~4l,i~'m
taken up a cation carrier not norl\~ally iIwolV'~ld ill .'Z<aIIp'balt~W•.

Thus acid rain wa,$ found to have .. the po\tentl~al to alt,er ~i~h
upt~~ke of Ca and Mg by de.creasin~~ the ~vail:~bility of\ t~(\El~;;e

; . . ._" - .. 1.,

cations in the. soil" altering the myc.lo.rrhizl~,l sp/(::cies CompC~$it:i:e'n
of the. roots and, b:{ increasing the .,It.l3+cOrijtent of t.h.a~soil, t.he
rate of Ca and Mgu,9take by the plant can be altered.
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E'i9_ 6.3.3

Fig. 6..3.6

Fig. 6.4.1!:

?ag~
Concent.ratiOtl profiles of Cq'l.2., in the
rhizosphere l'lh~n the concentration of ca:~+
had been varied. (Each curve represents. the
profile of one tre.e ~ The bold line indicates
the mean for each treatlnent.) ."... 0

f1'heprocess. of .ion uptal~e ('YJhichresults in
a ~one .of depletion at the. root .surface)
occurring simultaneously v1Tit:h mass flQ~r
(oausing an accumulation of· ions)., results
it~ a pealt in the ·ion concentration in the
:ch.t~osphere. • " • • • • • • . . . • • ~

~ates of Mg2'" uptake 1;~henthe Mg2+ content of
the:. bulk soil t1aS varied. The curve shows a
rec.t;angular hyperbol~ that ~-ra$fitt.ed to the
dat<:.\ (r?' ~ 0.,S85}. . .. . . • 4 • ~.. •

:Rates. of "1g;(+uptake .w·hen··the A13+ in the
SO:l.1. was· increased by 25% and the MS;2+ ..corr-
tent was varied. The .cUl:veshows. a reotangu-
lCir hy.p13rbola fitted t.o the posit~_ve data
p()~nts t.t'2 == 0.667). .~• • • • • • • ~ •
Re:t~s 1:.)1: Ca;!+ uptake ~~r:benthe o\~h(.:e.rtl";;tai;i~l1
of e ;a_2, In the bulk .{oil. t'1as varielk. If''he
curV~4 Shows. a rectangl ,1ar hyp~rbola that was
fitted ;:0 the data p,)ints (r2 F O. 59J.) • i

Diagranmtatib represi~ntation of the giffer-
ence between a sigmoidal and ...~ .l;"ectangular
hyperbolic uptake curve in rei~,tion to the
rate .O't. which Lens are transpl'rted· t.o the
root surface OJ?mass flow. .• •..••
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Acid :rain occurs a :t"\(;!SlJlt:. of air pollutants.. prixlcipa.lly
s\ll.phut' and nitrogen oxidels/ being converted into acids t.hrcrugh
series of atmospheric re'actions ~ These acids can re""ent~r the

'terrestrial env.i.ronment ;;md .may be detrirneu'ltal to the livin9
organi.s;ms and abiotic cqmp()nents of that environment.

Acidic precil~itation has the potential to negat.lvely affect
plants. in a number of diffex:snt. t1Tays. It can caose damage to the
protec:tive surface structureiS of the plant,sF interfere t1ith the
functioning of guard cellsp poison cells after :it has diffused
in1:.othe leavE:$.I'change the. eltuc;lationprocesses <'');L i,t!7·.erf'ere t,ritl'l
tl':!,ereproduction of the plant.s. Acid rain can a.lso increase. the.
plar:rt:.s' sn,.lsceptibility to other environmental $tresses, <lisrupt
symbiotic associat;iOl'lS and ca~.\.1..se;nu~rient stress as a re$~lt (()f
acidification. of .the soil. (Tatnm and Cot"ling, 1.(77).

These P9t~ntially damaging eff~\(~t:s have lea to widespread concern
regataing the viability and fitness of plan.ts,. partic!1lia:r.ly
economically important. pI a.t'ltsI' tV'hich. are e:xpo.sed to acidified
rain.

One of t.be most cotlsiste.l1t. syIt\pt.cms of acid rain damage ;j,s a
deorease in the c~Ucium (ca) and' magnesium (Mg) C01\tent of the
foliar tissue UUndatYl at ai, 19S0; Godbold et: all' l!HHl). In
addition; acid ~ain crenerally increases the :rate of nutrient
leaching from t,lle !Qliage (Ev~n$, 1984b; Amt.hor, .1.984);1 In the
latter situation" the pla.nt needs to absorb these ions at a
faster rate so that it does not become nutrient. stre;ssed. If acid
rain impail's the uptake of these ions I the Qbs€!r'red nutrient
deficiencies could result. The uPttlll:e of: ions .is (aependent on
both the attributes of the pl.an-t and the soil envi;t'onment t;.nat
the plant is gxotiing in. As a result of the variability of these
factors p plants may exhibit: ~ddely varying respon~les to acid
rain.
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A large amOUl.")t of pollution is .injected into the at.mosp~~re en
t.he Eas1c:.ern rfrailsvaal H:lghveld (ETH) as a :result of ur:bian and
industx:ial activities. The former include domestic i:ix':es and
motor vehicles, t-lhiJ.e, the latter· .includes :power st.ations,p
petrOChemical plants I metallurgicai indu$~riesp bJriclt:.work.s~
foundries, fertil:i.2;er plants., gall!' mi.11s, paper mills and chemica~
t-J'Orks. :en addition, discari'l coal dumps and. s-rassland burnil'19
contl.ibute to the polluti.on levels (Tyson et all' 198B).

'1'he Climatology of the 15THis very unfavourable for f.he disper-
sion of the pollutants. These climatic condition.s include high
atmospheric stability, clear skies and low i'lind speeds,. Thes~
condit5~ons artS generally associated t\fith high press\,:lre systems
which pr\;;vail over the region {Tyson et: aI, 1988).

Some of the soils of the Eastern 'rransvaal are very old al1.d
highly weathered. and thus hav'e low ca and Mg conten.ts. They are
described as being either s~ron9'ly .acd.dic (pH in .tV'ater less than
5.2) 01: mode:tately acidic (pH between 5.2 and 6.0) (Tyson et: al,
1988) .. 'rhe natl.l:cal acidity of the. soiJ. io3 exacerbated by acid
humus formation i.r. pine pl~a,:.;tat.ions.:

Ther(l)is a shortage of indigenous timber that can be used in-
clustrial;Ly in Soutnez';n Africa - leSS .nhan 0.25% of the land :Ls
natural evergre~n forest. The· illo,igenous forests in soutbern
ll.frica are subject to careful control measures and only a t:ri,"'ial
volume of high qlla.L:lty wood is .extracted on A sustainable yield
basis from forests in the !{nysl1a-Humansdorp area (Anonymous,
1990). This timb~r if generally used for furniture (Scha:rfett~n:p
1987) •

Although a small portion of timber is imported all the oommercial
timber used in Sout.h Africa comes from exotic plantations. of
pine, eucal.yptus and wattle ~"hich have been established by both
·the government and px.'.i"ate sectors. Ove.r 1 .12. million hectares
of plantations have been established in So~th Africa (Schar""
fettery 1987~. At least half of these commercial ft:>:r.est.ry



resources are !.ocated in t;he ETa and along
et a.lp 19fHn.

Pine tre~>s produce va-lus.bla sfpfttiJood. and are ma'oaged prirnadt:il.:v
for sawtbn.ber, this being the. biggest use '>3; pl,ant.at;"on ti,mb~~:c
in Sout}). Ail'ie·a (Scharfetter, 1987.). There. ar.e no indig~lno1Js
membe~'s of the pine family tn Southern A1:3:iCl!$i. The main pin~;
speciei1J of the Eastern T:c.'ansvaal reqion ar'e Pil:H.:lS pa'/;UJ.a, J?.il'JU.$

taedlll and 1!'.inu.CiI el1iot..:Li (Norskov-Lauritsen, 1963).

It has been project:ed that }:>y the turn I;},f the centurYt SO"l],th
Africa t'lTill be facing a timber shortage~ (Scharfetter, 198'7).
Effective utilizati~m of t1:.~ available t~imber is neoessary .to
ensure that the timber demand is met in t:.he ,e"ature. Tn addition;
factors ~'1hi¢hdecr~tase yield. and durability of the t:t'ees, such
as ins!£lots, fungi, weatl'lering and othelr pathogens, need to be
identified and T/laJ/sto overcome them $f",'I.lght. Since acid rain is
thought: to have. tlJ.~ potential to decrease the grO'lr1th and
persistence of forests" and conifers it! particular (Board, 15:88),
it has become necessary to determine what effects acid rain co~ld
have on the cornmercibJ.ly grm·m trees in the ETH.

The aim of this investigati,on was tfl dE.:termine whether simulq).ted
acid rain, sim:l.la:r tc that occut':l;'inl.;Jon t:he B'ta, (";.)u1':1influence
the amount of ca and Mg taken up '!¢JPone of the most. extensi v..:.=ly
cultivated tree speoies of the reg.i,.on. A reriuction in the tlptake
of these essential elements could cause a. decJ.ine in the growth
of these trees.

The plant used in this investi9t,*.t.ion was P:itJ.VtS patula. Sch.Lacht;.•
and Cham. !t ",ras first j,ntrodul ..~ed t.o South Africa in 1907 fro.t\1
east-central t4eldco. It is we]H.1. adapted to the summex rainfall
regions ot south~t',,'1 and east.~hJ:n Africa and has become a maj.or
species in floftt'1'ood plantations (Morr~,t{,1986). However it is now
invading the natu;!:al fc.rests in parts of the Ea;.stern Tral1SVi;7.ttl

and eastern Zimbabwe (r?algx:'ave, 1971). It ha.s a :east growth rate,
is hardy to frost. but sensitive to p.tolongeu drought, fire and
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hail (Grut, ],965).

Nutrien ... uptake is dependent on a TIl,unbar of factors. These. are
illustrated. iv, rig. 1.1 and. include:
i) the ;:.oi1ity of both the biotic aNi physical characterit!~tics

of the soil to supply the plant tV'ith n\,lt.rients vi. e.
tmtrient availability;
the mor.phology and rate of grOtJ'th of the roots;.. \J.l. ,

i1.:1.) the nutri~nt absorption characteristics of tIle root :$Jls~e..u
rCaassen and Ba:cbet', 19"7G)•

Any o.nJ of these, if affected by acid l;'ain, can decrease the :cate
of Ca ~nd. Mg upt.ake from t.he soil.

- N\JfRtENTl.••.•
UPTAKE_1

"""--
UTR1ENr
~A8IL1TY

'_"i'i ·.~ ....~~r~J:j"=,,... ~~~ .-B;iJ

l1i9'. J,. J. A diagrammatic r.epresentation '-"if thlee factors
affecting nutrient acquisition.

In this study, three major eltperirnents were underta.ken in ot1er
to date.rmine the pO$sible effects of acid preCipitation on Ca and
Mguptake by P. Fatula. These e~,periments inv,'estigated the thr~e
key issues in nutrient acquisition that are lmentioned above. The
following questions \'lere addressed by each experiment:



Exper im~nt 1.
i) C.an acid rain aJl.ter the rate of Carl+ \?,ndMg2+ leaching from

the soil?
ii) Can acid rain Ibhange the. r(';.te bf soil acidi:f,~ca1;::i.on in

ter.<ns of hoth ,.'tlle proton '.content of the soil and its
.aluminium cont~lnt?

E~periment 2.
i> Can root, grmil:.li, in terms of the rate of root 9:!!:.tension (1li1o.

root masa, be affected, by soil, that has been exposed to
acid rain'.?
Can the. d(;!;(Jre~p0,£ mycorrhi:r,;al colonization of roo,!;,;sgrcltiing
into soil be italtered if the soil has been e~tpOSed to. acid

ii)

r~~u?
Experimep,t 3.

Ooes acig :t:'al~n nave the abi1i ty .t.o a.J:cel:the uptake cl1.ar,ac-
terist.ics 011' the root for Ca a~\p Mg?

These $~perilt\ent1s are described and cUscussed in cnapt~rs f 5
and -6. The most iIl'portgnt conc1usiop~ drawn from each e~~pe.t\~ment
and th~i.c Significance, are linlp$d. together a.nd d.i$~u$sed; in
chapter. i.
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The phenomenonJc.tl~:)lTnQ$ acid rain has ahJ'ays existed as a result
of volcanic and thunderstorm activity. ~owev~r industrialization
during the last century has led to an increase in both the amount
of acid· rain am:::urring and in the area affected by the acidic
preoipitation.

!W'i\.<1:lZ"® 'G:~1e..o~l&l.~q~J.it:t ~om® £~om. ~~o1 bet-]·.~b.®::lt ..,£.G:!.-~&'lit.~:re

thJP .\!l\1l"l?;lk~OIDilliffi@lTht.

Pollutants enter. the !'tmosphere from a large numbel' of SourCes.
These sources include coal burning pOfl'Te.r stations, ore-smeltinj
plants" lt~otor vehicles, domestic coal stoves used for household
cooking anq heating, burning dumps nf waste coaf., hurni.ng

lerground coal seams and grassland burning. Atmospheri.c
turbulences disperse the plumes of smoke', mi::d.ngthe plume·with
the. surrounding U'cleanQ'air which carries oxidants (Sm;i:l;nr 1!)B8}••
This mixing of the plume can res'lllt in the primary pollutant~
(e.9'. partic'nlatas, carbon monoxide (CO), hydrocarbons, carbon
dio;)dde (C02), sulphur dio'~ide (S(2) and nitrous oxides (N0lt))

being transformedr through at serie.s of ~mnlight-induced reac-
tions, into secondary pollu't:a,rtt-s. These secondary pollutants I'day
affect the vegetation in a completely different way f:t:¢m the
primary ··pollut.ants ..

Both primary and secondary pollutants can re-enter the terres-
trial environment by eJ.ther dry or l!let deposition. Dry deposition
includes the absorption and adsorption .of gases and the g3:aV'ita-
tional settling of fine aerosol and coarse dust particles. This
manner Of deposition occurs in all saasons throughout the year.

Alternatively poll4ttants return to the terrestrial emr:tronment
through wet deposi tion1 commonlyreferred to as acid ra:Ln. This
involves the transfer of dissolved and suspended materials from
the atmosphere to the land in raindrops, hail, dew, fog, snow-
flakes and other p:t~ecipitation events including the int~~rception
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of (~loudparticles at. high altitudes.; Deposition in this manner
ooours intermi'ctently during the "•year, being Clep$l1d~nt;on
prec-ipitation events (Evans, 1984a)~

».d.~ i~~11!111d.on, t~p:fl\61~:tioIDIs ,~ t]il® m;;(l.lSt~!lCllil 1JLtrl'@,ID,sVEl&11

lliigh1t"i1eld

The lllas)c.ern Transvaal Higllve.Ld fETE) produoes large amounts ef.
pollut.ion as a resUlt of ~tensj,'ve industrial projects as well
as a. .1i'J'ide.ran9~ of domesi;:-icacttivities~ The situation in the ETH
is such that thfa buIlt rJ;c the 'Iel':iissions originate from a very
small area~ Comparinga :jQ OOQ]tm2 portion. of the E'!'H (259451 to
270 S an~ 2SO :30v to 300:3 0 I E) with other areas Ol: dense S02-
elni.ssions I it has been fOllnd th~t, the en,tissiQl1densities of the
:BTl!Q,pproximate some of the wors'!;:pollution bonditi~",ms in the
irlorld ('l1yson at aI, 198B). The c'limatology of t~heETUdoes not
favour t.h$ dispersion of the pollutants·, (Tyson at al, 1988).

In 1984 tJ:l.e fol1o~ving emissions (t.ons per annurit) ~<tJ'ererecordaeP.
(Tysonet alp 198a) for this area:

particulate 374 692
S02 1 038 556
NO~ 355 246
CO
hydr'<:>carbons
CO2

339 514
276 503

123 6.05 162

2..1"3 ~om'eositiOl\1 oi~aoid E:ain
The actual compOSition of aoid rain is highly variable. Rain is
natural,ly acidic, beca:use t1a.ter reacts 't'1ith CO2 ilt the' air t.o
produce weal{carbonic acid t1ith a pH of about 5,,6:, i~e. a. prot.on
(1-rJ.) conoentration of about ,2.0' X 10-6 M (Clark and Thompson,
1989). cations such as ammonium (lIlJrt> are also prese~t in th¢
precipitation. Tbe positive charge carried by these cations il\\!
bal~u.'lcEld.by a variety of anions ..

Aoid rain contains incr~ased sulphate (S042-) and nit.rate (NO:{.)
concel1.trations. The molar ratio of sol'" to N03.... in aoidified
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a poll.uted t;:nvironmel'rt:, the negative oharge, r.esult.ing frol'u the
increased amoun~s of S042'" to NOs", is. balanced by an increase in
the' g+ c.oncentration, resulting in .the pH of the precipitation
decrea.sing: below. the norm.

The pH of the rain recorded in the ETH at the. Sabia Forest.ry
~,esearoh centx:e is approximately 4.2 (Tyson at al, 1988)., r,r'..tis
is relilarka101y loy" lZlompa:r-ed' to rain falling in areas re]iatively
free from Allan-made p¢11ution~, v.rher'· 'l;11e mean pH is PGt!'leen 5~o
and 5~3"

~ ,,1 Q 4 N'mtu:i'."al,auor ~nthro~QJ?lSlIl1i© SO'd,ll:1C'(;!®S 0;: sul~hillr.in the
$11tln,OSl_pllUJlYCS

Larg~ amounts of hydrogen sulphide (I12SlJ liberated from the
decay of organi,c matter and from 1'iol09ioa1 sol~respiratiO~g
r.sach the atmosphere natl,lral ...y ~Hydrogen :sulphiqe is hi9hly toxic
tc h.t:lJ:nans1. .but it is .:capidly oxidized to S02" A simplifioation
of this reaction ca.n be written:

H2S + 31202 -_ ...> SO;a + H20 2.1.

Sulphur dioxide oan also be released natUrally into the atmos-
phere by sea spraYt plankton and in (.'lertain areas, voloanio
act.Lon, Xt ha~ been approxim~ted that: half of the gaseo;U$ sulp11.ur
released into the atmosphere is from· natural SOl..t:J:oes(Rodhe,
1989) ..

The prinoipal source of oxidized sulphur entering the atmospher$
from human aotivities is from the burning of 000.1. Coal that is
used tor ~me:r.gypurposes oontains :more tha~"t2%sulphur; of Which
about half is present. as pyrite (FeS2> and the res.t is of all
organio na'i::ure. The burning 4 f such materials readily produces
S02 by reactions such 'as reaction 2.1 or by;

4:FeS2 + 1102 -- ...> 8502 + 2Fe203 2 ~.2
(Kennedy I 1.986). Sulphur dioxide can also e.nter the atmosphe.re
from the smelting of sulphide raet:alsand from other industrial
processes (Evans, 19841,>.
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When 'the S02 rS8\Ghes the at:mosphere it reaots 'eJi th mo:~sture in
the ab:. It is oxidized to sulphur trio:ltide and hence to
sulphuric ac:id (~S0<l:):

S02 + ~/2°2 H20 ....-->. tr;2S'04 2 ,,3

It Ls thought t.hat. a photochsl1tl.cal. excitation is involved ;Lnthis
:reaction (:Kennedy"1986)..

In dry air the conversion of SO:,:!to HaS04 t1'o1.l1dr~g:ulre 101'1g

periods of time", This can 1:."esultin the SO... lt1c>ving considerable
dist.anoes from the source. This is often. the case when po\iJ'~r
stations endt 8°2. Some SO;).can also fall. to· t.he ground tmecn=
verted (Pearce I 1987). However.\¥henthe S02 becol1\\....~.incorporated
into clouds or any othEr humid.environment the reaction rate
speeds up to approximately D. i% conve.rs.ion per hour (KenmadYI

lSS6). Inaddit.:i.onf it has been suggesteathat tiny particles of
metals, such as J.ron and nlang:anese in th.e air, arJsing .from
i.'ld:ustrial polJ.ut:ion, may act as : ca:ta:tysts for the r~aotion
(Pearce., .1f)S1). Thus, the rate of acidification increases under
humid; 'polluted conditions e Gases ( such as ozo.n~and hy!d.rogen
pt:troxide, also appear to be critical :i.n t.lle acidifioation
process.

2 $19 S ~~tu!C'a;t.~md . .stnthr~.ogenie .a.otlrc~s of ..!eli i&ggell'l ilili •.th_~
'<;);tm(lsphe~a

Nitrogen oxides (NOx)can a.lso be responsible <;foran il1crea:re in
the acidity of rain. Thunderstcrm activity can pr.odu.ce MDx

naturally. Nitrogen }Oecomasoxidized in the lightning d.ischarge
arc:

Th.is reaction can occur because the charge separatic:.m and voltage
differences generated from the friotional prooesses of air
masaesI elevate the temperatures suffioiently to produce enough
activation energy for th~ cxidation rsaot:ion (l~ennedy, 1986).
Although natural sources of N(\,s are much greater than the
anthropogenic sources, the lat'*:er generally result in snnall
regions having very high concentracions of NOxS, while natural
sourcee are more t"idely diL~'persed.



Nitrico'Xide (NO) is <]iV'en.off in the burni:n~ of fCtssilfuels.in
power stations and by motor veh.:tcles~ Xu unpolluted air, NO has
a ·b.alf life. of at fet'l.da.ys., hoV\r>:;verthe particulates in pollu;ted
air act. as reaction oentres, rapidly eonverting NOto nitrogen
dimdde (l:Wr.):

2NO + 02 ---> 2NQ2 2~5
Ozone cal'!act as a catalyst for such a reaction:

NO + 03 N02 + 02 2 ..6

The N02 is itself oxid:' "ed and converted to nitric acid (HN03>
(Peat'ce~ 1987)~

In addition to the acid~ r (H2S04 and m-I03) I that are bein.g
libe,rab~d. into .the at.1uospheref large amourrt.s of leadl zinc,
copper f van,adium and cadmium are released as a result of
inClustria,lprocesses (Vogelmann., 1982~o 'l'h.e~eheavy metals, are
t~~dc'co plants and change the· permeabilit.y of the cell mem-
branes, whioh can onanqe the rate and t:!eleoti'l.1.'ity of me.taoolite
exchange in plant cells. t(lhis would ;curther aggravate any harmful
affects that the aoids may have on the j;.lants~

a e 2 DIR,]lICT ru.l'D :nlji:ni1i1CT k1Fll:l?Cl'~ Om)ACID R:!4Im om VEGETeW!ON

It has been speculated t.hat acid deposition :might be one ·,or the
causes for t.he o};)servea decrease in the grot'lth rate of trees in
Northern Eurotte ('ramm,. 1989) 0 The reason for this 1St th(=\t the
reduct.ion in gro"Wthtends to correspond with large increases in
atmosPheric PO:J.lutj,on and a drop in the pH of the precipitat;ion.
Experiments a.i,med at determini 19' the effscts of acid rain on
veget.ation, have otten sbosm conflicting result.s. This may ba the
outcome of varying direct and indirect afrects that th~ acid rain
may have on..the veg\~tation"

Acid :cain, wi:th .1:1:$ inoreased nitrogen and sulphur concentra-
tions, could act as a fEu"i:ilizer on soils (Evans at al/l ;L9Blb;
Abrahamsen, 1984; 'l?amm, .1989), since nitrogen ana sulphur aX'e
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both essential elements in· pl,ant nutr.ition> This :eerti.lizat.i~n
effect maybe particularly important in natural soilsl Which do
not receive th~ same degree of fert.ili.zation as agricultural
soils.

1:!1itrogenis aoso7£;'hed by the roots either as NO:t" or as NH/.
Nitrate is not: 'toxic t:o t.he p).ant and can accumulate t.o rela-
tively high concentrations in the vaeuol.es of cells .••The xylem
transpox:ts most of. the. N03- fr.omthe .root.s t.c the leave$ 'Vlhereit
is 1:eC\ucedto nitritE' by.the enzymenitrate reduct:as(d, a.nd·then
to NH,tbY.nittite reductase.

High NU4+ concent.eatif.ona are toxic to most plants and tl'lllS it. is
rapidly translocated or assimilated. In general, acidic soils are
inhibitory to nitrifying bacteria and thel:efore NH4+ I rathet than
NOa", is the predominant :form of inorganic l'litrogen in .the soil
solution. (Vance and Griffith, "1990) and plants that are adapted
to these acidic soils will tend to take up NH/ in preference to
1\103-• The NH/ is .incorporated ,lnto amino acids, and then into
proteins., nUcleic acids;. lipids, as well as porphyrins (e.g.
chlorophyll, cytochromes and phytochromes) •

Sulphur is taken .up principally as sol- by the roots; although
S02 may be absorbed and as~dmilated by the "lea\Tes. Sulphur
containing amino acids are cysteine, cystine, and methionine
(Noggle and Fritz, 1983).

Nitrogen deficiencies are commonand fairly widespread.in natural
soils (Abrahamsen, 1984) hence the fertilization effect of acid
r'lin may be benefic.ial to the vegetation. Sulphur defiCiencies
are qulte commonin agricultural areas, hO~~~\Tert~eyare rare in
forests except in tropical and unglaciat(7~d areas in temperate
zones (Abrahamsen, 1984). Since sulphur is not required in very
l.arge amounts for normal plant. metabolism, it is thought that the
atmospheric depOSition of sulphur. gen€!rally far exceeds the
biological sulphur requirement (:Reuss et: ca, 198'7). ~he nutri-
tional !']!.msequencesof excessive S042- inputs are unclear, howevez
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it is thought that excessi ve sulphur is unlikely to cause
nutritional harm to the eccsyscem; The uptake of. SO?- may even
aid in solving charge balance problems in Nlit utili.zing forest
ecosystems where the uptake of catiollic. nutrients is greater than
the uptake Of anionic nutrients (Evans et 81, 1981b).

The fertilization effect of acid rain may be related to the
fertility of the site. Tamm(1989) fou~d .that tree 9r\'.lttV'thwas
affected in a positive manner on unfertilized. plots, while the
reverse was true for trees on fertiliz.ed plots ~Hence, tne effect
of acid rain may be complexly related to stand fertj.lity. ':t.his
:.~1.t:eraction could be the cause of inconsistent results obtai).l.ed
from simulation eJtperiments investigating the effect of .acid rain
OIl Vl>Sget at ion. Morrison (1984) points out that the input of
nitrog'en from man-made.sources, spread over a fu.ll year, may be
insuffil,;'!ient .t.o elicit any measurable res; IQ1.I.SP in terms O:E forest
growth. HO'lJ'everthe long term effects ma,},_",'~.general (;nrichntent
of t.he fc:test system as a whole.

It has also peen. suggested that the recent l.ncrea.se in available
nitrogen in the air and precipitati.on has resulted in the temper-
ar.e forest.s of northern Europe becoming nover-saturated" with
nitrogen (Nihlgard, 1985). Whis could lead to LmbaLancea in the
carbon to nitrogen ratios in the plant. Excess nitrogen can lead
to hormonal imbalances and extremely fast growth with .large cells
having high volumes which would be more vulnerable to wir~dl
drought and par~$ite attaCk. Feports indicate that fungal
diseases, insect attack and algal gt:rowthon the leaf surfaces may
be stimUlated by oxceas ni'l.:rogen. In pine trees, an excess of
nitrogen in tl~e neeCiles results in a decrease in their frost
hardiness. rn addit:ionj excess nitrogen can interfere with winter
hardening of buds .9.ndf.o:dage (l?itelka and Raynal( 1989) .•

2.2.2
The main symptoms of dama~·eattributed to acid .rain in conifers
are a gradual discolouration and subsequent loss of needles
occurring from the base to the top and from inner to outer
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branches, pr$mature growth reduction, bx;anch diebaok in the .1.o\,lt~r
crown and fo:r.mation of epicormic saccus as "(tlall as an elJ:tension
of normal wet heartwood into the saplrwod at the base of the tree.
There may be damag~· to .the fine root system as well (Blank,
1985) • An?l,lyses also show that;. :there is often a calcium (Ca) and
magnesium (I!Jlg) deficiency in the fo:Uage Utinplawi at al" 1980"
GodbOld €It alp 1988). The sYP"ptoms tend to vary with different.
plant speCies"

These symptoms attributed to acid ra:i.n could t.:'esult in a
~lecreased yield and/or quality Of the plants, :a lowering of the
value Of marketable plants due to v.;Lsible damage an.d a decrease
in their aestnetd..c value, as· t1J'ell as a decrease in.the longterm
growth of trees.

Local reports· have indicated a decline in pro1uct:~vity of P.
patula at u.sutu, Swaziland (Tyson at .ai, 1988). In a.ckU:t.ion, .for·
the past tl,yenty .years,. chlorqtic ¥l.ecking .:anedmottlirlg of the
needles of pi.ne trees has beer. noted throughout South Africa
(Tyson at .alp 19Sa). These factors could be associated t~ith acid
rain damage.

It has been proposed that apid :tain nas the poten'l;,ial to increase
the rate of cuticle erosion (Svan$, 1984a.;, ~"Iorri$orir 1984) • \'l'he
cuticle performs a protective function preventing exce$~.ive
transpiration, para$iti~ ::'nfeotions and the leaching of essent:;,al
organiC and inorg-anic nutrients from the sllrface "f the plant.

It has been found that for some plants, e ~g. tp~ kidney bean and
willow oak, sir;ulated acid rain with a pH of··.3 ..2 causes jche
submicroscopic structure of the superficial Waltes, cutin ana
cuticular waxes to change and .wi'Chtime to ezode (Evans.l, 19840.).
Damage to the c'Uticle may increase to .such an e1ctent t:hat
necrotic spotting, "pits II or lesions result. These effects· are
reviewed. by Morrison (l984). The damage to the cuticle was
however not a consistent response to acid rain treat.ments. In
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experitnent.s 'Ill11ere the outic'tllar wa~~s we,re not. affected I th~
underlying surface cells tendQo. to .be dalnagbd .(Evans, 1984a).

2,,:11 .e ~~l~~,§1t ~rnmGl~
Cell:& throughout the entb."e plant can beoome damaged t'lhe:rA the
acid! ty of "cbe prGlcipi.tation increases ~ Thikii has been illtlstrat,ed
by eltpel:im~ll'ts performed by Fer~lOhallgh (1916) in which pl~AltSt
e~posed to si:mulat.ed acid rain, con'i::.ainea small~r s:i.zer.i:cells
compared to their counterparts ri!!ceivinq rain to)f .~. nornlOil pH. In
addition the starch granules t1it:hin 'i!:heGhlo.r(;1.tJ~;:Is":s~.of acid-
treate.d plants had st.arch grains of significantly sl\1aller size
than the oontrols. It has also :been reported that low ooncentr~t ...
tiol1s of aqueous 502 can cause structural injury to CIUorop],asrts
of Pinus aontzoxt:« (lttalhorta, lS? 6) ..

Visible le~f injury ascribed to acid rain ran9'es frOl'fi chlorosis
and. fAsCt"cftiospotting of le.Cl:ves (critt.en(~en and Read, 1918) to
galls and lesions (Evans et: ;Jolt 1977; Morrison, 1~a4) ... It. 1:'1as
llypothesir.::ecl that these injtu:"ies may result from acidic sub-..
stanoes diffusing into the foliar tissue tl1rol:tgb. tbe stoma:t~. and
POiSOl'ling "Colle oe13.s (Tan\1l\ and COiding I 19'77). ~he damage occurs
beoaU5e plants have limited means :bt the cytoplasm to neu'hrali~e
the st.cong acids t..rhich t~ouJ.d result from a",idic suwtal'lCGS
entet':Lng t.he foliar tissue (K~lnrl,edYt 198(5). HOvlever the degree
of i.njury is generally 1').0'1;:oorrelated t-,it:.h tl1e ags Qf the tissue
(whioh :is prQPort:i.onal to the dellsity of stomata and trichomes
on t.he tissue) which tenas to indicilt~a thflt th _,injury .j~ not due
to acidi.Q substances diffusing into tho fol:la.r tissue thrcmgh the
stomata (Evans E>t: al, 19'77).

Another \'la,,' in \1hich ''ella acidi t:r of the pr$cipi tation may affect
the ent.:i,ra plant is thl:ough water uptalte artd usa9G by ~theplant~
vjater moves frma the soil illtO the plant and t.hen throughotrt th~
plal1.tu ~o that every gro'Vling cell is Sl.l:I:rOtU'lded by. and iroprey ...
nated with 'i;vater. An increase in the aoidi ty of the pre.~ipl tation
TN'ill cause a decraasc;!l in. the pI";of the 1"latex' that is '!uoving intO'
the ,m.1;.Exp!1;rilnen'ts have shewn that. barley seedlings cotmter""
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act. 'che addit~ional acidit.y· of simula·t$d acid rain by acrti'lnaly
pU!i1ping<:I~.traa+ into their "!acuol~s, "lhien re.sult.s in a deorease
in the pH of the lattex' (Wolfenden and Wel1burn, :i.~a6) ~ This
results in the cells having a relatively large buffering
capo.oity. Hotr1e\'er q a:i: some stage )chese excess H+ ions. ft' ad t:,o be
remcr~.t(edfrom the oells. The 193':'.ience of stl~on9 aci.ds in the
microenvironment of the cell may :make the relel:i$e of the H+
difficult (Nihlga:cd, 1965).

The build up of H+ in the cells may interfere with eellula:t'
processes, in that ;J.ocali2od ohCl.ngel:3in the electron or ;a+ graJ.i-
ants clos(~ to th~ pla(;unalemma cun result in changes in .n1( ~brane
function, even .if the m~mbrane permeability andlor integrity
remained unchanged. Su(~L(;hanges in the H+ could lead to di.st'up-
t:t.ons in tlla prod'l'l.c'tdt.m of A'r:? which is depende.nt on 11+gradie.nt.s
across membranes (Evans, 1984b). lJ:'he change in th~ pH of the
cells oould also affect enzYJ'tlsreactions.

2 Q fa" s Rllf~ of. ~il.G1i(~ r~~:i.n,OrA Iq,llJ!.,nt J!l~t~~o.:1isrn.
It nas been found that in PnaseolUG VI) l.ga.:;: ..is f the diffusive
:oesistance of the adaxial leaf surface e.~posed to rain of. pti 2. i ..
'\'las xt\uch lowel: compared t-J'ith f'oliage e~t.J?osed to rain of pH 5 ~'7 I
h.m1Tever the abaxial. leaf resistance rel~'. lned. unchaflged (EVfll'lS et
al; 1981a). 'rhus rain with a high a,<:>id.ity may interfe.:t"G tl]ith
~!).ormal funct.ic,ning of guard cells ~ leltl.aJ.ng to a loss of cOl'rtl"ol
of stomata al1id t.hus changed rat~es, of tl'anspit'1:4tion and gas
exchan9~ (Tamm and C01;V'ling, 1977).

Acid. :rain has been fOlll'lr,i to affect botb phot~~synt.het.io and
respiratory procasses~ Hlndawi at all (1980) reported that acid
mist resulted in a loss of cbloroplast'. integrity ano a red\.l.cticn
in the total chlorophyll content. 'l'b,is wo,,,.d t:end to iridiccree,
that a reduotio1'). in the. photosynthetic rate is liJtely. HoweverI
Fet'enhaugh (1976) found an increase in the apparont
phot.osynthetic;: rate of plants treat.ed with acid rain, as tveJ.l as
an inorease in the apparEmt respirator~7 rate .. Hence, the net
phot.osynthetic rat.e remaim'" unchan'';re.d. :t11 spite oaft~ba increase
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in apparent photosynthetic :rate, calculated t'1ith respect to
oxygen e'lrolution, there was a deorease in the sugar and starch
content. Ij,'s' <~.s suggests ~~hat thtJ! process c.f phosphorylation is
uncoupled as a l~esult.of the increased acidit:l of the precipita ....
tion. Heneer the acid rain may affect the 1J'"ClJetat;.ion by disturb-
ing the normal metabolism of the plant.

E'ulZther evidence for the disruption ~)f no.rmal plant metabolisItt
by acid rain can be deduced fr.! nn the ob'?!~rv~tion that aci,d-
treated Pl1t1.1seo.lus vu19·ari.s can t~end to be shortnr and bushier
than tlleir counterparts wh.ich have not been e:ltpo~ledto rain of
a lo~1)'pH. 'rhe appearance Qf the acicl-' ..J:eated P. vUJ.qar.is .wa;$a
result of t3nortened. internodes and increased bud formationt which
indioates possible interac.tion bett,yeen the acid and auxins
<F~:renbaughf'1976).

Acid ra:tn may also be able to .alter the root; shoot rati.o of
plants (Troiano at alr 1982; Deans at: all 1990) as a result of
a change in the carbon partitioning and. would have important
consequences for uwr:orrhi:aal associfj,tions.

:J; .2. lS !i0ma:;lhill'l! of Cltlt~,OlnS•••g~~~~
An increase in aoidity of the pr~cipitatiQn rnay aocele,rat.e. the
rate of :""eaching of subst,ances out 01: the le{.l.ves, as a result 0·£
the erOSlon of the cuticle and damage to tbe underlying cells.
It has been fo,md that the rates of leachi~9 of CallY ~ MgN< g N03'·
and $04

2" tend to be great ex' at lOt'IT pHs (3.0 a.nd :J. 3) as opposed
to the "normal Ui pH of! r.;ti.rl of 5.6. However I the r<:ttes of leaching
of othel: minerals, namely NH<t+and zinc: remai11ed constant: at all
pH lEavels (Evans, 1984b).

Mitt~trhuber at al, (1989). pJ;.'opose that, althtYlH1h acid. fog can
:i.ncre!ase the rate of cation J,eaching from the twigs and needles
of P:1.oea ableSt the plants sfrould be able· to replacer from tl':l(.'i\
SOil, the iuns that wel:'~leach$\cl during brea)t,s betwee.n the rain
pe .;oiods. This hypothesis will only hold if the nutrient,s are
freely available and the uptake process i.s not retarded"
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in appa.:rer1:l: pl1.Qtosynthetic rate, ca.lculate.a wi.th respee!t to
o~tygen e\rolutd.on, there was a decrease :tn the su·gar ami starch
content.. This suggests that the process of pl'los:phorylatio!l is
tn.lco~.lpledas a :r<:ll;mltof the increased acidity of tn.e precipita-
tion. Hence, the acid rain may affect the vegetation by di~~l~Ul"b-
ing the nox:ma.lme.tabolism of the plant.

E'u:rther evidence for the. dislt'Uption of no.t:mal plant metabolism
by aci~i. rain can be deduced f.rom the observation that acid-
treated 1?1'.las!301us V'ulgaJ;'is can tend to be shorter and bush.ier
than thei:r: counter-parts tv"hich hav~ not been exposed. to rain o~
a low pH. The appearance of the acid-treated l? vrJ.lga.:;:;is was a
r$$u1t. of shortened internodes and increased bud form.atiolUg whicll
indicates possible :interaction bettieen the acid and au,dns
(Ferenb; lugh, 1976).

Aci.d rain luay aJ.so be able to alter the r,oot: shoot l.'atd.o or
plants ('l'rOiarlO at .a1.~ 1982; Deans et: al, 1990) as a result of
a che,:nge·in the carbon partitioning and would have important
consequences for. mycorrhizal associations.

2 •2 , ~ ~~a1gl!_~.Jili~ .c@:td.o!,?-.!L .. :i:,£o~u ~P...lj&~
An increase in acidity of the preCipitation may accelerate the
rate of l.eaching of St~bstances out of the leav'es, as a result of
the e:r.osion of the cuticle and damage to the underlying cells.
It has be~l"lfound. that the rates of ~eaching of Ca2+, Mg2+(/ NO;t
and SOlja,. tend to be. greater at low pHs (3.0 and 3. $) as opposed
to the IIX'l,orznal." pH.of rain of 5.6. HOWElw;:aJ.', the rates If leaching
of other llline.rals, namely NH/ and zinc remained constant at .al1
pH levels (Evans, 1~84b).

Mitt:.erhuber et al, (1989) propose that, although acid fog can
increase the rate of cation leachi.ng from the twigs and needles
of Piaea (.<tJ:i.es,the plants should be able to replace, from the
soil, the ions that. were leached during breaks bet't;;ree:1the .t'ain
periods. This hypothesis t'lill only hold if the ""utrients axe
freely aVailable and the uptake process is not retarded.
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Incrl::;a:sedra.tes of leaching candecrease th~ rate of plant 9'l,."o'Vtth
in th~!.t eleva.ted :rates of leaching il>lou1.cfresult in lot>l)'er'l;;i
concentratiolls of certain important nutrients 'tdthin the leaff
t,yhich wO+11.dalter normal metabolism" In addir;icm, eJttra ene:cgy
WOuld .be e~cpended by the· plant in al')sorbing and aSSimilating
nutri~lxlt.$ in order to replace t.hose t.hat tv-ere leached from the
t:iS$U~i:. This e:~t.:r.a enel':gy e~~pended in replacin.g nutrients is
being. diverted fru!!l growth processesI' and h~nce the rate of plant
growt:ll would dSlZrease. Thls could be 0111$' explanation for the
obse.t'ved decrease in plant ~rro\"th as a result of acid. rain
treat:ments (Amt.hor, 1984).

ConvEllrsely, H:U.IE"
or the ri'Utr;'tio~l.

S8,n .:records no change in the rate cif grotqth
l~l.t..h of P:i.cea a.b:ies wAich lost increasing

nmeUl:lts o:f:Cd.~*and t.di!+lfruit'l the crowns as th($: plf of the artifi· ...
d.ally acidified :rain d~c:t:eased. This presumably indicates that
the element:.~ 1..<:'e·.t~ad.ily reabsorbed by,. he roots al'ld mycorrhizal
hyphae with lit:::l,::! or no n":lgative effect on tlle treees.

~ •2 •'1 ~iei[ ~,~d.ln..~,ln.C!.,eot~~..s~l:!.!.,~~§
If ::wo organisms ace int ; ~:.s.tely associatec:l" as in the case of
plal'lts colon· ~c1 l"~'r"ycorrhiza.l fungi t the negative etfect that
acid rain may have on one of the erg-ar.Lsms may have harmful
effects on both orlJtm:tsms.

2. :2 • '1 .1 ~atomYdo~t:h!s~l ~Sl'loc~,CAtiollla
Mycorrhizal fungi ar~ found. occtlrring naturally in sol.ls
thro1ghout the world. These fungi form symbiotic relationships
with the roots or plants. Nutrients are absorbed from the soil
by the fungus and are released to t:he host. !n ret:urn tl+e myczor-
r~izal fungi obtain their t.1rganic nutr.;i.t:i.onal requirements from
the host. There are three types of myco:t'ftli~tal associations,
these .being ectomycorrh:i.zal, endomyqor.r:hiza~, and. ectendomy-
corrhi~al associations. These associat.i.ons are defined on the
bas i.s of whether or not the fungal hyphae penetrate the :t'oot
cortical cells of the host. ThE~a.ssociation occurring on the
roots of pine 'trees is an ectomycorrhizal relationship be,c..ruse

17



the fungi do not penet.rate the root c~;lls ,of t:he host (Linderman,
1988). Ectomycorrnizas utilize simple carbohydr.'s'tes and obtain
these! as t'lel1 as t;Jli$1minel, other vitamins and organic grotV'th
factorsl from the hO$t~ The fungi ~nlich form ectomycorrhi~al
associations are Basidiomycetes and Ascomycetes (Linderraanp

, 1988) •

!n the ectomyc.or.rhizal ass('Jcj,ation a compact mantle of fungal
hyphae form around the root.. Hl'phae extend frofn this mantle into
the scd.L, These hyphae occur ed.ther individually or as fasciCled
strands and rhizomnrphs (Fogel, 1980). The mantle can be
inconspicuous or t1e11 developed and '\Tariou~11 coloured tEowenp

1984) • The colour of the mantle of some species ran change as the
fungus ages {Egli and K~Uinr 1989}.

Hyphae also extend into the intt.l~rcellular spaceS of the cortel'.
This PClX't·of the asst)ciation iis kn(:n',mas the Hartig net ~ The
exchange of material between fungus and host talces pla('H:~.in the
Harl:,ig fl(~t ~;here there is e~tensive contact bet17<;Han the two
9t.'ganisms.

2 .2. '1~2 C<>loui·s~ti.t')SllI\)f tho. hl\)~\t
The mycorrl:d..zal fun.gi, vlhen not associated with the hostv eJl:ist
in the Soil either as spores or as ve.getative p:copa9't.11es if\ root
:fragments. It is thO\lght that the prQpagules of .mycorrhiza,s
respond to the root e~mdates in such a.IMmne;c that their hyphae
grow and penetra.te Ule epidermal. t.issue. The fungus then
prog:t'esses both internally and extelrnally along the root surface
colonizing the host tissue (tinderm,~n, 1988) ~ The lifespa.n ..of the
mycor:rh,izas varies quite considerably ranging from a couple of
vleeks to a maximum of tt1l'O years (E91i and K.lilin, 1989)~. The
degree of mycorrhizal colonization is thought to be s.trongJ.y
.L.nfluenced by ....:nvironmental factr.)J.~s such as climate (5pec1f,4 cally
temperature ar~d light), $.oi1 nutrient sta.t~Sf drought. and
wa<+:.erlog'~ing (Erland et: ~J., 1990; ll1cCool, 1988). In addition,
human activities such as fertilization, liming and ploughing
a.fter clear cutting can a2.so affect the symbiotic association
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{Erland at al, 1990}.

Colonization leads to changes in mOl;pb.ology and physiology o·f
:\:-'Clththe host and the fungus <:Wino.erma,n, 1988). The 'root
morphology of the host can change quite cons±deraJ')ly tihe.!)
colonized b:l the mycorrhizas. Roots colonized by ectoiflycorrhizas,
besides· beilD.g surrounded by a thick fungal mantle, tend to l?o$e
their root hairs, branch e:g:tensively and increas~ their qial1letnrs
compared 1:0 non-mycorrhizal rootS. J:t is thought that some Of the
morph.ologiciltl changes ..in the root are caused by auxins Produced
by the fungu.s (Gerciermann, 19"'4).

lS{!):t}.Clf';it$ i/;le:faf~~~®©!. alta th<:'!il hQ~t loiy the1\)·::ny~ot!ll!'higlil
tt:Ci;):L~ti((li1'Mi.lhip

the presence, of ...ectomycorrhizas enhances the. host's. uptake ...of
immobile ele!1lent),s .(eg ~ phosphorl.\SI zinc, and coppe·r) as ,~eJ.l as
the uptake of sOline.mobil,e elements such as sulphur" Ca, po-cassi1;I.!Il

'4)

(K)I iron, l<1gjl manganese, chlorine 1 bx:omine a~1q, nitrogert
(Linderman, 198IB). The significance of this role :i,nc.r.ease;;.:; when
considering tlat1!lral soils, such as forest, soi..ls, wh~.ch-.are not
fertili :~ecl.; :Ln .t.hese soils the mycorrhiza.s ensuxe tl'lat thei;)!:'
hosts recei va 8.1:\\ adequat.e :tlutrient supply. ThexE!a~e' a· number of
'{.ITays t.h,lttJ:lese··increas.ed uptake .rates can he achiev<ed.

T~le change in r~~ot morphology r ancwn by inot$ased bra.l:1ohing and
thicker zoct.s , caused by colonization can :ce.sult in a larger
absorptive surface area across which minet'a:).s. can be abso~bed
(Linde:t'manr 1908). In addition, due to the ~xtensive:'networl'>. of
fungal. hyphae extending into the surrounding soil. (Fo~el, 1983),
a greater volume· of soil can be explored and nutrients absc.cbed
over larger distances compared to non""'mycorrhizal l~PotS.
COlonization is thought. to prolong the. life span of sb.ort. roots
in that the sheath absorbs nut:eients fOr longer time period!!.';,'t;l1.an
the root alone (Nye and Tinker! 1977).

It is thought that mycorrhizas absorb nU1:rien'ts more rapidly per
un.l t area than do l1oI)-myco:r.rhizal roots, L ~\. the mycorrhi:.::a,l
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roots have a gl.eate:r: sin1t stY.'ength. HOt-iT~verthis has only been
proven w'ith sl'lort ....f-erm e:ltperimellts in .solution and thus may 119t
apply to lOl1g-te,rm g:t'owth under field· conditions (N,Y$and Tinkerq
IS??) . HO~J$ver, the fact that mycorrhizal :f.1.mgi benefit the host
even when the soiJ volume ;j IS limited and hyphal growth is
restricted illiplies that t.he abSOrption and/or transport.' of
lw,t.::ients by the. f.u:\gi is more effective than by zootia (l?a:r:lteet.
alp 1983).

It is poss,ible that rnycorrhizas may increase the rate of nutrient
absorptio:n by absorbing nutrients in forms that ~10uld .othertV';i.se
be unavailable to the root. :tt has been found tb.at mycorrhizas
can utiJ,ize inorganio, in.soluble forms of phosphate which ate
othert'1ise unavailable to roots (Nya and 'l'inke:t:l 1977;·. Lapeyrieu
199J.)·. The .mannex in whitOh the fungus might e~t:t'act these
compounds is by bringing them into solution by exuding a
chelating subsnance or by changing t:.he pH of the soil Ln contact
with t..he hyphae. Organi.c phosphorous compounds could be utilized
directly i . or hydrolyzE?d by phosphatase enzymes on the .hypl'.tal
~urface (Nye and Tinkel:, 1977). Other nutrients could be absorbed
in a sim:i..1art'1ay.

Besides benefitting from increased nutrient uptake, the host can
profit from the mycorrhizal ....host symbiotic relationship iX} a
number of other ways. Ten month old pine seedlings·colonized by
mycorrhizas ha:~re been found .co photosynthesize 'twice as rapidly
as non-mycorrhizal seedlings and this was p~esumed to be as a
result of the increased flow Of nutrients to photosynthetically
active leaves in m~tcorrhizal plants rvogt et: al, 1991).

Mycorrhizas have been found to increase water uptake and/or
change the plant's physiology to reduce stress. caused by .$oi1
drought (l?ar1l~e at all' 1983). lrhese authors propose a number of
possi}:)lereasons why the host is less affected by water stress.
F.irstly the presence of mycorrhizas change the root morphology
of the host such that the absorptive surface of the hos.t is
incl~eased. :tn addition, the presence of the fungus may decrease
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the cesistance of t\l'atsr flow fr.om the. soil to. the roots.· Finally
tliere is a potential for the fungal hyphae to pettet-rate sma.ller
soil pores than the root. llairs and thus obtain more w'ater than
the roots •

. Mycorrhizas are thought to ·be able to increase the plant tI s
tolerance of other soil stresses, such as. high salt levels"
to;tticities associated tv'ith heavy ~aetals or dua to minor elem~:nt
i:mbalancesp such as manganese toxicity (Linderman.. 1988).
However, other stud.ies have indicated that the fungal sheath
cannot prevellt aluminium from entering the host tissue (Jentschke
e'i: ali 1991a) .. ConsequcntfY it is thought that the ab.ility of the
myco:.rrhiza .to protect th.e host from heavy metal toxiciti.es' is
dependent em t.he concentration of that metal in .th.a soil.

There is evidence to s'qggest that ectomycorrhizas can protect
root tissue from attacks by pathogens. Marx (1970) reports that
the fungal sheath and HaJ:'tig .net apparently forI1\ a mechanical

, \

barrier prevent.ing the ro6~ tissue·o:f pine roots from becoming
infected by the highly infe.cti ve vegetative myc~J,ium and
germtubes of the zoospores 'of Phytophthora. pi.rmamomi Rands, ,a
common ropt pathogen.

2 ..2. '1 .4;\ X1!fft;li,ct.s (lilt Q.~id ~¢lill! om !l1ilyeoz~hi~~$
It has been shown that myco;r:rhiz.ps can protect. thE~pl~nt from air
:pollutants, such as ozone and SO})t'lhich usually inhibit root and
shoot growth (Carney et al, 1978; Mahoney at al., 1985) •. The
response of ectomycorrhizal speci~\s to the pH of the precipita-
tion is highly variable and appeazs to be spc~ciesspecif:tc: the
colonization of roots by some species is stimulated by acid l;'ain,
other mycorrhizal species are not aff~ctl?d by the acidity of the
rain, t'l'11.i1eseme species are sensi'l;.ive to. acidity and are
inhibited when tILe ph of t.he rain decreases (Dighton and
Slceffington, 1987; Simmons and l<elly, 19$9). Reich et: 611, (l98S)
found that th3 negative effGcts of acid :rain were only. evident
if the pH of the l~ainwas lOwer than the st)il pH. MEder at alp
(1989) has proposed that the -effects of acid rain en mycorrhizal
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f.ormat,ion :ma4''',be c::omple::t function of the soil type. ~nd ac.~qii::YII

t11t~,acddity aud co!Upos;ttion of th.e rain and the environmental
t;ol~ranGes .at. the .$.pe¢ies.,

There are many ways .:tn which the aC:id :cain may Q;ffect: this
symbiotic relationship,. Firstly F the tnJl.coxt'hizas can be dist.urp$d
if the carbohydrate supply th.at they receive from the host. is
adversely al·l:el."ed (iylOCoolq 19B8). Xt has been reported ·that ai.r
pol1uta~nts can reduce the allocation.' of phot.osynthates to. the
roots (,Oa!:'ney et: al, 1978) t\rhich t'7ould have negative influence
on x'oot metabolism ~ Acid rain may affect. the amount of photo-
synthate .allocated' t.O the root by influencing photosynthes.is
through the uncoupling of phosphorylat.ion or through· the
malfunctiQning of the stomata., thus modifying the allooation of
photosyntl:l;fl.t.es t() tb.e .fungus.

Mycorrhizas\ can also. he direotly a:l:rected by the low pi{' of ·the
precip±tati~m or by an inoJ::'ease in the ac±di.fication of the soil.
It has. been I~hot'm that increased i?cidity above the norm and. the
qon$equer~t iiicreasetl solubillty of. certain metals can inhibit the
gel;'mination of fungal spores and deqrease the rate of l)iycorrh.izal
growth (t>i-ghton and. Skeffingtontl 1987).

Ii' the nit:r.'ogen in the preoipitat.ion act ..:s as' a fertilizer to
increase soil fertility" a reduct:Lon in the rate of mycor:thlzal
c<>lonization may occur (Reich et: alf 1985).

I:E the efficiency with which the my(;orrbizas extract nutrients
f:c.omthe soil and release them t(~ thEl host is altere.d then· the
host may sl1ffl$r from nutrient defic1 encde.s , Such a .reduction in
the efficieru::y of nutril$nt ezttracl;ion may be caused by a decrease
in extramatrica.l hyphal developm~~nt. The ho.st could even s,lffer
from a decreased ability to fe:nd.....off soil pat.hogens if the
~ycorr.hizas are damaged (carney st al, 19713).
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Other microorganisms in the soil associated with processes such
a14·organic matter decomposition or nitrogen t~ansfo~mo.tion may
be affected }:;iy acid rain. The vegetation would consequently be
affected by c~langes in the rate and. effioiency of nutrient
cj{cling in· nhe eccsystrem, Morrison (1984) review's experiments
which have investigated the relationship between acid rain and
the soil organisms j'mvolved in litter decomposition and nitroget!
cycling # The resultJs indicate that ard.dified soil tended to show
decreases in the fungal length and bacteria biomassl and had
smal.ler rates of CO2evolut.ion compCl·:ed to soil and litc.ter that
was· not acidified~

EVans et: e..l, (1981b) point out that acid. rain Itl~y require a
number of years to cha.nge the soil pH, but that the mJ,.crobial
popula'tions p_re able to adapt quite rapidly to the changing
physical and .chemical environment in which they occur ..Hence, .the
soil microbes may not ba negatively affect~d h~ decrease in
the pH of tIle soil that might result from expost, -0 acid rain.
Some fungi.. e.g~ Aspergillus niger, are involved in the
solubilizing of minerals (Trudgill, 1977), if acid rain affects
either the fungi or the process of· solubilization, then the
concentration of ions in the soil t'l1'illbe altered~

During the past fet'll years the number of trees in Europe that are
affected by fungal pathogens has increased Dlarkedly (Blank,
1985). It has been suggested that pathogens may playa secondary
role in oausing a deoline in the forests as a consequence of the
trees' lowered resistance or Lncxeaaad susoeptibility to the
pat.hogen. On the other hand, increases in the aoidity of the
precipitation andthe.pollution levels could change either the
pathogen's virulence or the trees' susceptibility to the
pathogenic infect.ion. The effects of acidic precip:l.tation on the
o~:ganismmay aLso vary itdth the nature of t.he pathogen involved
('ltJhether a fungu.s, bacterium, mycoplasma, virus, nematode,
parasitiC angiosperm or multiple pathogen complex) and with the

23



species; age and physiological status of the .host (Tamm.and
Cowling, 1977).

2 c.2 ••~ nID &.lffet;t: __o:2 ,2©id m&im Oll'lt m:mt.u:f.'(ll)~_gom®£.t .~tg?~z~yaas.
'1'he above discllssion has focused primarily on the effect of acid
rain .on individual plants. Cowling (1989) e~tend$ this discussion
to. speculate what effe.t:'ts acid rain may have on natural £'OJ;'e8t

ecosystems. These effects include changes in competition and
mortality, in patterns of succession, in specie£:; composition and
in .patterns of riutrJ.ent cycling. In 'ddition the habita'l: quality
for wildlife will he affect.edy as well :as watershed. function~ J'

These changes in the ecosyste:n m,z' in turn affect species fitness
anagenetic diversity, which can have negative consequences for
the survival of the species as a whole, as irlell as the continued
normal. funct.ioning of the eGOSyst~!Th.ln addition. the c.ompet.ition
within the plant community or the hel:bivore pop't.'lation ¢.ommurdtY
might by altered as a consequ:ence of acid rain) resulting in a
simplification of the ecosystem (Evans et: aJ., 1:981b) and. even
destabilization of the ecosystem.

2" 3 $011, .AeXDlli!lCz.~~10~

Experiments deSigned to det.ermine 'whether acid rain has a
negati ve effect on the vegetation have often provided conflictitrff
results. In addition, the aC!idity of the simulate'a rain often had
to be far greater than that of ambient. rain to induce an effect
(Amthor, 1!Pa4; Blank, 1985). Consequently, research1'.'!rs have
looked for ar,\ot1;.cJ::). ~which affects plant growth that coull
be influenc'Jd by aci.v. (<;i:"..tl, such a factOr is the soil. It is
currently thought tbat: acid rain might be compOUnding and
accelerating the rate of nat.uraj, soil acidification by destroying
the soils natural buffering capacity (Blank, 1985). It hasheen
obse.rved that f'o:r:est soils appear to be more sem;itive to
acidif:Lcation than unforested lands (Fallcengren-Grerup, 19~~).

It is possible that acid rain rolf'ht cause a build up in the Ht
concentration in the soil to such an extent that the upsake of
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nt.ltrients which depend on H+extrusion from the root wil,l be
negatively affected (KenntJdy, 1986). Not only does soil ac:.Lct±fi-
cat.Lon result Lr, an increase :i.nthe .w content of the soil, b\:lt
it is also associated with a loss of base cations, a reduction
in the cation e~change capacity of the soil, the mobilization of
aluminium (A13+) and mineral degradation (Falkengren-Grerup,
1986). These aspects t'1ill be discussed in more detail in 4;he
following sections.

2.3.1 ~~ffi~ti®s o~ ~h® ~o~
The catiob exchange capacity (CEe) is defined as the amount of
cations adsorbed on soil-particle surfaces per unit mass of soil
under chemically neutral conditions. This property of the soil
is nearly constant and is independent of the species oreation.
Cla~:minerals differ in. specific surface area and in the number
of excnange sites p?!' unit area of particle surface thus the
total CEC 'lTc;,rieswith different soil types (Hillel, 1982). The
proportion. of cations adsorbed to soil particles is dependent. on
the ionic charge of t.hE?adsorbed cation, their ionic size. and t~1e
p:Cuperties of. the exchange!:. In addition, the attraction of a
cation to a negatively charged. soil particle increases with
increasing valency of 1:he (::ation (Nya and Tinker, 1977).

Anions are ger!E~rallyrepelled by the negatiVely charged clay and
humic particles and $0· r(~main in the soil solution. itencG they
are gradually leached fr(jm the soil cy percolating water (Noggle
and Fritz, 1983). Someanions may ~owever, become adsorbed on
the soil solids by spec!J.f'ic and non-specific bonding which can
be both reversible or J.r.reversible (Nye and 'rinker, 1977). These
anions can then adsorb ,H+, or other cat i.ons, from the soil
solution (Patil et al, 1989).

Sulphate is geochemi.cally less mobile than NO;t, this is thought
to be as a result of sol- becoming adsorbed onto. hydrolls iron and
aluminium sesquioxides. The adsorption of so,> to soil part.icles
is an important acid-consuming process, in that hydro,~ide ,groups
dissociate from the soils to be replacerd by the 5042- • The
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hydroxide ions then ,colubine
to prodUc~ 't'later and t.hus
(Skeffington, 1987)

w'itfi e.xcess l:f+ in 'th~ soil
decrease the acidity o~

$J (?l~tion
c, l~ "s~oil

I" .'j •• "\1.",

\
t1Jhen $Ol/~- is aasorbec;l to the soil particles it. ors !tea an
e},ohan9~ site capable of retaining incoming H+and (.,tl1~·"c ~tions~
Thus sol'" absorbing soils can be acidified bY.H~S04.'w} ~o~t au
equivalent amount Of ca{cion leaching (E'w~ns,at 61.1, 198110)t Older,
more hi9hl~l 't1e6rt.hereC! soil'S t.end to be richer ,in Q,dor-Pqpns

J' " {)

sesguio:iddes than relatively YOUllg forest soD s {Reus~( f7t all'
1987). Some soils of the ETHare very old and highly '1;1~athered

I

anli hence have the potential to retain S042·-.

;rhe number of sol- adsorption sites in the so:D is, l fin3J::e.
COl'tsequently, as the cites are px'ogressively fillea, ,J.1". ~reC!~,inq
a:mount~s of $°42'" accoxnpard.ed Py cations '111ouldtravel tItl. ,t:)u9h 'tb~
soil in the soil solution, :resulting in cation leachil! & (:ReuiSs

(_i

et aJ., 1987).
\ ,

Nitrate, on the other hand, is not c:;trongly adsorbed 'by soil
s\.tr:f.aces and bence tei':lds to move thlough the ~oil r,prpfI1¢
accompanied :by cat:tons~

Soils can resemble '!tleak acids in that, olay minerals am ,organ'~c
macromoleoules act as immobile anions C{rUC;'and FrinK 198';~)•
Thus the thermodynamic cr.iterfa fcYt weaJ{acids holds whel applied
to soils. For eXample, thE:.addition of water dilu'l:es the 'i,on con-
centrat.io:'l~ in the sail, thereby ir.<..ceasin1 the pH of t tEl soil ~

(

The pe:rcenta~e of cation exchange sites occupied by base '~ations
(Ca2+, Mg2+, K+and sodium (11.::l·~)) is knownas t.he p~rcent~~e base
satu~ation. The remaining sites occupied by a+ and ~\~3+ are

il

refe~red to as th~ exchaTlgeable acidity~ soils with hl,',T:Io. base
I

saturations tencj to. have higher pHI$ and be more ferti. (e tha)n
those soils r,.yith 10'.; base. saturations (S?'effi:ngton, J.987)••

Sc-ils generally possess large buffering capaci\;les. Some the

26



compouncLs responsible f(Jl': this characteristic are inorgan:i.c and
organic pl'l.osphatesQ organic carbc~ylat.e mataxials irlOlucling
fulvic end humic a.cidsq phenQlic~$1 insoluble carbonates and
bicarbon,:l.tes and silic~tbs. This capacit.y p:r.'ev(.;nts shen'p ch.anges
in pH on addition ·).f acids or bases (Kennedy r 1(lB6) •

2. a, 2 ,.bo .£~J. _C$\w~1l!l?P..l:X
The nut17:Ltional requirements of pl;ants aref witil the eJ~ception
of carbon, obtained from the .soil. Only caxbon, hydroge'l and
oJtygen are not mineral elements. The mineral elements immediat.ely
availablf~ to the plants are px'esent eith(:'!:t: in the ~30il solution
which is in turn in equilib:t:ium with t~e adsorbed ions, or they

a.re adsol'b~cl. onto clay-humu£Hpart.icles. r".tost:. of iOXlS assimilated
by l?lant~~ are caken up from the soil solution.

AS the soil solution 10$eS ions to t.he plant, the ions are
replenished by -desorption of e~tchangeable iOlls fr(jm the clay
minerals and mimus. particles and from t.he breall:c!owl1 of readily
decomposable organic debris (M:llthorpe and Moprby, 19tH».

M.i.neral nutrients! in both ionic and compJ.a~{edforms, w,,,)'Q"e
through the soiJ~ by convection (mass' flow) and diffusion. The
rate of Len movement is depen\uent on factors .s..lcll as t:heir
.concentrati,on, the composition of t..he solid phase and the
moisture ccntent of the soil. :tons that intex:act only slj.ghtly
with the s:c,liv. phase ot the soil general:Ly ree.ch the plant by
mass flow' in wat€'r that is either percolating through th.f~ soil
and interce]?ts the l:oots, or is moV'~,ngtoward t.he l:~oot:in o:r:d>ZlJ:

to ~a.tisfy the tt'anspl.rat:ion demands of the plant. E:l~ampl~s of
ions transp"rted Ln this way are chlot'ide and NQ3'" Lcne , Mirter -is
t'V'hich inter'act w:t.th the solid phaae , e , g. Ca2+ and Mg2+ I mc~.re
through the sl1il much slOt1]er, generally, as a result of diffusiicn
processes occurring within the soil.

If the rate of uptclke of nutrients is less than trJ.e rate at ~V'hich
the ions are suppLi.ed to the root surface then the Lens tend to
accumulate at .the root surface. '!'his :ts th.ou:ifh to OCcur for CZI.'!+
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and Mg2+ (Dtmham and Nye, H)76; Marschn(~;!;.~q 1986).~ On the other
hal"J.cl, the rate 01: uptake COtllcl be. gl':~alter than the r~te tV'uich
the Lens Cal"! be I~upplied. to i.::.h(?root SU!:,fC:lce. '-'Chis results il'A a
sene (:)f deplet,i(~!;, :rprmin~l'against the root: 1~1.tt'f·klce. (,Phis has been
found to occur in the case of phosphate (',l:'.:i.nker., 1990) and I{+
(DU1"lham aU1d Nyeg 1976) ~ Deplaticm aonaa 'V'roulcltend to DC! lYIox:e
common and prO:t:lOl,ll'l.Ced in l'lattll::'al and forest soils ttTh(;'),:t;·(~ fer--
ti.J.izatiol'1 is less intensi ve , !n these s:ltua.t.ion~~ root extens,l.cn
and e:tp.i.oratio.n of· ne't'll' SC):i.1.s becomes an important. fact.or in
ensurin~;! t.hat the~ plant~'i receive adeqnate l.1ut.d.t;mts.

Soil acidity is d~termined by ttH:~ act:lvil~Y ,,;f H+ j,n the se)il
soluti.on (soil pE) and the e~~changeable acidity (i.e. e.:tchang~"'·
able ,W' and lU 3+ associated t-lith the soil par'::.1.cles} a Thel~~feJtists
an equilib:d.rml b~~tween the ,at l.n t:.he so.Ll solutio!'l and the
e''''Chan.~reable aCJ.d.:l:cy. It has been sug~fest;ed 'that so:tl ,;1l!"!idifica-
t:;i.on should :be det:'inod in terms (Jf a decrease in the base
satltratitlll, ratha:r.' than as a decrease in the soil pH, title to tbe
diff.i.ctJlty of' det·.i:ning soil pH in a meaningful mannar (Skefftng-
ton, 1337,. :J.lt.dsp.1::oblemis further compounded by the fact that
soil pH can vary f:t'omclay t.e) day depend.ing 0);1 the amount of soil
water and its salt content (Larcher, 1980; Binns, 1988).

Hot-l(:~verI it has beEm pointed out that any changes to. the: sed,J.
ayst.em as a result 1:>1ill ceeased acidity of the rain, aze J,H:ely
to be manifest in the carr.i.er agent, L, e. the soil sol,ution
(Bruggenwer·t tilt al, :L 991). 11'hus it is a,cceptable to \,'l.sethe soil
pH (;1.$ the principal ind:i.cat Ol:' of the soil. statU$; when discussing
the effects of the addition of ac5.cl.

The ac:i.dificat.ion of th~ $03.1 is 'n. natural process that can, to
a large ext<;mt.. :be attributed to microbial, plant and animal
proc€J-sses. Re~pi:r.atiol1 wtd.ch is c~u:ried out by all living
crcand smaI Ls an important soil. acidifyinH px,'oces$. Li vil~g
o:r:ganisrns utilize carbohydrates to ol:rr.aJ.r energy am:l irA t,'.e
prOCl7tSS produce wat(H.:'at";. CO2• The latter is J.ib~;;J:..at:ec1 into the
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soil and cUss; 01ve« in ~:rat$r to forrll carbotlic aCid, which
d.:i.ssooiat:es '1:::0 :corm a }l'i'and bicarbonate ion. The dis.'Sociation
of carbonic ac:i.cl cceuzs only at. a pH gre.ater than, 4.5. Hence the
acidification of the soil (11S a r~sul'c of re$l~i:t'aticm only OCCU,t:s

Ln soi.ls that: are only sligh:tly acidic, neut:.ral or allt~llin(S)
(S:~ef:t'ingt:on, 1987).

more kn~,sic components thatli acid:tc f:].~om
thf&lsoLt? cons(:N',ftUetltljr' an iXlcl"~;?ase in biomass acl,dd.fies thiill $.011
(Van B:r.-eernenv 1991). Th.e uptake of ¢ations usuaJ.ly involves 1'11'
(?lci:rns;l,on in ~m:~hang(~for the l':IZ:lsic cations" '&,)'11.:Lc11tC'lsults in t~li.e

so:Llp par:t.l.cul,:;l.Z'ly t;.he l!.'h;i,zosph(.1u':'~ll, becoming natu:L'alJ.y cLc:iaic
(U~ayhe9u 1990). l:n additiOn., ~ra:ec;:c<!:~t.rud{.~dagainst an electJ::o·M
chHmic.t!l \:Jt'tent;i.,al gradient In order to maintain the (:1yt:oplasnlic
pH bett1l~en 6. I) (,md 7 u 0 tdlich is gezH:!l:'ally i~he optimum for most
el'ueyrnes (E.owlin~f 1976). Hence pl.ant groi'tlth tends to acidify the
soil. HOl:THVerp t.he e:cfect of these ac:tdifyil'lg' processes is off:set
by i:he. ut:rt:ake of arlions w"·i.ch x:esult:s in k>ieu'lrbona,te ions being
e~:el~etedi~t:,othe rh,izospllere thus !naltitrg it less aoid (Nj/'e and
tL'il:ll~e:l:'t 19"1'7).

In nat:u:t'(U eC"~)~{$t:E.1tIW the death of the plant. or par'li. of i.t and
j,ts subsequent d'$lC~y t1ill Q.\llc.:n-rtllle elements to :r.et~rn t.e the
soil. Hot'ITever, studie~ show that acid s(lils have lot\\' decon.v"
position ,!'ates qA:tHl so t11(;)\recycling l;>rocess is sl(')ttJ'er uncle:r: these
conditions (Slt(~f'fingtol1, 16)8'1). :t:l adel:i,tiol'll when t:.rees are
.r:emov\~d.for t;:i,mi)(\?,r Pll:t'POSIHS or cro;;>s hal:."\test:ed th.i~~proce~s
l!ccvcling doc;1HJCloi:. ClCCU:r: and th~ soi 1$ remain acidic and nutrient
deficient. 'rhi:s is IJm:ticularly s:bgnS.fi,cant '(,1hen t'ast 9rO\'11in~J
spf;Hi.i"'1s nt'e em:"t:i,':tatea.

The. secx:'et:.i.on (!)f $.H,luble organiC ao:i.ds fl'om plantf3 and from. the.
l.ittex.' layer can th:t'ough tht:lir t.'Ussol~iation sl..1pply ,ri" 'to the
~H)il.•

HnA((lq) ---> An"(lct) + nH+ (aq) :2. #)

In addit:.l.ony or:gan:i.c ac:tds can act as mobile anions in th~J le.acll-
:tng tn70CGlS~:; (~;k(:,~ffingt;on, 1987).
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The oJtidatio:n of Nal to tlitr~tte i~~an iroportant natu:t'al acid
forming process (Kennedy, 1986).

2 .•8

A simiJ.ar process is the Qxiciat.i,on of sulphur compounds catalyzed
by aerobic autotrophs. This reaction occur-s at a11caline pHs. The
sulphide in the soil is forraed IG~:Cgelyby the breakdot\fn of
CystE!i/&\'ll and methi(mine in ot'g·c.mic rnat.t.er by microbes.

S2- +- 1/202, + 2H+ ---> 5 + HaO 2.9

The o::dd~tion of elemental sulphur to S04~~also produces l·r·. The
reactiollS· can be p'Sr:eormed by organisms such as TbiobacJ ..l.tus
t;b.:loo,dcla.J~s and T. f~t. ..rox.idans \~hich gr01tJ'in a pH range of 1 to
7 (Kexmed.yp 1986).

25 + O2 4- OH- ---> S~032- + a+
$2032- 4- 202 4- 01{'" ...--~ 2S0./)~ + If

2.10
2.3.1

Ot.her naturaJ, H+produt'tl.ng processes include t.:he lni!le~e:alization
of anions (reao'!::ion .2 .12), oXl,dations (reaction 2. .13) J reverse
weathe:r.in9' (x'eaction 2. .14) and the \'1I~at:hering OJ: anionio
c('ln\p(,ments (Z'eaction .2 .15) (van Breemen et: ,~ll J~984).

nUO + Rn ....A (org) ---> nB.·...OH + An (aq) "" :nHt
~I.\q)

r{ed{aq,$,g) + :mO;!! + nHaO ---> .Oxl:~(Ilq:,;::,q) + nH+ (aq)

Ml'l\;ql 4- '/2nI1;!!O ---> 1/2nM21nO (0) + nE\llq;
NO (m+n){s) + mH20 ---> No2m\:am+n)(IlQ) + .2mH\'JQ)

.2.12
,2,13
.2.14
2.15

nB n ~~c~ltc~ acici~gi~IJ;_~"~~~"
The OIlt\obileanion hypothesisil states that as solutions must be
electrically neutral, catiolls cermet be leached from th~ soil
unless tllere i~ an anion to accompany. them (Skef.Eington, :1.987)"
This hypothesis· can z,E;) e~panded to. explain t.he effGcts of a.¢id
rain on the soil. 'l'he -:ollcent.rc.ticms of sol'~ana NCh" in the acid
rain cause the concentration of thes~ ions i1'l the sO.i.1 solution
to rise. Consequ~ntly theL"e ~1lustbe an equal concentJ;ation of
cations in the solution. TheSb are usuall.y :a+ from the acid rain.
H01r:ever the H+ in the soil may exchange with the base cations
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Ca2+I' Mg2+, Na+ and W' (Abrahamsen, 1984). '.(lhasa cations then
become incorporated into the soil solution and can be leached
:from the soil.

The cation:;; are transferred through the soil in the soil .\Solution
together with the anions. The 'l.regetation is then rorced to
survive lJnder nutrient deficient conditions. Morrison (1984) and
~euss at 131; (1987) review' some' of the experiments \\fhich have
shown t.hat as the acidity of. the. input Increases so too does th~
loss of cations increase. EKperimental results show that this
effect can persist for many years after tl;e la'St acid Ilpplication
(Tamtn,1989) implying that the rate of min"3raJ.":eplen:tshment in
the soil is much slower than tb ~ rata at: whi.:;h the ions are
leached from the soil.

This theory of in~rea$ed Qat,~.ol1 llaa(~hing SS f.l res\;I.t of acid rain
is opposed by Kt:ug e,th,i E':cinlt (1~83j. Their ctrgument is based on
results of leaching' r:xpel"irnent.s W"nichshm1ed that uqid $oi),;$ axe
actuai.ly less SU$c~ptible to acidification .:h<;l!l soils that are
less acidic, sinel;; acid soils retain base catiolls Ittol'eefficient ...'
ly. As a result ~~hea:f. frC!'!nthe acid r~in rer:tainb in solution,
accompanying the ~mion through the soil ••Thus it lIJ'as hypothesized
that as soils beCiome acidified, the effe(;.~·1;.rot 'Che acid rain on
the soil diminisbes.

Kr:ug and lfrin]~ (1983) al.so point out that acidic soils are rich
in huU\\.lS. Thts tends to :r:'J;;tardthe mo\"ementof organiC anions
through tll$ soil .. The reason for this is tht1.t humiC'materials act
as weak acids, and their solubility in water is a fl..tnction of ,pH:
the more aoid.ic the water percoJ.ating through the soil, the less
humic material is dissolved ~Lnthe soil solutinn and th~ gr~ater
t.he acculnulat'i.r.m of ~,hese mat;;erials in the ~'"'il. Sulphate Ions,
.mlike d'e organiC anions, do. not :r:ea~t strong",y with hUmic par-
t.icles. Thus the f,lu~ of. 0°42 .. from the acid rain through the soil
would inc17ease, but the rete of organic anion movement would
decrea;:;e. As a re$u1t~ thaI'\.' Ls little or co measttr:aole change in
the pH of the $0:;'1. In this ~vay th~ soil Can be efficj.ently
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buffered.

In addition, due to the constant changing of the earthP s surface
caused by eros.l.onl tree throw.p frost heaving and soil creep, new
and less' weathered miJ:leral material is constantly being eltposed.
Krug and Frink teel that although the amouat.s of soil moved are
small., the resistance tt7 acidification is large.

~@('!lfiJ®«i eOl.rlle@n!:..t.,~~ioltAs of ,:al'iL~il.rllitm! ID.3 Gl. %,®~il11~ of

[l~~ ...Jr:·Hiil}.
Aluminium is a commonelement i.tl, the soil and can be found in a
number of' for:ms~ whiCh include an i,l1so1uble form, :forms associ-
ated with organic solutes or ft',rms complexed t~ith iron (Driscoll
et: all 1985). However; if the -.H+ concentration increases
considerablYf loesi.des replacing basic cations adsorbed. 'co the
soil particlesq th'$ Hi' Cal) react trJith the clay crystals, become
acisorbed internally and simultaneously rE:Hease A13+ (MCLean,

19B2). Thus I the' strong acids found in the ac:id rain cause the
inorganic A13+ t.o. be released from the soil pax;ticl~S and
t:tai'1sfo:t:"mit into a soluble form. The soluble A13+ wi,;Ll tend to
displace basic cations, such as ca2+, Mg2+, Nat and I{+, frt~ their
negatively-charged elc¢hange sites, since ions of a higher \talency
are preferentially adSorbed (Reuss at: aI, 19B7). This protes$
only happens when the pH is less than 5.5 (Van 13reemen at ~,L$
1984) ••

The soluble .A13+ is also capa:ble .0£ being absorbed by the plant
(Vogelmal'!n, 1982). Alth()'ugh there are .repo~ts that low ccrrcent ea ....
tiClns of A13+ cen be beneficiaJ. to plants (Foy, 1974b) v this
e.lE~ment is generally rega:cded as a highly toxic metal. r.rhe
chl~mical form e:&e'cting the toxic effect is tho~·.~ht to be the
trbra1.(:H'lt form· or Al (OHh" •

Mild toxicity effects of AH+ are exhibited in a lack, of vigour
in root growth and fine root branchit'lg. The symptoms of A13i~

to~icity are "t"ery sim:i.lar to those of phosphorus and ca defici-
encres , ROQ';s injured b.y excess A13+ appear st1.!bby and spatulate
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with bro\'m root tips (Fbyp 1974b).

There are many ways Ln which lU3+ is thought to ·affect. root
growth. Firstly, it has been found that A13+ can inhiliJit the rate
of phosphate uptake and assimilation by the roOts (Cumming and
tiJeinstein, 1990b; Abrahar sen, 1984; Foy, 197410)., The A13+
coinple~tes tdth phosphate 'lr;thich:::esu1ts '"l a precipitate forming.
1'hus excess Apt, either in the soil or ~dthin the ee);l, would
resu.lt in'a X'sciuction in the concentration of soluble ph-G~phate
(Feyi' 1.974b). Changes in phosphat.€! concent,ration in turn affect
the energy status of the cell due to its association in the high
energy AT!?tno1ecule. Such a reduction in the ATl? lEr~;relsin corn
have been recc.r:ded in response to Al3* (Pfeffer et al,. 1986).
Numerous cellular activities wOUld.be. affected by a .decrease in
AT:!?· concentrations.

Al\1minium can inhibit hexoae phospho:t:'ylation shown by:
AT!? + C6H120 - ........> AD? + C6Hl~O-l? .2 .16

Thus A13+ acts to decrease the rate of ATl?utilization in glucose
pht>.sphorylation which is an important initial step of respiration
(FoY', 19741:».

Aluminium Lens have been. found to interfere with celmodulin-
stimuls.ted ATPase activity .It is thought to qhange the surface
hydJ:'ophobicity and heli$; content of calmodulin, so alt.ering .its
regulatory properties (Siegel and Haug, 1983; Slaski, 1989).

Ali.rlCtl.nium has been found to decrease the. rate of Ca uptake. It
has been suggeste:l: that A13~'.might block, neutraliz;s and 1:everJe
the negative charge Ln the pores on the cell walls and on the
phospholipid and protein portions of the plasmamembrane. 'l'his
would reduce the ability of suCh pores to bind Ca., resulting in
a Ca deficiency within t.he. plant (Clarkson and Sanderson, 1971;
Asp and Berggren, 1990). It :fb1low~ from it:his hypothesis that
excess A13+ WOUldincrease anion binding by' tlH~ free space and
hence tot.al anion uptake.
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In addition, A13t can displace· cations from their. exchange sites
on the plasmalemma. This would reduce the availability of
nutrients ''1hio11can be taken up by the plant· (!~oslowsky and.
Boerner, 1989; ASp et: «i, 1.988; Bengtsscm at alp 1995). Since Co.
plays such an important role in mairltaining cell tvall structure,
the displacement of Ca}+by A13+ in the apoplast could .result in
adecrease in root. elongation (Godbold at all' 1988).

Aluminium has also been reported to alter the properties of
biological meml:n:'anesl'possibly by affecting the architecture of
the membrane lipids (Miyasaka et al, 1989).

!t has been sUggested that AP+ may affect cross-linking between
adjacent pr.otein molecules and maydecrease the extensibility of
cell walls by. cross-linking pectins· in the middle lamella (Foy,
1.974b). Thi~' czoas ....linking of polymers could also increase the
rigidity of the DNAdouble helix, tbus decreasing the rate of
cell d.ivision in roots. This inhibition of' root grow'th is often
regarded as a visual symptom of A13+ toxicity (31as1<:11 1989).
Abnormalitie~:r :1.n cell diviSion, found to Joe caused by excess Al~H
inc1'l.1de the formation of "sticky chzomcsemea" manifested by

anapha$El bridges, which r.esult in binucleate cells in the
x'L;eristematic regions of th~ root (Levan, 1945)"

Both the If'" and AJ.3+ are transported downwards in the soil wo.J.:.e.,'
rhrough the soil profile, thus decreasing the water qual:t:y
(Falkengren""Grerup, 1989)" This has fu:ether implications, not
only for the vegetation in the ecosystem, but also for humansand
animals living in the ecosystem.

The acid rain could have an ameliorating affect on.the soil, this
being to mobilize an extra source of base cat.Lena, !t is thought
that if the sClil l?olution \'1aS very acidic, it might increase the
rate of waatheri,ng of the minerals in the soil.. rn this way a
source of previo'Usly unobtainable elements would become available
to the vegetation (Skeffington, 1987).
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~. ~mm m:!Jl. ~~SLOC%WtOl\l "Or:~Hrl:tl\jI1li~.~'SU!(.l~'lEi!~§'
Each neti cell in a plant requires nutrients for its e~tpan$ion($nd
healthy :functioning. Although :tH~t,V'een50-60% of the nutl;'ient.'Smay
be transferred .tic the growing region from older senescing par,ts
of the plant (Miller, :1.984)an increase in plant size generally
requires that the p1ant obtain the appropriate quanti ties of
nutrients from an external source.

The nutrient concentrations of the cells .:(Ilf the root generally
t.'a.t).d.to be much greater than the concentrations of the· media in
t\l'hich they grO\;f. In addition, the major cations al'ld anions are
generally not in electrochemical equilibriu.a across the plasma-
lemma (Epsteit.l,1972,). Since .substances do not diffuse a,gainst
an elec't:rocnemical potential. gradl.~ntf most min.erals l-o.'Ust be
absorbed by active transport. Ad.ditional evidence :for the proces$
being act:L'treis the finding that uptake is dependent on temper.a-
ture anr' oxygen, and can be suppressed l;1y inhibitors (Epstein,
1972). ijigh correlations exist between the aGtivities of
membrane-bound ATPases and ion absorption re,tes (Leonard and
Hodges; 1973) 't"hic11 suggest that A'r:G>asesmedi,at.e energy transfer
to the :Lontransport system. 'l'he .respiration energy required· for
nutrient uptake Ls supplied by photosynthate tra,hsported from the
shoot to the roots (Barber, 1979).

!t is thought that "carriertl molecules cm1bedded in the }?.i.asma-
membr~'1e, play. an important role in transporti.ng ions f'J;omone
side of the selectively-permeable membrane to th.e· other.. The
carr~.,er is thought to be a subunit of the membrane which binds
an ion at the e&t~rnal sux:face. The carr'ier-ion comple)t then
undergoes· a spatial rear:t:ang-ernent$0 that the. ion is b:r:ough'cto
the inner sid'5: of the membran.e. At this stage the carrier-ion
complex ....eaks down and the ion is released into the cell
(Epstein, 1972).

The carrier molecules are thought to operate in a manner sim:1.1ar
to enzymemolecules being dependent on the substrate concentra-
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tion, or itl this case the. nutri~nt concentration in the solution~
until the carriel~$ become satuf.ated. (Nye and Tinker., 1971) 1> 'llhus
the uptake of nutrients is e'tpected to follow Michaelis-Manten
type kinetics and the flu:.!~r Ff of ions into a root. cell can be
dc=scrib~d as follows:

2~18
where E'm"lll is the ma~imumrat.e of t.ransport of the ion into the
cell tN'henall the available carrier sites are loaded, Km is. the
1Ylichaelis....Menten constant equal to the substrate concentration
giving half the ma~:imaltransport rate· and reflects the affinity
of the cmrrier sites for the ionl and C1is the concentration of
the ion in the lie.nlid phase (Marschner; 1986}.

Carriers can operate in ens of three systems. A uniport system
involves card.ers transporting ions in one direction, e. 9'.. HI-
pumps.. The·opera-t.iol,} of these pumps will generate an electro-
chemical potential gradient (Marschner, .1986). Antiport systems
invc;>11;rea direct stoichiometric ;t.:1 coupling of an efflux and.an
influx carrier The uptake of N03~in e~.change for hydroxide ions
is thought to operate in tIlis manner (Pi-tman, 1.976a). In symport
systems two i011s of opposite ;'Jharge <i:.1:'e transported in the same
direct.ion. For e~~ampleH~l?04"is taken up simultaneously with Hi'
(Haynes, i990).

The ability ·0£ the root to be selective of the ions which are
absorb~d is essential for the normal fUtlctioning of plants.
Selectivity involves binding the right cat.ion to the right Site,
and is based on the ion concentration in the soil solution atld
on the affinity of the car:c.:Lerfor the ion. This affinity of the
carriel" for the ion is dependent on the charge of th~ ion, the
size of the ion and the geometry of both the mol.eeule and the
carrier (Clarkson and Hanson, 1980).

The plasmalemmaof the cortical Cl.ells is generally consi.ctered to
be the site of nutrient absorption (Barher, 19i9).
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Calcium is an essential macron1ltrient "t1l'hichPerfcrms a i~ull'.ber of
functions in the cell.. Calcium is in relatively lO'ffl con-
centrations t'1ithin the cytoplasm of the cell i;:he majority b~ing
bound to the cell t'1all, membrane surfaces a: d to the salt.s of

. organic acids and inorganic anions, as 'Vlell as being stored .Ln
membranous organelles t1ithin the oell (Kauss, 19S7). A high
cytoplasmic Ca concentration to1ouldbe disadvantageous in that the
excas s Ca might hamper the functioning of Mg, as t'J'ell as lO~lering
the activity of phosphate by forming the insoluble (Cah (.I?04h.
!t has Deen hypothesized that Ca funct:1.ons as a signal metak) <;lite
in conjunctiol' t'll'ith calmodulin and the 10tJ Ca concentrations in
the cytoplasm allOW it to fulfIl this function <Dis'ter; 1984;
Poovaiah and Reddy, 1987).

2 •5 . 1 C&l~itm&. u~@.rtGl

A'!'l?ase pumps situated in the plasmalemma, which are stimulated'
by MgI are responsiblf,~ for the efflux of Ca'+ from the cell.
Calcium ions are .also pumped out of the cytopla$mp against a
potential gradient I into the vacuole, endoplasmic reticulum,
mitochondria and in the shoots into the chloroplasts (!<ubotolicz
et: al, 1982; Poovaiah and Reddy, 1987). A !.!a2+/H+antiport system,
driven by an ATPase, is thought to exist on the membrane
fractions whereby Ca2+ is pumped against its concentration
gradient: in exchange fOr two a+ (Rasi-Caldogno at aI, 1987;
l?oovaiah and Reddy, '..987). Thus a low cytoplasmic ca concen-
tration is mai,ntained.

The lO'trlphYSiological mobility of ca if!; reflected in lot'J ra.tes
of accumulatioXl, cell-to-cell transport and phloem transport.
Consequently, the uptake of Co. from the soil and its
translocation to the xylem fox: transport throughout the plant is
restricted to the apoplastic patb~lay. Hot'1ever, the endodezmi.s
tissue with its Casparian band hinders trarlsport via this
pathway, hence ca uptake and translocation is restricted to the
apical part of the root t1here the Caapar Lan strip has not yet
developed. The rat.e of uptake of Ca thel. decreases to a very low
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ra:te near the base of the root (Sa-roar I 1979). The lack of
mobility of Ca is reflected in the observation thatCa tends to
accumulate in older plant tissue and is present in high concen-
trations in the litter (Miller, 1984).

In plants most of the Ca is found in the apoplastic compartment
complexed w'ith the cell wall moieties and the plasmamemk:.rane.
Calcium is an essential agent In stabilizing the pectin-protein
cOlnplexes of the middle lamella (Demarty ei: al r 19B4). In
addition, Ca in the apoplast is il'nportant in maintaining membrane
,~.ntegr.1:i;y as 't'l1al1 as tro-tecting the membran~ against the
d(?leteriou$ effects of l")tv pH, salinity and toxic ions. (Poovaiah
and Reddy, 1987).

Inside the celli ca is able to. regulate a number of target
enz~nne$ and aot as a messenger translat.ing stimUli into various
responses. The reason \lThy ca is able to mediate reSponses lies
in the faot tha.t it Ls found in such low conoen~:rations in th~
cytoplasm. Thus .a small chanqe .in the absolute Qlmaunt Of eS. in
the cyt:osol can r<~sult in a 10 - 100 fold inc::reas~~in ooncentl':a-
tion but. the ionic environment of the cell remains unperturbed
(Poovaiah and Reddy, 1987).

Calcium also plays a limited role as an enzymatic oofactor.
Certain hydrolases (e. 9. some It< ... a.mylases, phospholipaseE': I'\nd
nucleases) r'equire ca for activity. Calcium however app.~ars to
have a structural role rathe;t:' than a catalytic. cne as j:t binds
to sites other than the catalytic site (Clarlcson and Hanson,
1980) thus stabilizing those h, ~':4er molecular aggregates
associat~d 'tdth the enzyme. Calciu.m may also be re.qul.:--e('\by
macromOlecular substrates.p such as starch, as a b):'idginy oomplex.

It :i,s thought. that ce may even be able tl:) re9ula:te g~ne e~(press-
ion. An inoreast: in cytoplC'smic and nucleopla~1Ttic concent.rations
·of tree Oa2+ could result in Ca b~nd~n9 dh."ectl:l to ch:rmmosomal
proteins and thus changing getu.~ transcription. On the other hand,
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increased concentra.tions pf Ca2+ could activat~ Ca2+....calmodulin
dependent enzymes such as prote'itl kinases or. phpsphatases. 1'llese
enzymes w'ould phosphorylate or depl1.osphorylate either trans-
acting elemenr~s to alter transcriptiont or pro'::eins involved in
gene translation (Schibeci and. Martone-sir 19130; Poovaiah and
ReddYI 1987).

The visual symptonls associated \"Jith a ca def;Lcl.ency are marginal
chl(.'1r.Qsis of the .leaves, leaves rolling and cu-=l:i..ng,. petiple
collapse, flot'J'er abscission, ovul COllapse ~ind pO.Qrl~t'developed
seeds (Foy, 1974a). In addition, there ca¥l be a breakdown of
raeristematic tissue in stems and roots resu1ting in the death of
thes~ regions in acute cases. lRClotscan become poorly tieve lOped,
lacldng fibx\t and even appearinqJ gelatinous (Noggle and Fr:ttz,
1983). The symptoms of Ca deficiency tend to appea't' fa.ret near
t.he grov1}'ing points of the stems and r.oots which is probably
r$latecrto the fact that CCl.bacemes immObilized in older tissue.

:In addition, Ca de~ic.iencies have been reported to disturb cell.
di "vision result.ing in b~rlllcleate cells (FoYI 197 ':I.e.). 'rhus cell
d:Jlvision. has 10\>1 but speuific. Ca. requi:r.ert~ents.

Magnesium is also SIn important macX'onutrif.:nt. Th.e cytosol io
dominated by this element, tvgether w:i.thIC At lO·.1st 70%p·f this
Mg i~ freely soluble and it is thOl.lght that Mg must have the
highest chemical act.iv:.Lty of any divalent cation in the cyto-
plasm. Although there is such a relativ€11y high concentration of
Mg within the cell, it. is thought that M92:+enters the cell
passively. The rea.son for this is that the plant c~ll has a
negative electrical charge in reJ.ation to its outer ttediuffit so
there exists a con~istent :t"orcewhich.draws cations in~o 'l.:l1ecell
(Mengel, 1974).
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2 • Iii • 1 ~';'1tK:® •©l£ mtl(if$!~i'£i!Kil
Magnesium uptake by e~i:Ci$ed ro(,t;s is generally eC._41 to 0;1':

greater than Ca. absorption (Hia:~:t:and ltl~9'get:t;" 1~74} •. Tn.!?:ATl?ase
l:)umps situated on the plasmalema~la t'7hj.ch are xespons.il:":1,.s f~~,the
e:t,tlHJ~ of ·a.2+from the ct..l1i ~.lso t.rartsp~rt so~e M:-;':+out, t'lf' the
o~l:t.Q llow'enrer, the small ionic radius l!-lg">J. compared to Ca2+,
tl:,\\\\ hi9h hydration energy Mg<!~'~::om.f.lar;'ad to Ca2+ and t}.,~ x{;tct
th;: t''b~ pt:1mp is n;t least ))art:it~lly d~pend:ent on calmqdulin
{l?Qo~vaiahand. Reddy, 1~87; I{auss f 1987 r ensuxes that. more ca<!+ is
exparted from t.ne cell and Mg2+rema:i.ns. the dom~n~!lt $lEi.ment, .:Ln
,the cytosol.

2. ($.. 2 rr'!llft~'~~!©>EMtl.6~\iThmt';11('MJd~1.'L',)5ja
,_~}'~;~~'lIti,~~9'i"~'N< ___

Magne~ium plays a .numb~'" • - ''''''''~o=l;.ant roles in .the plant cell.
Many enzymatic ;:reactio
i~clude" el1zymes imlolvec:
ldnas€!s and ATJ?(4ses) and

~. dl.t'e promoted b¥ Me-::these
te transfer (phosphateses f

"I1fvod..Ln the t.ransfer of',' ',' . . .' . .. '."

carbOMyl groups (\~,arbo~ylase;:. boxylases) (Clarkson a.r.~cl
H~nsont 1980) g as well as mell\ldi'~11~, !,olund ,AtfE-a.s$$ (T"eona.td al1,d
HCidgesJ 1973). Magnesium ma:lt also a,ct ::vate an enzymeby bindirig
to tpe enzyme at' a sitGa distinct ...rmn the S\10SCrate $ite.
Majnesil.l.lt'l is (;liso" required tor riboso~e integrity and f();r the
struct;.ural stability of nucleiq acids and n\emb:ran~s (ClarksC'11 a~d
Hanson, 1980).

Magnesiumis also a ~onstituent of th~ chlc:t'QPb,yll molecule a,l1,d
as such j,s .an ~ssential factor in ensuring that photosynthesis
can occur {}.\!Qggle and F:t:itzy 1983}.

2 ,5.3 !%:.~~~'i
The visible symptoms of a Mgdeficili'nt 7 are mottled. and cbJ.o::.:oti,c
leaves. Severely af.Eectsd leaves may 'Wilt and shed or may just
abscise ttithout first wiltilkg. The leaves also tend to become
brittle and necrosis ofte!'t occurs (Noggle and Fritz, 1983.) ••
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'1'h.<~site that tvas ~hO$el'l rrras situated on l..long (!1om Passp in tlH.ll

'$ast@rn '1'ranS'f(::H1J. f b~"t~'r~ei~IJ:vd<~tlbu:t'gand Sabie~ at appr'~ximately
25QJ9'S and 2,O<l37Pl'!. '1'i).e alt:ltude of the site is bebveen :1.750and
1800 111 cii7.c)'\rC:isea :t~~~n~l~ The site :f:'al1s in til(£! ~.;:"'mmex: rainfaJ.l.
al~'e:a (oi::rt:aird.ng the majority of xa1n bet:.t'l7een C-!oveli1'k.)e.r and .tvlQ),rch) "
and racei ves roughly 80Omm of I.'rain per y~().r• TIle aV(~r(lg'~,

temp~:r:at"LIre of tIle area elll thC:i pas 9 .;,.¢II dOt)1.lt :),3.3° C. '3:'ho 'frJ'aS
located on tll~ ei?lsterl'l slope of the mOLuAtain and had a 9\I;'ntlt:;~tw
flat gradie:mt.

The il~:t-te J.o(~·~ted ttl a l.)J,l11..ls J?Cltule:J stand (Corapar1:m.~.mt~~~~B)
"'lhich t'las p.1(:ln'~~d in 1902. 1M,;,the time of, the field ~lorl{:
condUc.t:ef'l in th:ts iri))esti9atioI'l the t:t'ee~ w~re 9 yeart:t (j,ila. This
t~as the secol"\o rotation of l? lJifltula en t.h:ts J.and. Ifh<!ll trt~~$ had
been planted 2. 4m aparc. anct had be.:<el'l~~runc:;d when they ~V'el:H fiV'~
years Old. At preSle:nt thel:e at~ appro:ldxn1ltGly eeG stl':nllS p~r
hect.are, '1'h$ mean annual, inprement. (MAX) at maturity is eXJ;)(:tlctl!)d
to bc:.~14"

This $i'te was chosen l;(H: ('1 l'l:umberof reasons: (:1) sincr.:~most tree
damage overseas aas bt~en. found to occur at hil;rh al tii:ud«i$ Q a
forested site in the El:-lstern Tx:ansvaal at at high alt;ittlde 'Vnl~J

:sought, (ii.) since Pll'WJS patuli-:il is one! of' the most inten~H?dy
cultj.vated species of the forest: ..'lty industry .:i.:n this area the
inv~stigatilJn shcu:td de.t~rmil,)~ af:fe(~t:s ryf acid :r.a~.non t.his
species f~.rst, and (iii') a:1.1: pol.lution 1l1(1l'.litol:;i,ng em{l otbex'
studies are being ccnducced 'i.n 1~his c:u:ea" th'Ll~1 thGl f:tndl.t19'~& (ff.

this imTelstigation can be easily integr~l1::.~dwith th~7lother worl~.
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~Y61Jf1]rillirFICtg s Ori~ ~ J~00l1~Z~::jj9jD ~ClD ru~IlMrO'FffJ IJ1:lEIm
~~~ OiIP SOIlW &CI)gllJ3J~(t,%~XO~1 '§~WD (:~~IOW
l&W~CllC~@)

(j .1 l.~Jnt~~1P~
Most of' th.e plant' ~';m,ltr.itj.c;mal requiremlZmt;.s are obtain,?;d ft~.;'!m
the ~ioil. \:::onsequent:t~1 the vegetation, ca., t)~ affected by changes
in either the ionic cOl!Xptosi.tion ':If tb7~ soil. or the availability
of7 m,rt.rJ~~nt;~:1in i~he 80il. Sail 4:::idification is tht)'ught to i.1@

able t{j cvok~ such C!'la1lgtaS in the soil system and it ha~1been
hypot~l:l~$ized that, acid. x;'ain hilS the pot;.~:.ntia:l to :increase the
:r.ate (jf soil ,;;1J~j.tlif·ic~;H::;j;on.

l'he process and consequences soil acidif;.cution, botb natural. cH1.<..'
as a resl1:tt of acid rain, are discu.ssed in deta.il :Ln Sections
:2.:3.:3 to 2'.3.6. t-losL import.antly p acidic prec:l.pitation is a
4JOUX'CO"f,.'lf protoDb (Ii+) Iflhich, on ~m'l':,e:r.in9 tXl$ soil syst~rt1, ::r;'e.mllt
ir, a nurl\l')erot ~h~\flgf.Hil to tne system. 'the g+ can e~~changefox:
basic cations tV'hich i:1dsot'bed to the negatively ('~h~l:I':gedsoil
particles. TJ:l1s e~ttJhan9'e l,::)t~ex:s tlHtI base saturation of tlH~ soil.
\)'the acid rain also providet. mobil'l1 t:miofls (sulphate (SOl") a.nd
n:t t t'at(~ (NO:t)) ';'Jhiell t:r:(;'ln~X·f!l:· t:h~di$l?lat~ed hase caticms tb:t:'ougb
t:ll€.. so:Ll profile. Th~S ::(£lU1QVal of C!tl.t:i.()llS from the X'ootin~J zone
can nave So negarttvG effect on t~hev~9'et,atj.on.

11'11$ im,,!j,-ease l.ti: the Hoi<eo.nt~nt: o:.e the soil. aJ,?;H}results :i.rl t"he
mobil.i,zi\\tio.n ot.' aluminium (Aj':~+)6'.ndother t~o~dc metals. 'l'hc
r(H\$·on for t~h;I.s it\\\ tbat th.1£l le'IFc~l of SOlllblv]l Al,3+ iti t;he soil J.s
d'~P(.)J.'ldfiH'lt en ~~he pI1 of the soil solution. trlJhen the 1,H of UlO 1
BolutiOrt drt.'1ps, AJ,""1i1ontaini.l\g' soil min(t;u~als liU:12l;::i.:l.sso1ved. This
l;"t!'ll()))ases botl:~ A13{o .a.nd hydx.'o,t.1.de it...t"l$ (Oli""). The latter consumes
Ii+, thus malting tIl0 t'ee.et:ion riependent on the 1'11of the $0;1.1..

~'olution (S:i.ngea:' and Munns, 19(7). The ~ffeets that ir1creased
an.cunt.e of Al;J>l'in th~ s(..'}il can have on the pliiU'lt:$ .are disC1JSS(lHl
in Se.etion 2.3.5.



v(.Jt;)1stationdirsct11 ot' they can act t0gether to e~,aoet:bat$ tbe
e~feet$ of each crther. Sinfger and li-lunns(19.81) e),plaiXl that !f}',
Al:H Ol' :manganese t."rill. ile mor~ detrimental t.o a pla.nt :if the
caloitun (Ce:~) content· of the soil is at l~vels that f altb.ou9'n .10"';
'V!oulclstill be sufficierrt in neutral soil. Xn addition, th~ J:'at~
of soil ac:i,dificb1tion is thQught to be d.epe~1.denton the sal.l
COl'l1posi'ti6n and i'ts p:t"es.ent acidity (l<!'ugand Frinlt; 1983).

It 1m pO$sible t~hat 5011$ can be acidified by the addition of
~~ulphl:!'ricacid (FaBOl},) 'VJ'it:hout an equivalent amount of cation
leachinq. This eccuzs en zull:>l'w..J;:.e(6°42") absorbing $oils:l the
8°42- ~Ilhieh ia a},sorbcti creates .o}cchange $ites eapi;;~blet)f
ri;rtaia'lint] .1l'l~olnin9 If'l- (Evans at ill t lS)Slb). TkHi:lf::G soils can.
a.l:teol~j) $042'" t\fithou.t lOOSing basio c~;d:iot'l.sin the laaeht;rte~

The aim of this investi9~tiQn was to d~t0rminewhather re.alistic
at~sage$ of a:ttificially acidif.ied rain can alter the l.'ate of
l¢~achirlq of both acidic (}iT and A13+) and basic (Ca2+ and
l'llt.lgl!1eSiUlll (r.r9'21-» cations from th~. SQil (Fiq., 4: .1.l). IJ.1histv-auld
i.m.iicate the pot12mt::ial that aoid rain bas to al.ter t.he Chel11.1.oa.l
cnal:,a('yt~l:'iot:i,~sQf the soil. In ~ldclition. the pot\.llntial l..U;3(.1 of
cal(''!iurn (larbotlate (cacoJ) as a means to a.m~li.orate any ~cidi:tic~\'"
t.iOfl proct');ssv.;)st\Ta~l inve.sti9a.ted:.

lJ.'ho leaching Qf' icll'ls ;from onJ.y th~~top 25Omm 1...r~S moni tot'Q.:d
bocaus4\\l tbJ.s is t\Tber.~the fine roclts that, are generalJ.y ilwQlvGd
in :rmtrtont. uptf.lJt:oare found~ If th~ lo~J,sQf nutx'i!;mts occurs
't'1it.klin the f':ine. root acne then th:.l.s has :lmportant. cons\a(.Juenoeltl
for 'the plants because ~Ghl;;'alOSS of Ca2<t· and t-l<;{'''}froTn thi/!l £301l.
could t'esu:::t~ 1r~ t.heso rHYt~l",i.<:m·tt;; becoming U.l1'I:it.~ngfor l'tOrnHll

plant 9rt..')~1tll. lIowever if' the') leaching lOSS~$ t:hat arO)) 'thought
to bo attrH:tu~:#!ble to clc;i.cUe pr~l;;ik'itation occur belot., the fine
root.f¢1' Lc ~et1erally 'bclot:J' tho tl'.:)l' 250mm, this is of l.:i:ttl{~
COll1.:l0qUCil1Cte to the plfmt. Any changes In the conce:l'1tration of'
Ala+ in this top 2!;iOmmof soil al.so nced.f':: to be dotermlm'3ci j,n
that this tOlcic el~~ll\entcan affect root \r:o\1th ..
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A diagrammat.i.c ~epre$entation-of the questions
beir,; addressed in this ~,lJ,pet·iment.

RiEti;:"l
TAKE .I
_._j

~,
"\\_

~

.•~~·~~..~.~8.~~;~•..~.•.•.•.•..••.•..•.....,<,>,><.,<,~>~i ~"" •
~~~ ~~

[~------..~NUTRIEf\~~",. I
•AVAILAI3ILITY I-,~,--~.. ",'~""'-'

O~QI1.J•.·
leaching

"~

<3.2
<3.2.1

!!!~~A~~~~ElLQU
~(;:J~1l1l(()4....~S~t-.},gmitll", ..~g_E,ID~~~

Soil cores t16rE: collected in mieZ'olysin1c!!ters from the chosen
site. A microJ.ysimetel~ Ls a hollot\? st~ainle$s steel. tube: 290mm
long and SOrrun diameter.'. The cores t"ter(;J1:aketl bett'ISen the trees,
in the rotV's of the trees. l;'o~:u:cores ~sere tal:en :t.t'omaround each
tree at a distl-'.mce of O.7m from the tree stem.

'1'h\;1cores we~e e:&tracted in the follo~dn9' manlier. F\rstl~·1 the
litter was cleared from the top of the soil; then a mic~oly~
sirnetl?t: was knuclted int.o the ground t-3ith a mallet. The micro'"
lysirneter was pulled. out Qf the ground and iii piece of filter
paper (vJhatman1;42, 110mm diameter) was placed on the t.ase at the
tube and held in k-'lace t'lith aa @lastie band. A piec~ of parD-film
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~1'asplaced OVet· the filter paper in order· to protect it. The soil
filled microlysi.meters \\I'ere then tran.spcrrt'ed baek tc the
University or the vJitt>7a:te.rsrand.

The microlyslri1eters t'7ere set up .according to E'.i.g. 4.2.1, so that
the simulated acid rain could leach through t.he soi 1 cores.
Filt.er paper t-las soaked in cH.stilleci Jlater and t.he latter tested
to <ietermine t1hat fraction of ions in the leachate had arrived
there as a rel:rult of the presence of the filter paper. This
fraction of ions from t1'le filter paper v-las round t.o be negli-
gible.

l morioette bottle wHh

"rein': of dHferent pH~

,~~_" I ) _ ~ II ._~ t? wooden support'---~ t=r=r: \'rc::~'"'-_.'lL·:=;;::;
i • h' v tt It

.11
Err

'-~~~ -'4'~I9_i ~~._ ,4;- - --'' ~*#UatPd~~~"""':""_"""
l1ig. ~. 2.1 Oit!.g-x:anumatic representation of the e:ttpet i.men""

tal clesign.

The acidity of the ~rr1lil"l~1t1a\S varied in ord.er to simulate
different acid rad.n ragime*"'. The artificial aci~ 1!ain \'3a.s made
in the follot-ling- mannel'. A stock solut ..ion of concentrated aei.d

If{ WtH.)cen !Support
::t.tl':I1:l"''tT'~"''""'•••:::....-~~

1:f:!::1f!1<r===~= mieroly$im~ter
containing soil

t<:r-:::.:::;.::::n::;;=~filter poper held
by on elastic band

~:t~,"t::.:.::ib. \;Joker to collec~
100choh'J
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'lttas Iltil{~d S0 that the ratio of S042-:NOt waS .2: 1• Other studies
have determined that the ratio of SOI/~:NO;t in acid rain varies
from l')etweec l! 1 and 3: 1 in acid rain {Patil at ali 1989}.
Various amounts of this ccncerrt eaced stock vJ'ere added to
distilled water to obtain the 4.22 pH vaIu.s, which is .the mean
pI{ of the rain in Sabie. The al' cotlcemtratiotl waS calc.ulated for
this solution. A more acidic rain. waS obt.ained by doubling tlva
W concentration of the first solution and then setting the pH of
this solution s.ccordingly. The pH of this latter solution Vlas
3.92. The control treatment had a pH of 5. 60~ t1hic.h is the pH of
rain ~chat is in equilibrium v~ith the COl!in the atmospnere when
there is no pollution. TQ.ble 4.2.1 records .the equivalent 11"
deposition zatie of this artificial aCJd rain., as determined by
titratiflg !lrainll with sodblm hydroxide (NaOH).. !t can be seen
from Table 4 ~2.1 that the H+co..cetltration of the solutiol'l tiith
the. lO~'1:erpH .'3.92) is not equal t,o an arithmetic doubling of the
.H+ concentration of the solution \'J'ith a '@H of 1,\.22. This is
because tl'le H+ concent:ration calculated by til..ration indicates•
the total amount of H+ i1'1 solution i .a" the free H+ as well alS
thosa ~\ssociated with other ions 1 wh~:r.ea$ the pH value indicat.es
only t,he freE:, dissocJ.a,ted. H+ in the solution. Hencs:, in
calculating the acid.ities of the different acid 3;;'ail'ltreatments
in t11.1.$experiment, the free It concentration was fjoubledl' ..but
not the t.('.\tal g+ ~oncen-';ration.

Each treatment had eight tep.l.ica.tes.

Mean deposition rate ( to $.1$0) of U+ in a.rtif.:1.*·
ciaJ. rain determil1ed by titrating t.he. IVrai,nlQ with

1.04
t (LOll

pH of "rain" 4.22 5.60--------------~~------------_4--------------_+-'------------~11.66
t 0.08

Equivalent H+ 2.43
d.eposition :t 0.16
rate (kg 118:-1

The amount of rain that was intended t.o enter the tubest simu-
la.ted approxi.mat\~l::l 15 yeal':s of rain, wh.ere the rainfall was 1000
romyear-1, (this is an approx:i.mation ('Jf the rainfall bas~d on .the
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mean rainfall for the area}. HOI!Jever, slot\! lE!aohing rates due to
a. high degl:'ee of soil compact.ion, prevel1.ted this :volume from
entering all the cores.

An antourrc of Q. 3.9 of CaC03 t'l)'as added ·to· some t.ubes in Oli~'~.?"

de'termine whet.ner· CaCo3 could be used. tQ ameliorate any C-t,; ~.'Sl~S

tha.t acidi:fi~~d rain may cause to the soiJ. system, This amount; of
CaC03was thOught to be. able t:o l'leut;c,s.lize the incoming If" over
the simulated .15 years of rain. This is appro~drnately equivalent.
to a lime appli~ation of 500 kg h 1.

Soil from five cores tIYhich tv colleoted at the same time aa
those used in the leaching e:K~~t..ciment,Were analyzed at 50mm
depth intervals in order to· determine the oCJmposition of the soil
at sampling- The follovdng concentrations tl{ere determined.~ lr~{or
soil ~H) I Ca.2'1-, Mg2+f potassium (1<+) I Al3+ ~s well as tbe
exohallgeab1e acidity of. -the 6Qi1 in those intervals.

leachate· t1aS analyze.d" The corl. ....~.•""rations of the fOllo.wing Lens
were deterlni.ned: :a:<l- .. or pH of the leachate} f ca2+ r Mg2+I 1..13+as
well as the titratable acidity of the leachate. The oumulative
lo'Ss of ions was recorded with respect to the volume of "rainn
that had passed through the core for each aoid treatment. A
linear response was fitted using the SAS"'St,ats paclcage, (SAS
v~lt"sion5"18) " It WS!$ realised that the re~ponsa was more liJ~ely
to follow a Lang'lnui:rcurve than a lim~ar reSl-:lOm'H'$, in that ions
'VIera not being- ~uPlil:i.ed to the soil by weatherim~ and decm:nposi-
tion and hence -the I'at.e. of loss would probably d~prease tdth
tin!a. This saturatioll POitlt was not evident. in the dmt~ that were
oollected and 'thus a lineat' response t'las fitt.ed to th,,~ data.

At the end of the e:'}~perintent, the soil was removed from the
micro1ysimeters and analY2ed to determine tha pH of the soil, 'the
e~,change.abl,e acid! ty, and the Al3+I Mg2+I ca2+, 1(1' and Na+ ocncerr-
tratiQrts.
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,~~2 .3 t~tb.~s_ o_~L~~.!1~f!!A!l2.
,g.2.3.'~ ooteg[lliga,;xi::.itnll (;)if sc¥11p:m, m~~I'l~n9~.cblok';).Q~..d~.~jf and

alu~lm!um cgn¢o~~~8tion
'the soil pH and eltchangeable acidity dete~'minat~ons are based on
Buys (1.980) and that of the aJ uminium determination on Thomas
(1.982). The soil was ovan"'driecl and *lieved ';.hrOt1gn a 2mmsieve.
A 5m:l sample of 1:'.hi$ soil was acecped out and Weighed. To this,
25ml 1M potassium chloride (I<Cl) was added and the mixture
stirred for 10 minutes. The pH of the ctupernatant:. was read with
a Beckman model 3500 digital pH meter. A further 25ml 1MReI was
added and the mixture sti:t'l:'ecl. for another 10 minutes. The mi:-l:tur(~
was filtex.'ed, using Whcttman 1~11 90mmfilter paper. A lOml.volume
of filtrate was pipetted into an Erlenmeyer flask, to 'V'lbicn 3
c;1s:0psof phenolpthalien indicator wet'a added. 'i'ha. sample was
titrated with 040011'1NaOH using a magnetic stirrer until a faint
pink endpoint waa achie,red. The m:tlliequivalents (meg;) I(C.1.
e~{changeable. aoidity (EA) was calculated using 'l::b.e follow'Lng
e.quatj.o.rl !
EA. = .iY.NnOlL_:'"" ...Y.hll1'nIJ.. X NW:\()II x ~,tt x 10 R ....l...- x 1000

1000 V'nub M(\(;)u,

where VNaOJl =. volume of titrant used
NNoOIl := normality Of titrant (0. OOlN)
Vollb t;:: volume of su,l.'Isamplefor t:.ltratinq (lOml)
VOllt = volume of e.Jttral}tant. used (!;Oml)
MooH :::; mass of dry soil used (9')

VblllnJ: = volume of 'titrant u~ed on J.Oml. of 1M 1<(';1
solution

After achieving the faint pi.nJ(; end point, 2ml 1N potassium
fl'l'oride were ad.ded to the solution, t-J'bich was then titrated. wH:.h
0.0011'1 h.ydrochloric acid (Hel) until the pink c:llour disappeare.d.
Afte,t: 30 minutes additional Hel had to bl;~added to obtain a clear
endpoint. The alulitiniuXI1 concent:r:a.tion was c~\J.culated. as £03,10"1$:

rneq I<Cl exchangeable A1 = VlIel ~ l\1!tCl ~ 100 % &0::1: It ......1.-
VOUb MoQj.1

where VUe1c ~rolume of titrant used
NHC1,,- l1ormal:l.ty of titl:tmt (0. OOlM)
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It has been assumed in this study that the valency of the
aluminiuxr~ ions is three, hence there are three equiv'alents for
each A1 ffiJlecule.

The pH of lOml of leachate was measured with a Beckman model 3500
digital pH meter.

(3.2.3. 3 D~t.o~in~ti·~l\'!. of Ca2+p Ev2~1lil{> and t~ i~ tho f3~il
The cation emtraction is hased on Buys (1980). The cation~ were
e:ll:tracte.d iX'Oln the soil in the following manner. A Sml sampl(~ of
ov~m-dried soil sieved t.hrough a zmmsieve was. scooped out, (and
t'leighed), int(.' a lOOml polyethylene centrifuge tube. 'ro thio· 25m1
1M ammonium aeetat,;:; (set at pH 7.0) was added and the tube was
stoppered. an t shaken 'eor 30 minutes. The miltture was then
centrifuged for 10 minutes at 2500rpm in a Beckman model TJ 6
cent.rifllge, and th~ supernatant -poured off ~ A further. 25ml 11-1
ammonium acet..:..ste was added, the tube was again shaken fo!..' 30
minutes, then centrifuged for 10 minutes and the superr~atant
ad.de,j to the preViO\lS extract.. '.t'o 2ml (,f this sample, lOml
lanthanum solution (0.::'% taCl solution) and Sxnl til.stilled water
wer'~ added, 11he absorbanoes of the cations were read on a Varian
Atomic Absorbance Spectrophotometer A~-2'75 (AAS) us:lng the
settings ~eoorded in Table 4.2.2.

~ro 2ml of l~achat.e sample, 10ml TJanthamlm solution (O.is:. ta.Cl
solution) and Sml d:i.stj lied t~ater were add.ed. The absorbances of



the cai:ions were read on the AAS.

(\~2 " :;j • ~ lUJcrtGl:rcnd.il12;~icn Qf 2~1·ilIA lel:;iieb~:tc
The luethod us.sd was based on Thomas (1932)" A 10m1 saltlple of
leachate was pipetted into an Erlenmeyer flask •.T.o this ::,drops
of phel'lolpt~hali~n indicat,o~' t'lere added. The solution ~'la.t~ thel1
titrateci ~dth o, OOlM MaOH, m,t1" a fa.int 1;in1l:. end.point ~7as

achieved. To this, 2m1 1Mpc)'tassium fluoride ~vcu:'eadded, and t1'1G
solution was titrated "lith 0.0011'1 Hel until the pinl<: colour
disappeared. After 30 minutes additional Hel 'N'as added to ach:teve
a C;ilear endpoj,nt. Aluminium conc~:;ntr(),t.i.on was c;'l1cula:ted as
f0110\'IS:

ll1eq l<Cl I!:mchangeab1e A1 pet' ml leachate ;;::VHCl % Nm:p x li:10 ~,:

Ye:~tx _J,
V(';)Ub 10

VflCl. t::l volume of titra:nt used
Nac:! ~ nOl:'mf:l1ii~yof titrant (O.OOlN)

ll,,:?,· .. .a ~§i!i~li~'-@n~~'2.J·(t. •9.f_d§;tf!
A homogeneity of slopes test was used to determine whether th.er.'e_
was a sigtlJ.ficant d.i.ffet'ence In the rate of leachir!9 t~f the
va:r..l.o\ls ;i.ons from the differ.ent 't.reatments. One.."wayANOVAwas
used to determine 'Vlb.ether tt.ere was a si9nificant diffell."ence itl'
the amount; of ion~ rel\'lzd.nin\7a' i,n the 001.1 after ',he \~:l:efa:r.ent
traatment.s. moth .stat:i.st1cal analys~s W(;1l!'eperf{)t'lMHl on SASlS'rAT
release 6.03.

<:I~3
1.1.~.1

P"~StL~~!
.;!\;~lit~i€l..~..l~: ..,~lt)§l.~?_;tlt'l.

The oOl1(.'!entrations of various cations presant in the top 250:mlu
of soil was aetex·nlinl1~d. The analysis irlas performed at 50mll\
intervals in ordl;~rto a.scertain th~Jre.lative abundanoes of these
ious through the top layers. r.['abla 4.3. 1 reeot'cls the ll!(lOUl'ltS. of
ions at the SOlum:tntervals in t~he. surface layers elf the soil. A
diagrammatic reprosentati.cm of the ralative abundances is shown
in li1i~~p4. :}.1. 'l.'be rel~).t.:i.cmship bc;)t,\'ifeenseli1 pH and t.ho A13+
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cent.ant ef the soil is illustrated i~lFig-. 4.:3.:2. This is f;;l. po\vor
curve, a linear transformation of these dat:a shown in the i""'sat
giv,ss the {ollot-ring linear curve i log Al :;;:10.784 ... 19.6121°9 pH;
r2 <:=. o. 9.g(); F I19 :2 ::q ::!= 159(5" 2 3 1 19 < 0 • 0 ()0 ~_•

Initial ion concent:.~::at.ionspresent in t:hs 'i:.op
250umof the soil at 50tn:m. intervals through. the
soil. COl~e• units ars croo1. (+) lq:l"l ± s * e • e~~c.ept;
for pH (pH units ± e , e , ) am:~,percentage base.
sat.uration (B.S.) values (% ± s.e.). lrhe f'inal
column sfiO't'\1st.he ave:.t;-arjecOl'lce.nt:rat.ion for the
top 2501nm.

% a.s. 4'1.85
± 3.•63

74.52
± 6•.81

t,l Q $ " ttl ~~.hU\lll.9'P~,.J,A"..@,:t~l!€kM9:.E£'~~,:t.$it~g;i51U~l':
:m~~hal'l.~eabl~'\aoiCl.it,.yr(~:t:ergto the t:i:tratable acidity of t.he soil
I;or :Laa(;hate), this being- the total acidity of t.htj soil
deterl\\:inad loy t.itrating t.he a,/(ttraotahl~ acid component of 'i~,he
scil ~t1.itb,a stt'<:m9'base, l'lfllncl'i NaOJ'I.Thu~\this :tract.)..;)n includ~s
:rr" as, woll as other aoidic ca:tj.Ol'lS such as Al~1+( anti indludes ary
organic acids that l'nigh.t be preSel'lt. Any positIve ch('.u:ge that can
be neutrali:eelS, tiT!til a base 1 in a ty)}ioal aC':t.(~...base :r.eacti¢n I is
referred to as an iilcid equivalent.
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lJl!£j. .<.\. Sl.l A diagl:Bll.iUIiatic repr~sentation of· the oations
prQns<:H1tin th.~ top 250nun of soil, $11.o..;in9' tneir
relative pt"opo:r:tions.

ACIDIC CATIONS 8ASIC CATIONS

j;:, ........ __,, .. _#10. __ , _

?Ol~----------------

The most iiC.id.:l.CItraint' (pH 3.92), resulted in the greatest amount
of acid eg:u:i.vt\l,l.entsbeing leaohed from the $oi1. {Il'ig. 4.3.:3}.
'there ~V'asno distinct difference in the cumulat:l.ve loss of acid
eql~'ivalenta in response to acid. ux:ain I' oi pH 5.60 and 4.22. The
amount of acid equivaJ,ents lost ".illan the qqrainlV hC).cia p}l of :3.92
\fras significantly different .1).t the. 9S~ confidence inter~ral
(F[5,137j ~ 5.49; P <: O.OOSl) r compared N:i.th the amounts lost
~V'henth.e lOrainll tV'as le>':ts a~idic. The addition of caeoa further
reduced the amounts of acid. equi va.lents lost f.rom the cores. Thus
an increase in tl1.~ acidity of the IIraintC ~'msfound t.o increase
the acidity of the leachate.
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"o
2 =

log (pH)

1 '

1 _Q lJ

oL_-J---'-~_!__ J--,....l-._~._.l~~. t, CbQ~.,.. I
4.1 4.2 4.3 4.4 4.,5 4.6 4.7 4.8 4.9 55,? .

~_''''_ •__ , •._ •. "" pH o!_; 'Iii '''_ ~...._ ____:.__., ..'& .........J
ifig. .(1. ~. 2 Th$ X'elatior~,$hip bet~'IIeen the pH ·Qf the soil ;,tnd

t.he l·~.ll+ f.:l.cmtent of' the soil, S: WJ'$ a ];'o,\",er curve
(AJ.3+ Ill; OJ. (pH) ':>' \1h~re a ant,;. i.., are Ct'lnstill~ts"

b<Ol. The inset: shcvs the li.nea:c' 'Cra~lsf(u:'mation
It)f these daGEl •

The measnn:ement of acid equiva:ent& in the soil coxes :at t1\$ end
of th<a leachil'lg' pe1"ioa did not hOtcleVer reflect this trend ('taple
lL3,,2), as no signi£i('!ant differences bett"e~n the soil f'ront the
various treatments t1El:t'e found (F[3,2B] ::::;O.~2; .n.s.).

<\ • 3 • Sl Sl~9.li~~$~".!A]:S1
It can be seen front Fig, 4.3.4 that a~ the acidi.ty of the 'I'ain IV

i~cr~asedp the al'UQLmt of H*found in tl'l€l l~ach.ate fl~.$O :i.ncreased.
Th~' H+ leached fl'om th.e soil "hen the, I1ra:i.n~ l'MHi a ,:..r! Ot 3.92 and.
4.2,2 tlaS significantly greater; at the 9$~i contide.nce int~l'7val,
that\ 't-JhEm the Iirainu had a pH of 5.60 {FrS., 139] =' 7~97; P '<
O. OOOS}, The addition of CaC()tj further rtduce.-l the W contertt of
the leachat.e.
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This variation in HoTloss in response to the different acidic
"r~in.np treatment.s was reflecrted in the !Sail data (TapIa -4.3.2) t

in 'that the soil that had been l<Mtohed'\ttith itrair.~91of pH .5.60 had
a higt''er' pB. (in K(1) 'chan the sails leached with ~r61i.oo, of pH
4.22 or :).92. The:.:i~differences it/ere not however significant at
the !;,5%confidence intel''Va.l (11'[3,28) ::: 1.~43; n.s.). l'ha soil to
t'll'hich CaC03 had been added ha.d the lo~"s.st pH; 'which was olossst
to the initial pH of the soil~

«! e 3 ..4 Ch~llll9'e ~.ll);; .e~oha»g!!!HlJble.t1.l\'Un?",!llh'm
'1'1119 acid.ity of the rain did not',appea:t: to affec'l:, the rate of loss
of acid equivalents arising from 101.13+(Fig. 11.3 .• 5). The d.itfar¥A
en·::::ein rates of leaching were not significant at t.b.e 95%
confidence interval in thi:l,t the rates of loss were. all very
,similar .. Howeverj the rate of loss of A13+ £rOl'll soil trea/ce.d 'I!ith
,5lra.iWo r·Of PH i), •.22 and Cac03 ,"as sign:lficantJ.y lower thall the
l"p"tefi of loss by nl~ain"~ of pH 3.92,. pH 4.22 and pH 5.60 p

(~r'{;lal):::;; 14"I.Hi; p <.: 0.001).

Tn{;! soil analysis indicate.~ that t:h\"~ amount 0;1:'. a:x:ohan9'e~b1aA13+
W($·S the least in the soil th:at b$d been. leached with uJ:'ain~vof
p~t 6."fiQ~ Although th~ soil l¢aohed 'wit,h tfra.intl of pH :3.92 had a
highel" A1:':1+ content. than the 801.1l.\~achetf ~"ith ~I:t:ainuof pH 4-.22,
it was still lower than, the soil leached with ilrain" of pH 4L22
when CacOs had been added (TJI.lble4.3.2}. These tre11QS t...rare not
however ~dgnit'icant (F[3j2S1 ;::t 0.63; n.s.) •

.a ..3 0 !$ mUip!!f1Lin. ,calci U1'I\

The amoune ot' ca.2+ found in the leachat~ in resJ:ionse to various
acidities ot 'Draln" y.ra,siniteterm:Lnable, except in the case w11en
CaCQ.':Ihad been added t~1 the soil (Pig. 4.3.6).· SimilarlYI the
effeot of the various acidities ccurd not be measured in the soil
(Table 1{\.:3. 2y. Irtlis .is due to the amounts of ca2+ present in. the
$oil being so low (Table 4.3.1), that the quantities that were
found in the leachate were belo't'l the resolutiotl of the MS. 1'he
addition of CaC03 :t.esulte~ in a signific:ant increase i.n the
amount of Ca;:!+being lost in the leachate (:b''('7;183) t;:: '7.83; p <;

54



0.0001) F as well. as significan'tly greater amounts of Ca2~ bei;'lg
present in the soil at the end of the e8periment (TapIa tL 3.2)
(E'I3p28) :;: 5.14; p < 0.0059).

<I.J.GS
'rhe various aci-:iities of the l'l~ainildid not have a significant
effect on ...he rate of leaching of Mg2+ ions irom the $oil
Ot[5,139] .""0.91; J, s .) .• Hovtever the most acidic IIra.in" (pH 3.92)
did result in the most Mg:!+being lost (Fig. 4.3.7). The amounts
of Mg2+ lost from the soil in response to the "rainQl of pH 5.60
an\! 4.22 vIas similar. The pr~sence of CaC03. significantly
decreased the amount of Mg2+ leached from the soil at the 959,;

confidence intar'J'al (F[7;183) :;: 5.09; p <; O~0021)"

Soil that 1'1aS treated t'fit:.h IUrainv~of pH 5.60 and 4.22 i'\1i.th CaC03
had hj.gher 1$'9'e1s of Mg~+compared Ttlith the soil leached tl1ith
ijVrainC~ot.: pH 3,.92 and 4.22 (Table 4.3.2). This trend TtlaS not
signifi,~<u).t the 95% confidence interval (F[3,281 =: 0.39;
/" s.). ~~nfact the' amount of Mg2+ present in the ,soil. leached
t"iith l°,rainl' of pH 3.92 is greater than that. in the soil laached
t"yith nrainl' of pH 4. 2~.

The loss of K+ in the leachate was not monitored, however the
soil analysis at the end of the expar ...ment shot-Ted that K+ had
been lost from the soil leached with "rain" .of pH 3.92. The K+
levels in the soil leached with "rain" of pH 5.60 and 4.22 were
greater chan the initial values (l'able 4.3.2) • The difference in
the amount of K+ in the soil after being leachea with t'rain" of
various acid ies to1a$not sigrlificantly different at the 95%
confidence ,\ .!erval, (F [3. 26J ::'.I L8S; n., s.) .

..e • ~ • ~ ~thnl11l£to ili'!l . .tJ©l©1j.~
The loss Qf Net in the leachate tqas nat monitored. The prt~sence
of 1'16.+ in thE' soil tv-as$mall and varied quite considerably ('table
4.3.1). At the end of, the leaching experim~nt no distinct trend
in t.he amount; of Net'"present in the soil in response t:,C) t:li.e
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different acid IIrainti treatments could be observed.·

Ions ~s.e.) present in the soil after artifi-
cip< rain of various a.cidities had been passed
'r..:l'lroughthe cores. Units. are cmolk~{'l cexcept for'
pU of .the soil. Values. within rows with the same
superscript. are not ..significantly different,
while .those. with different.. supersc:r::lp..ts•..are
significantly different at the ·95% confidence
interval.

A13'. eg. 0.91 Q.S4 O.SO llos
. .!: 0.08 " ~ O.Ofj 11 ! a.oEl 11 ~ 0.22 ~~":'. ..ioI...... "'..
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DISCUSSION
l:4athod

The method involved the use of undistLlrbed soil cores to
determine the effects of leaching of acidified artificial rain
on the soil, as apposed to soil cores that have been reJOacked
after their extra.:.:tio:tl as. has been done in similar experiments
(Krug and Isaacson, 1984). It was felt· that undisturbed cores
gave a better representation· of the soil system, in that the flow
rates of t~1e "rn.inu varied for different cores depending on the
compact.Lon of the sOil. in the core. This is similar to the way
rain follOt-rs cet'tain channels and cour-ses in the soil, when such
exist, and only seeps. uniformly through the soil when it is
homogeneously compressed. As a r8sult,it is thought that when
the water-: passes quickly through the cores feti e:f{changes.occur
between ions in the .$03.1 so1t.:ltion and thos.e on the soil par-
ticles, however, when the flow rate is slowl mQ.t;'6 exchange
r~actions occur', Consequently for the· soil analysis at the end
of. the. experiment which determined the change in soil composition
as a r€sult of the leacl.Ling, the a.m.~unt·of ions p;r;esent in each
coxa for each ~t.reatment was.meaned; irrespective of. th$ volume
of "rain" that h&dpassed th;cough the core .

.IJ • tJ .2 Xniti.nl ~ru1;J1E@iSl·of top 250.Xiiml9; Sloi:.~.
The initial soil t :f.lalysis showed the soils to be naturally acidic
with a 10w nutrient: status (Table 4.:3.1). The average pH (in KCl)
of the soil in thE' top 250mm was 4.64 1: 0.06 (mean :!: s.e.}.
Meiwes et: alp (1986) pr;)ints out that when the soil pH drops to
below .5 chemical changes can occur to the soil which alter its
capability to r.etain or release Lens in .uhe soil. T:.ds has
important consequences for vegetation growing on this soil.

It is generally thought that in f' 'est soils, iXlg2+is less
readily available than Caz+ (Lutz ana Chandler, 1946) ~ HO'V'lTever
this was not the situation in these soils: there was. far. less
Ca2t present compared with the a-nount;':of .Mg2+present. Eelow the
first 100mm,Ca2+ concentrations ~~ereso low that they Were ~~low
the resolution of the MS (Table 4.3.1). Xt has been found ~atat

62



forest i:;1oilsr t-lhich aX'(;E!acidio of'ten t~nd. to be det:icient ].n ca2+
(Lutz and Chan~l~r I ~946).

Calcium is an essential ntacronutrient found Ln: relatively lo~q
concent.;rations lII:i.thin the cytoplasm of pla.nt cells r the bulk of
it being st:Qred either in. membranous organel1.~sf or being bound
to the cell wall, membrane surfaoes or the salts of organic acids
and inorga;tlio al'tions. It is knownto playa number of important
roles.in normal cell functioning: these-are discussed in eletail
in Section 2. S,'~.. Should the lot-I Ca2+ concentrations in t.he soil
result in low Q:;)ocentrati.onswithin the plant, this could .affect
the fUnctioning of. the cells which. v10uldhave a negative effect:
on plant. growtth

Low ca2+ concentrat:i..ons in the so:!.. could nave a negatiVe effect~
on nutrient. cyqlii'lg." A disruption' in the cYO;J,i,Ilg of nutJ;:'i~nts
.pack .tntQ th€\ $oiJ. cogld result I in nutrient de:ticienoies which
COUld be ctetrilu>!ntal to the l?la~rt. The reason .f~"':;'''' ~hJs' is that
ca2+ app.ears tu. he pal~ticular~.y influential in maintaining
bacterial populations, which in turn are important in~.nsurin.g
rap:i.d decomposition of organio rna;,cerial. Lutz and Chah~nel:' (1946)
record 3.0-20 times more baoteria in a calca.requs sd11 than a
nonl?alca;-eous soil. Hence a positive feed,back ....,0'1.110. occur. in tlw.t
t:he low concent.rations of Ca2+ ~rould hinder the development of
bacteria. 'tvhich would dccr¢ase decomposition rates and furtll~r
limit Ca2+ in the soil~ Neverthele.ss these authors conclude that
an inadeqtlate supply of ca2+ in the soil is g~neral1y the l.'esult
of a deficiency in the element rather than .a low availability.

The acidity of the soil cU1Q 'the amountia of A13+ present w¢re
relatively high" In th~ top 250mmthe }U3+ cerrcerrc of t;.he soil
deezaas -s as the depth and the pH of 1~hesoil increase (Table
4. :3 • 1). The importance of t);'is result lies in the f ir)dirl9' thi?lt.
most of the 1\13+ is found in the top layers vJhere the soil is
compoa;ed largely of organic, decomposing litter. Th~ tre:nd of
increasing A13+ content ~Tith decreasing pH is quite universal
(Driscoll et aI, 1985; $inger and Munns, 1987). However·other
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studies have found· t.hat A11+ concent.z acIcns incraase with soil
depth (Jentschke et a.l, 1991b). In the soils that were examined
ttle high acidity Ln the top layers .which results from the acidic
lit:terr is thought to be responsible for solubilizing Al:H.
consequently as the acidit,y dec. 'eases with depth so too does the
A13+ content decrease.

Most of the A13+ i~ present in the top 100mmwhere the .ca2
!- is

ge:ne:t:ally found. This could aff~'ct the uptake of Ca2" by the
plant in that A13+ has been found to inhibit the uptake of Ca2+ by
plants growing in ac':'d. c1.11ture solut.iom~ (pH 4.•0-4.2). (ClaJ:'kson
and .Sanderaon.t 1971). It is thought that the A13+ miSht n.E'1.ltral-
ize the neg,ative charge on the porEls of the cell and thus preve.t'1t
the movement of Ca2+ into the celJ.s ~·IZ the root.

Aluminium .injary tends to occur 1I10re frequEH').tly when the
molecular ratio of Ca :Al in the soil solution \.')f forest soils is
one or less (Abrahamsen, ,1984) . How'everRoelofs at al, (1985) in
their XrfOrkon .Pinus 1ig.ra claim that the ca.:Ai ratio can be as
low as 0. .2 before, ~?ot dama.ge is likely to occur , In the soil
that was $zamineci, the ratio at' Ca. ;1\.1 was approxl,mately 0.22 (see
kppendb>: 8.2 for calculation). This t'ITould imply tl;lat Al3.+i<l.ju:ry
to the roots can OCCUr on these soils.

In add.ition it has been found that as the amount of A13+ in the
~SClilincreases, the outward. movement; of Ca:at across the plasma ....
lemma deoreases (Clarkson and Sanderson~ 1971). Hence the amount
of Oa2+ in the cells CQuld Eccumulate, which Ln turn may have a
negative affect on thl~ _lanl.: because the functioning of CaN as
a sigt1al metal:>o.lite is dependent on it :being found in the cell
at low concentrations (}';loovaiah and Reddy, 2.987). In actditicm,
Ca2+ accumula.tion can inhibit the. r:to':J'E}mentand transport of Mg2+
to the rest of the plant. MagllfZ>sium is required. as .an enzyme
cofactor, for ribQsomE~integrity aAd for cblorophyll synthesis.
It also plays a role in 11laint.a,inil1gthe structural stability of
nucleic acd.da' and membram;:;$. A high Ca2+ ccncee ration i~ithe
cell can lower the act.brity of phosJ?ha~e by fo'~ming the insoluble
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compound Ca3 (l?04) 2t thus inhibiting phosphate-based energy
metabolism (l?oovaiah and Reddy, 1987).

A number of paramete,r;s have been defined by Mei'V';reset: al,I (1986)
which can be used to dei~..:!rminethe stability and resilience of
tr.e ecosystem against soil acidification. If .'3. system has a low
resilience then a small stress, such as mild acid deposition, can
cause significant changes to the ecosystem. The r::J.cio of Ca:Al
is a good inci.icaticm of the resilience and stability of the soiL
As incr(::asing amounts c:rf. Ca!~+are leached from the' sr>il and the
Ala.. content of the soil increase.s this ratio decreases. in· this
stud.y this ratio was determined to be 0.22 .which is very low.

1he pH of' the soil can indicate its .R" lYaffering capacity. The pH
of the top 250mraof soil from the site on Long TomFa.ss varied
between 4.23 and. .5.07. This, according t.o both Khanna and tlll:'ich
(1984) and Meiwes et a.l, (1986) r pu.::.sthe soil into the lOcation
exchange b1Jffer" range. tn this cat:egory, during acidifioation
H~become consumed in the clay lattices and in so doing release
A13+• ':Chebase .cations· are exchange(i for both the A13+. and the
incom,ing W, and are :t:'emoV'(1 from the soil system. lii!ith tinle,
roost of. the exchange sit.es become occupied by Al3+ u The ratio of
Elltchangeable A13+ to exchangeable cations .is thought t(,') vary in
such soils from 1).2 to 0.9 (Khanna and Ulrich, 1984). As the
amount of A14+ on the e~change sJ.tes i'ncreases, this ratiO tvill
increase. In the soils that were investiqated this ratio was
determined to be a .14 (see Appendix 8.:2 :for CaltlUlation). Hence
d. large proportion o~ the exchange sites in thi~ soil are still
occupied by cations other than AI3l-.

The cation exohange capccity (CBC)of the soil can also be use1d
to describe the soils ability to buffer the a<:idifieation
process. Genet'ally CEe!' s have been found to vary from :2 to 60 Ineq,
100.g~1depending on tl'le humus and clay content of the soil
(Brady t 1...84). Factors which affect the CEe are the texture of
the soil as finely te~ttured soils tend to have a higher CEe than
sandy soils. 'rhe organic matter content and the amount and kind
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of clay present influence the CEe. A sol.l with. a low .G.EC is
thought to h.ave a low buffering capacity and consequel'itly a low
resilHmce to acidification.. The··CEe of t.he so-;'l examined was
3.857 meq 100g-1, According to Miewes at all (1986) SOils with a
CEe of less than 0.5 meg 100g-1 are thought to' have a very low
resilience to acidification. This would mean thai: the soil that
was.examined does have some buffering capacity to protect it from
further acidification. However, aCco.1,!}~.n~Jto. Morrison (1984)

soils with a CEC or less than 6.2 meg 100g~1 are sensitive to
acidification, which woulc~make the Soils from Long TomWass
sensitive to acidification. Although conflicti~9: these sugges-
tions indicate that the acidificatiofl procesS in the soil. that
was examined is not, complete and although the soil can still
buffer changeS caused by acidificat.ion, this buffering capacity
is limited and will :t:'equire relatively little .acid input to
completely -,acidify the. soil.

cle)h!ositioEt
Figure 4.3:.4 shows that an increase in thE~ acidity of the ;r:ain
Trlill increase the amount of H+ lost in the leachate. 'this occurs
because the ,W' inputs. into th~ soiJ. are ao large that. the
neutralization of. the acid inp'Ilt i.J il"tcompl,ete. Only partial
neutralization can bCCUJ:: as a .reSUlt;. of ,f;t number of factors:
fil:.·stly p a low concentration of .soil-bound basic cations present.
in the soil would result in a low probability that these iOl'!S

will be egchanged. Consequently only small amounts .of H+ will be
removed from the s.:>lut.1.on.

Secondly, thE) dissolution ldnetics of these cations might be very
slow, or the retention time of water within the minet'a.l soil may
be excEledingJ.y short (Van Breemen at al., 19$4). Both of these
latter factors are. related to time, in that the water is p~ssil'lg
'thr.ough the soil pores so rapidly that. the e:KChatlge react.$.ons al';e
not reaching equili}:):t;lum. Wh'=l1the exchange reactions do not nr:aa;r.
completion, the acidity of the simulated acid x'ain will not be
neutralized..
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All of these aspect.s are liltely to have contributed to the
leachate becoming acidified in the soil that:. \1aS examined. The
acidification of the leachatp4 has important consequences to
catchments in the area, since as the leachate becomes more
acidic; the groundwater and runoff will acidify.

As the amount of Hf erltering the soil increases, the expected
tendency is for t.he soil to acidify. 'rable 4.3.:2 shows that .sail
leached wit;;h tired.n" of pH .5.60 had a hi9her pH (in RdI) compazed
with 'ene soils leached with lorain" of pH 3.92 and 4.22. Howavtlr,
there \flaS little difference between these latter two treatments,
The soil that had CaC03 added to it had the lowest pM, which waa
closest: to the initial pH of the soil (Table 4.3.1). !t 'Ls
possil~)le tha.t the caCOj served to preserve the initial statu$· of
the sc..dl by neutralizing the $<cidbefore it entered the soil. The
t:'ends in the soil pH were not however signi:f'icant.. !t can be

speculated .that if the time period· were longer, these trend:;,
might becoh'e sit;tnificant.

Otl'l~r studies have indica.ted that ~oils with a higl'l.er· pH
a.cidified to a great,;~ e~t;ent than soils th.at were already' acid
(Falltengren-Grerup, 1989; Schul:zet 19B t , Krl:lg and Frink (1983),
1'1;\.1gge$'Ca reason for these· ree,ults .. If the. ba~e ca: t.cn content
of t.he soil is low, as wa~ the situation in the soils that were
examd.ned in this study, then the ability of the ,a+ 1;0 exchang$
with base cations is lOt',l'due to the scal:city Of the base cations.
This results in the base cation.s being tilfficiently held. They
also suggest. that the humic mate:r.:ials which tend to accumulate
in acidic soilS, repel S042~. The3e two factors would result .in
the S042~moving through the soil \1ith Ii+ generally acting as t.he
accompanying cation, \-lith little c~ange to' the pH of the soil.
This could explair the lack of reSpOl'lSe .:i n +:.hepH of the soil
that was examined t.o the different acirl:J..t ies of the "rain~' ..

Another possihle reason why the change.s iIl soil 'at concentration
are so small Ls that the pH scale, being logarlthmic and at, the
lower end of the scalev requires large changes in concentri!ltion
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before a change in pH is registered.

It i$ interesting to note that the pH of the soil is greater
after the 15 years. of simulated acid rain than before the
t.tea.tments. .It should be noted that this ejtperime-rlt monitored
soil acidi:ticatioll in response to only one of the factor-s. which
can contribute to th.e acidity of the soil .• Other natural inputs
of acids such as the deC'omposition of litter and organic matter,
respi ration by living organisms qnd the uptake of ions by plants
have peen ignored. 'rh$ cumulative effect of these oth~r acidify'"
ing pr·ocesses, together wi...h the acid rain,. WOuldprobably res~lt
in the soil be~oming more acidic during the tim-a periect ~}{amined.

The total acidity, which inclUdes all the acidic components (i.e.
rr", 1\~;~+, or<;1anicacids etc.) of the lea(-'h~te, was significantly
greater when the IIrainli wa.s most acidic (Fig- 4.3.3) compared
with t;he q_ffiountlost when the pH of t:he llrain" was 5.60 and 4.22.
There was very ,little difference between the If,\tter treatments.
The e;l{changeable acidity of.the.soil at the· end 0:11 the leaching
showed no distinct trend with. treatment (Table 4.3.2). The soil
l~ached with tfrain.ff of pH 4..22 th<?-thad CaC03 added to it had the
highest a.cid oont~nt Yi'thichwas the most simili:u. to the avera~e.
initial acid conte4t of the soil (Table 4~3.1).

As w-itl1 the pH of the soil, the .exchangeable: acidity is less
after the 15 years of simu'Lated ::tcid rain than it was b~fore.
Again it can be speculated that nat1lral inputs of acidity
(mentioned above) together with the acid rain· t-lOuldresult in an
increase in the acidity of soil over the time period examined.

It is evident from thes~~ results that acid ;:.";\inhas the potential
to alter thr:: acidj.ty oj: the soilo l'his can have consequences oa
the vegetation growing on these soils in that \lpt.aJ~f?:of ions
t-/hich are dependent on H+eJ~trusion, e. g. Nli/ r may be affected.
If the pH gradient bettlteen the e)rtern.;;,l.mediUmand the cell.s of
the root increasesp thiS ejttrllsion of li+ fl:,omthe root 'tiould be
more diffioult in that: the gra.dient against "J!hich the RI

' are
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being pumpedwould be much greater. Studies have in~icated that
the uptake Qf ca2+ and other cations, can be markedly inhibited
by 11+in the pH range from 3 to 5 (Maas, 1969). Similarly the
extrusion of excess H+produced in normal cell metabolism .in the
cell, might become difficult Or be prevented if strong acids are
present in the microenvironment of the cell and root (Nihlgard,
1985) • The reason for this is that the gradient against which the
H' are being pumped is great.er and the rate of fl+ movsmenc from
the soil, down this gradient, into the root will increase, thus
making the ma;i.nt~nance of the cytoplasmic pH more difficult. An

accurmrlat.Lon of these Lens in the cytoplasm might be toxic to the
lant, and thus negatively affect the growth of the plant.

One 0; the most important SOUrCeS of nut:t:ients in the soil is
from the decomposition of o~~anic debri$ that r.eaches the fo·rest
floor by litter fall and from decaying dead roots and soil fa.iJna.•
In most forest soils there is a rapid rllSoomposition of organic
matter which r.esults in a rapid turnover of the nutr:i,.ents Ln the
soil" Studiel? which have compared the decon,position .rates 0:(

plant. material in acid SoilS with those i.n less acid soils, .have
generaJ.ly shown that acid 80i1$ have lor,rer deconlpositil.n teatas
(Skeffington, 1987). !n addition coniferou:.> vegetation produces
acidic litter "Thiob is ha:t:'oer to decompose than less acidic
litter (GO$Zr 1984). It: is thought that tho 1M1 base cot'.tent of
the litter ..is responsible for this. The lOW base content results
in proteins being compiexl'>.dby po:"yphetlols in the litter. These
ccmpLexed proteins ar.e more difficult to decompose.

Bacteria. play an important role in the decomposition process and
high soil aoidities are generalJ y unfavo~U:'able J..or bacter:i,a:t.
populations (L'l;rtz and Chandler., 1946)" Hence an increase .Ln soil
acidity could have a negative et'fect on the cycling of nutrients
in the soil. Fungi, unlike bact.er:la, are more abundant in acid
soils (Lutz and Chandler, 1946). (jne of the functions of fungi
is to deoompose cellulose and. t'el.:~ted compounds. As a conse-
quence, an increase in soil acidity might increase the rate of
d-ecomposition of. cellulose and related compounds. Ho't'J'~verthe
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fats and v-laxes associated part.icularly with the cut::icl$, as well
as hem:i,bellulos$s anti lignilri.s 1 would accumutat.e in t.he soil. The
metabolites of fungal' growth would inorease the <tacidity of the
soil still further (Gosz, 1984).

The acidity of the rain did not $,igl'~ifioantly inflUence the rate
of leaching of acid equivalents arising from A13+ in the soil as
mear;ured in the leachate (11"'ig.4.3.5). This can be due t.o 1\13

+ in
t:1Je soil being ad~orbed to the SOil particles more tightly than
other cations as a -eesult of its high valency.

On the other hand, Krug and !saacson (1984) found that t.he
leaching of Al~+ f'rom acid, organic-rich' soils in respoI1$,e to
ve ng ac:i.dities of, the rain increased together with the amount,
of vrga.nibmatte:r. in the leachate. The conclusiol1dra~V'n from this
finding is that the leaching of A13+ is dependent; on the solubil-
itll of t.he oX'9'anicmatter (I<rug and Isaacsoni 1984) '. With'respect
t.o the solls that, '\1T¢:r.eexamined, in 'tJlI; pr.esent study, if the
organiomatter was not soluble:i.n the soil, SOlution, this. would
explain tl'lef'inding that the amount of All+ in, the leachate had
not; varieci in response to. the acidity ,of the v'rain".

The soil analysis show.s that after 15 years or; simul.ated. raip,
the least acid equivalents arising from AP+ were present in the
soil that had been leached. ~tith rain of pH 5. 60, with inct'easing
amounts present in stli3· lEJached 't'rith the more a.cidic rain (pH
4~22 and 3492). This is psobably due to the A13+ becoming
insoluble at pH'S greater t.han 5.5 (Van Breeman et al, J.984).
Hence some of the A13+ in the cores leached with rain of lOR5.60
t1Tould have precipitated. and not belen extracted in the soil
analysis. ALthough this trend was 'not Significant. ... again, if the
time period was increased,· the dif'ferences might become signifi-
cant.

The addition of CaCOlmaintained a high A13t content in the soil
(Table 4.3.2) I probably as a result of the CaC03neutralizing the
acidity of the "rain1t befor'~ it entered the soil, consequently
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littli:: Alll+ was leached cut .of t.he 5cil. (fig. 4.3d5).. An incr~Gtse
in th(i A).3+content .of the scil could have. a number•..of negaciv$
effects on plant growth (Levan, .1945; Cl( ..kson and Sanders.on,
1971; Abrahamsen, 1984; Nih1gard, 1985).

/;3 .. 4 • ~ ~h9 ef'gecst. o~ ao~ ;cain on_m~l.jo~c$.tigru!
From the initial s.oi1 analyses ('l'able 4.3.1) it was d~termined
t1.1at there is .very little Ca2+. present in the soil and in
addition, practically all .of the Ca2" is round in the top lCOmm
.of the soil. A.s a co.nsequen.ce t.he amount .of Ca2+ in the le:achate
that was Leached ftom the sci;, was practically indete:t'Ininabl~
(Fig. -1.3.6),. and the effect o.f varying t.he acidities of the rain
c.ou:j.dnet be obb~rved in the soil ('l'able 4.3.2).

Thl3fact tl'lat the ameunt .of Ca2~'itl the top 250mro. is so small and
is found almest exclusively in. the top ·100rnm,tends to. indica:t:e
th~t .:.ycorrhizas must. be playing an aBsential role in ensuring
that the pla.nt receives an adeql.late supply of Ca2+. Findings have
indicated that myco.rl:hizas can assist the plant in acquiring
mobd.Le nut~rient$ such as Ca2+ (Linde:t:.'ma.n,1988). In addition, the
uptake of Ga2+ has. been found to be influenced .by the amount ..of
A.13+ presept in the soil (Clarkson and Sanderscn, 1971). Hence
the mycorrhizae must be extremely efficient in extracting Ca2+
frcm the soil, and. in transloca.ting it to the hest ~ If the A13+ in
the soil tends to increase t;rith incre'asing acidity of the rain
(Table 4.3.2) the uptake .of Ca2+ might become incx;'ea$ingl1
limited and mcce difficult.

A.J.:l:heughthe greatest amounts .of Mg2+ were leache.d fr.om the soil
tThen the ~Irain" was most acidic, the amount of Mg2+ lesl.<;l1eddid
not vary significantly in response to the different acid.ities
(Fig. 4.3.7). These results were not expected in that other
studies have. shcwn that more Mg2+tends to be leached when the
selut:ions are. mere acidic (Krug and :tsaacson, 1984; Nyegaard and
~..brahams.en,19S1). Ther.e are a number .of possibl~ reasons t'11:.1.1?-:he
amount; .of Mg:H did net vary sign:tficantly with respect to the
acid "rain~i treatments.
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F:Lrstly, :e\rvg and Frink (1983} propos<=!that in acid SOl.~,.$where
the proport.ion of basic to ac~d.tc; cations is low, the rate at
which cation e:g,changereactions occur i13 slow, conseqi..lent.ly the
basic .cat.Lcrrsare efficiently retained. It can .be seen from E'ig#
4.3.1 that such a situation may h:.;.-.te.occurred in the soil th.at.
\'1a[3.~~xa.minedbecause the ratio of basic to acidic cations in the
top 150rr..m is low. AS a r.esult of few cation exchangE: x.'.eaoti<1!ls
occurring, the response Of Mg2+to th(::'ac~r1 rain tret:ttments, was
not significant ..

A._rwther explanation for the ....lack of response of Mg2+to the
treatments is. the possibility that. the Mg2+ in the soil may be
traPPed in olay lattices and t.hus )10t exposed to cation exchange
reactions. Clays can be divided· into two broad categories
dep~nd.ing on their structure: one type of clay does. not have ti
silicon· base and is composed of hydrous oxides of iron and
alwninium'f( the. ather category is. sj..licate clays. which possess
either sil~ ..con tetrahedta or aluminium octahedra which are joined
together by sharing o}tygen a:i;'.OrnSi,n such a way so as to form
sheets. As the silicate. cla·ys form - cation.s such as iron af1d
Mg2+can be isomorphical1y. substituted for 1\1'1+ in the sheet
(Similarly AP+ can substitute for silicon) ~esulting in .the clay
particles having a negative charge (Singer and Munns,<1987).
Figure 4.4.1 shows such a sheet-like struct1,lre of the clay. The
incorporation of 1'1g2+in the-se sheets would protect it from
exchanqe reactions with the incoming Ii.+ from the acid rain.
(Singer.and MUnns, 1987).

Krug and Isaacson (1984)· fOUlid t1-;lat not, on),.y did t:.he rate of
leaching of A13+depend on the soltib;Llity of organi.c matter in
acid, o.rganic - rich soils, but the. rate Of. leaching of Mg2+ J'l'as
also dependent on this factor. .Consequently, if the organic
matt.er in the soil$ that "'Iere ~Jt{~minedwas not. soluble in t,he
sail solution, the loss' of Mg2+ .in the leachate, as tdth ~\l3+f
would not vary in reespOX1seto the different treatmen.ts.

The soil analyses showed t.hat la.rge amount.a of Mg2+ remained in
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.4.1 A schematic representatit.m of silida:ce - clay
shot-ling the silicon and aluminium .she~ t$ ~I)'hich
include magnesium.

\l silicon
o oxygen
g alumil1lum
c hydroxide
o magnesium

the soll after the 15years of simulated rain and that the!.'e were
no .s.:i.gnificant responses to t.he diff.erent acd.d "1':ain" treatments.
Ot1H:1:'studies· have sho1rmthat the response of soils t.o· acid rain
treatments have only been significant \'.)'henthe pH of t11erain has
been less than pH 4 (Krug and Isaacson, 1984). UO\,lever the
analysis of the leaChate tends '1:1) indicat~ trends that \'1i11
become sJ"gnificant if the experiment totaS continued for a .1.<:nger
period of time.

The amount of K+ in the soil terlded to increase during the
lea ching e"periment (Tables 4 •3 . 1 and 4.3: •.2). This increase
cannot be explained although it is PQssibl~ that the·· e;g:tra. I~
might hav~been leaohed from the steel cores themselves~ At the
end of the exper:t.ment the scil leached ~rith the vnost acid 'train®
contained the least t<+, \tlhile soil leached -r1ith urainlV of pH 4.22
and 5.60 contained the mos.t g+ (Table 4.3.2). The Hi- from the
acid rain could have exchanged for I\+ on the soil particles while
mov'ing through the soil core. This tfJ'ould result in K+being lost
to the plants in the top 2S0mm '{,there most uptake occurs.
Generally it is. thought that Car and Mg:a+are lost due to
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Bx.change reactioil$ 'If.Lth the H+of the', acid rain, becauae these
t't-IC cations are as a rule the predominant cations in tXle soil
solution (Nyeand tinker, .191'7) • HOWe"ih:irdue to thE;\large amounts
of K+found in this soil it is likely that this cation could be
loet in large quantities as a result of exchange reactions with
rhe H~' from the acid rain. In addition, K+ is likely to he
exchanged from the soil part" les rather than Ca2r or Mg2+because
the cat inns with the higher valency are more strongly attracted
to the, soil pal:ticles and hence are held more tightly to these
particles. Howeve:x.other atudies have shown. that monovalent
cations are lesl'S affected by the leaching solution, with the
exception of 1<+ from de:eper soils (Krug and Isaacson, 1984).

As with K+there tended to be an incree.:se +n the amount of Na+
present: in t11.esoil at the end of the leaching. The effect of
acid rain on Na+loss could not be determined, because the amount
of Na+in .the eoil was.smal.L.and the loss of this cation from the
soil was highly variahle (Table 4.3.2) . This V(I riatiell ..could have
re~rulted from 11.1ghvariation in the soil initially.

4\ • <!l. 5 ,Limi!lMNffi~ a m.o~ns'of' ~olio:t'atijrn$?I ill@iplii'ioot.:i,(')j1).

Species vary in their sensitivity to increases in the ~cidity of
the soil, poore.r nutrient conditions and increases :tn the
conoentrations Of to~dc cat Lens. such. as A13+. Hence it is
important to determine \lIfbetherthe effects of acid deposition can
be ameliorated. One school of thought proposed by Krug and Frink
(1983) is that a number of natural ~rOcesses might decrease the
effects of .acidification. E'er example when the pH is beloW' 5,
aluminium oxio.~s in the parent material may n~Hltrali~e at'id in
water. Other natural buffering systems. that conunonlyoccur ;j 11. ;;)'0;;>

soil are neutralization of acidity by means of reactions w .ct:
co,> I HC03- iron ozd.des( as well as organic acids (Mor_....S{..\l1,
1984) .

These natur.:!J.lprocesses'may J"Iotbe sufficient to ameliorat~. the
cont.Lnua'; depOSition of acids in the' precipitatiotlu consequently
the potential of CaCOJto ameliora'ce any effects that acid rain
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mayhave on the rate oi soil aC;.dification was in"restigated. Th.e
application of CaC03 resulted in a redl:ction in the rate of
leachi.ng of e.,;;:!h;mgeableacid equivalents., H+f acid equivalents
arising from A13+I .as well as d?acreasing the rate of lear.:hing o.f
Mg2+(Fig~. 4.3.3, 4,3.4, 4.3.5 and 4.3.7 respectively). Thus t.he
use of CaCOJto decrease the rate of acidifj.cation of the soil
was effective.

41• 5 CONctiOSIOb:\~S

The initial .soil ana.1.ysis Showedthe soil to be naturally acidic
(pH in KCl 4.64) f tvith a high A13+ content; (1.12 cmol, kg-1} and
10to1 Ca2+and Mg2+contents (0.0.8 and O. SO cmol kg-1 respectively) •
The Ca2+content of the soil was so low that below the top lOOnon
the cqncentration was below the resolution of the AAS

Whenthe soil cares 'i'Vereleached with artificial rain. of various
acidities, it was foupd that the .Leachace had a significantly
higher H+content when the "rain" had a lower pH. Similarly the
total amount of. acid -aquivaLerrt.s .leache.d from. the soil was
greatest whenthe nt'ainU had a pHof :3.92. These results indicate
that water percolating through the soil could become more acid
if the. precipitation acidifies '.:This cou;Ldhave important, conse+
quences for catchments in the' area. There was however no
significant change in the amount of· A13+ in the leachate t1i:th
:respect.tO the different acidities of the nrainll,

The amounts of Ca2.+present in the leachate were below the
resnlut::.ion of the AAS, and eonsequent.Ly it was not possible to
monitor t.he leaching of Ca2+from the soil cores ••

It was found that., although more Mg2+was lost from the soil that
was leached with tlrainl~ having a pH of 3" 92, the difference in
amounts of Mg2t lost in response to the IVrainn of various
acidities was not significant ~ The fact that the rate of leaching
did not ohange with differ-ent acid urainn regimes could be due
to~ (i) the low basic to acidic cation ratio resulting in few
exchange reactions, (ii) a large portion of the ~1g2+in. the soil
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might be he'ld in the '-clay lattices making, exchange :teq~t~.ons
difficult, or (iii) t:~1e low solubility of q;cganic acids may
result in low Mg2+leaching rates. OVttlr a longer period. of time,
the increasing amounts of acid in> the \pt'ecipitation may increaSe
the ·arcount, of Mg2+lost from the soil. This tvould redtlC,e the
availabili ty of Mgl!+for the' plants and since Mg2+plays so m~P5!
intportant roll~s in the plant! such a :\oss could i.:>e detrimenta.J..
to the gro~fth of the plant.

The response of Mg~+to the acid ftrain" 'treatments could not be
detected. in the amounts of M9z+present' ill).the soil after it had
been ,leached with "zraf.n" of various acidities.

Althbugh the that had been leached w$~) _Btl of pH',~ .e 92
had less ,r<+ and, mor;eacids .and AP+ Cbmpare4 ~Jf~;llsoil ti1'~t had
been Leached with,"rain" of ,either F\H 4.2~,Qj:'.S~60, th~ soil
ana;tykfis 'at· the end' of the ekperimene<showe¢!"t.hat ,the chelllical
composition of. the •soil did not appeai\ to have responded" to tIle
diffe~ent ac.;td I'rain" reg-iml$sin that r'\one oj~'these changes •were
significant.

The addit"ion of CaCo3 did, ame'liorate the\acid!~tlc;:a{;i~n p~oces$ in
that it ~esulted in de:cJ:eased a:rtLoupt's, O~I eJtc~~;;..ngeai?leacid
equi,ralent~,f .H+,A13+ equivalents and MgG+ b~dng 1e\~ched"\fromthe
soil • Un~et$tartda.blY, the application of Caeo3' resulted in
increas.1.ng amourrte of Ca2+ being lost in the leaoh~\te!
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ROO~ GRO'e'~1:~.~ 1j.WCOl~~~I~~ Cn~O~I~~X~IO~
O'fj JktOO~~G~Ot"JIWGl~10 SOIl, ~JE'~1f ~D ..~~Q
E~OSiD ~O~1"IJrICI&'l?iCIlf)~IN"

5.1
One o·f tn, J . symptoms Cl.ss.ociated with fore$t decline in North
Arner1 ca and Europe has beet~ a loss of feeder root biomass (Schlitt
and Cot-l1in9t 1985)-.This may result from either a decrease in root
ler!gth or a reduction in .:root mass pe.r nnit le'~1gth of roo'!;. If
the loss. of feeder root biorr,ass is not accompanied by a simulta-
neous increase in nutrient. uptak.e rates per unit length .of root,
the plant maybecomenutrient-stressed.

This damage to the .root Sjstem of the t~ees may re<:iuit from a
change in the soil c:omposi.tion. Acid rain has th$potentia1 to
generate cl,1.angesin the soil compositton by. increasing· the l~ate
of soil acidification. (Chapter 4 discusses the effects ,that acid
rain can have en the composition of the soil.) This chapter
addresses ·the hypothesis that soil that bas been aciclifie\'il by
acid rain, GOUld have a negative influence on root growth, in
t(.=-1rms.();f; root length·i: : mass per unit length of root,. and/or the
degree of mycorrhizal colonization occurring on the XO\?t.s••11'2.g1.1re
5.1.1· illustrates the questions addres.sed in 'r ....,l.s ~hapter These
factors can ai;.:er the ability of tl'le plant to extract nutrients

. . . . ..

from the soil and cO:1sequently affect the plant's g:.cowth anc,
fitness.

The extension of plant :roots into the bulk soil is an important
phYSiological p:t:ocess in that it determines t,"J.evolume of soil.
explored by the roots. Plants are only able to extract nutrients
from the ~oil adjacen.t to the root surface, in the rhizosphere.

. . .
with time, alt.ln.ough ions move to the root surface by mass flo~l1
and diffusion, this soil can become nutrient deficient. !n order
far the plant to acquire sufficientnutrientsi the roots of the
plant .need to extend into the bulk soil so that neirl nutrient
reserves can be utilized.
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0 {}t~= I r 6, :~c,orr,~iVI,.J',lfllerf,d",~,~,•.,ot I
., length., • ~~~~::_. _~.::

A drag~~-p-:c-e-$e-' 1.1-. t.-a-'t-i:'-o-n-~o-f~,-t"""'he-,. -~
clons adcb:essed j.n this chapter,.

Factot's t>1ltich. can affect root elon9ation include tamperO\ture,
soil \'Jater potential~ photosynthate supply, o~tY<;Jenconcerrt-t'at".ion,
possibly grot'J'th substances, as t1e1J. as the soil emrironmemt. j,n
terms of mechanical res:i.stance and io. S th~,t .:",t:el,r;'<:;sl';!ntin the
soil (Oren'l, 1979; Mj.lth.orpe ~nd t·1oorbyv1986). Th.~\:$efa~t,., '<!!v

I.')esides affectin9' the rate of ro(!t elongation" can determi- . \
morphology of' the r·,:)ot t"!hicll can in t,;urn influence nut·, 1n:c
uptake .

Ch.cUlg~$ j,1'1 tb.~~mass P" c unit length of root gives an indi.::::ation
as to wheth{ll~the morphology of th~ .roots, such as t~he thit:!m~s$
'of the .roots; cc-uld be e.ff'~c~ed by acid rail'!. Va'tiat.ion in the
.norphology 01;' th~ X'~f'lts CQuid be caused by ch~U'l9~$ in the
anatomical stl.~uct\lre (J~ 'Ch(~root. K~odifie<ltions in th~ anatomy
~f the roots c;.ouldal ter ti~~ ?,'tht"1ayu $nd h(,;lmee rate of !.llO'l1em~nt,
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of ions from the soil to tht;;;~cyh;m. Th~ mass per unit length of
root can also give an indiQation of the vitallty of the roots,
in that lighter rOQts may be higt111 vacuolate and have large
intercellula:t' spaces. Roots of this nature would. nor respond \'le11
under either 10'1'1-1soil water :tatus oZ"phyelical streE~ses.

ll!iydO:r'.'*h:i.2:Cl$ have heen found t~.o confer a number of compe'l::itive
advantages on their host. 'rhe~e are discfi.lssed in detail in
section '2 • .2.7. ~lIost import;,antly I myoo:r'rhizas asSist; their hosts
:in cbtaining an adequate supply of nutrients partic\;~larly under
lot" n.utrient~ condPcions (,J.1;tnker, 1984). There are many itJays that
this ntay be aChieved. Firstly, the hyphae of the l'llycorrhizas
extend further int!. I:he soil than root hairs, thus emm:ring that
a great.er volume of '£;$\"\i1is explored (1;"'ogell 19133)" Thl(~hyphal
net;tV'orkalso imn:eases the absorJ?tive surface of the plant, as
we11 as being able t6 penetrate smaller soil porei~ than root
hairs. tJ.'hepossibility also ex:Lsts that the fung'i ate mor~
effective at absorbing and/or tl;'al'1s1"orting and st(.'ll:·jHgnu'criants
from the soil than the host IS I'ocrts (Parl<:e et al, 1!~8'3).

In this e)~perimentf the ler'(Jth of roo'ts growing into soil that
had been eX};'iosed to va~'ious amour "$ and aoidities of artifiQial
acid rain, Was determined" ':Chis woul.d demonstrate 'C,hether soil
that had been a(~idified by acid rlain oould affeot rO(lt e~'tension
and, consl?quen't.ly, affect the ac!quis.i,ticm of nutrien'cs by the
plant. The' maas per unf,t length of the roots growi:r9 in'to this
soil \\)'0,$ also det~rm:1,ned in (.)'rder to ascer~cain Ilh(~thel:' the
morphology of the root had b~en altered. trho percer.tage 'Of the
root leng'''ch that was (~H'Jlol'd.3edhy lnycorrhizas was de1:.e.r:mined
because any negative effect thiil't:.acid l."ain may have o:'l the degl"ee
of mycorrhizal colonization can in turn at.fect ttle nutrient
.status of the plant.

5 ~2 ~·1l\w.,~a+'k\r,jS~.~~j.J...1'~E'J:lHODS

s,2 " ;a. J?ji1,,~A~~~;!g~,_9..00g_t;_iD~1~2.W:.th,J;1tlg:s
The soD that had been exposed tel artificially aaidj,fied "rainu
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in t e microlysi1.t4te:rS l~ the i%.rst experiment was :r:emoved frmn
each of the stainless steel tubes a.nddried. Subsamples of this
so.;!.l were analyzed .. i:t'l. order to determine the pH of. the soil, the
exchangeable acidity, as ~V'ell as the aluminium (APt), calcium
(Cai!+)I p.otassll.lrli W" and Lum {Mg2+) content of the SGiJ .•

(Chapt.er 4 cont.ains tu-s method and results of these analyses.)

The fix:'s't. e"tperiment result.ed in the. soil from the cores being
aml:.lioratflld to d:Lfferent. d~grees as a result of the varying
volumes and acfk:lities .of t,'te "r~in11 that had. passed through the
so:1.1 cores. {The vol'~meof ,qr~in'Cpass:j.ng through the soil had
varied as a result of difference!;: in the compaction of the soil
in the microlysimeters~) Consequently, a range of soil Qonditions
had resulted as apposed t~ distinct r:ea.trr.ents correspcmdingr to
the acidit~l Of. ".;h.e"rain!! that passed tbrough the soil cores.

Rot:;;'t. ingrowth bags were tne~d~ out of a polypropylene mesh
(23£WJ?SE). They were 3S0m.'t! l<:mg and had a diameter of 4$mrn. 'rhe
mesh had an opening of :2. 4mm. The root. ingrqwth bags were· 'place~l
in the qrOl.md at the site itl the, forest on LonQ. Tom Pass. The
ground. was cleared of litter# and for each bag, a so11 core wtth
a diameter 2mmgreater "tltan t:.h~ bag was removed from the grotlhd.
A .root ingrowth bag was t.hen placed into each hole. Foul:' b.a~s
were placed around each treE~, il'l tha rows of the 'crees, at a
distance of O. 7m from the treE~ stem. Figure. 4.2.1 ilJ.ustrlates the
way 'the inc;;p:Oltltn nags were pOSitioned in th~ rows· of tJ:ees in the
stand. r.r:l1e soil was put into the mesh bags, afte~ whi.ch 100ml of
dist:Ll.l-ed ~V'aterwas poured 111.1:0the top of the bag.

After 7.5 months, w'hich was appx~o~dmately the duration of the
growirlg' season, the bags were relYlOVed from the grot1l1d t '1'his was
done by ltnOCldngr a steel tube ('tdth a 70xmndiameter) i1).1:1:> the
ground ilrt:'cH,md the bag. The bot,tom ec1:<;teof· the tube \'lTa,sl;ilvarpen~d
so as to cleanly sever the roots and. pX'sv'ent them from :being.
pul1~d out; of the ba<,1wh<a:n the 1:>0.9t'V'as removed fJ:'oi9 t.nG) ground..
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The roots t.hat had gt'ow;ninto the ba~ tv-ere trimmedl close to the
su:&..fat;;!(~of .the bag. The c\':lntents of the bag t1ere pJ.aced into .a
11 erlenrr,eyer flask" }\:. soil sample of : Oml ~'1aS· r~movj~d for
analys:i.s. trJcrter (800ml) \'Y(lSI add.ed to the flaslt after t'lhicb it t'.tae
pJ.a.ced on .: shaker for :30minutes in o:rcl<::rto dislodge the soil.
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'.the large roots ~lere then removed from the flask and the rest of
the cont.el1ts of the flask were placed in a root elutri.ator
designed a.ccording tio Smucker at al; (1982). The latter used
water flow and compressed air to separa.te the organic matter from
the soil. The o:r.ganic matter was then caught on a O. 35mm mesh
sieve.

In .order to preserve the roots until the root data could be col-
1ecited", t.h~ roots '''ere placed in a 30% ethyl ~lcoho.l solution.
It was determ;i,ned that 30% ethyl alcohol did not cause shrinkag~.l
or di~rc.i.ll;\' n of the roots.

£;~£'o:r:-ecl~1. lining root length, root mass and degree ·tJ)f my ...nr-
rh:.tzal.· c.QlCln;j.2'Q;~iC)n,the roots were sonicated for 30 minutes.
Th.i.,~ 'Pt'ot'a;SEl removed some of tn.i1lmucilage surrounding the roots
as t',E! i '1 as dislodgj,ng so.il particles that were closely a8$ociat.ed
with tl'~! rl!lots .ina the mycorrhizas .

.5 • a . :3 J!~,,'~o~iJ.ha'i;!s!.L9lL~ot'. "lolQ\9J.t!\
The T.~p ~hod that.. was. used to determine root length was the same
as .~at pr.o~oo$ed:by Tennant (1975). The :COC'1::S were placed in a
sna.llow, :('la"; bot.tomed white dish t.'ontaining 30% alcohol and were
tea.sed out so that they lay across. a lx1 em gd.d. The roots were
viewed t-tith the aid of a magnifying glass.

The lengt.h of the root was calculated by counting the numbr;s;rof
times the roots intercepted. one of the grids. A count of one wa$
9'i i1'en if the root crossed a line or t.ouchsd a line on the gr:i.d,
~lhile a count of t~10 tllfaS given if the curved portion of root lay
along the line. The fo.llo.wing formula, from Tennant (1975), \1aS

then used to. determine root length:
root length ~ (11/14) x number of i.ntercepts

Root length, in this case, refers to. that fraction of roots
gr.aat~r than Smm in length. Some of the root tips (k>~th myoor-
:t:hizl?.4l and no.n-mycox:rhizal) brolte off the rOl"lts in the.
elut.riator. These bzoken '.;.i1'$ generally had lengths less than
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5:m!1l. They were colle¢t~d separately on a :i:':tnemesh and were found
to form a constant· fraction of t.he calculated root length ....
namely 45~65 ± 7.64% of the total rodt length. This fine fraction
of .brolten tips ~iC!.S not counted for each coze and hence the
len9t.h~ are undeZ'est.imates, by about 46%, of tbe total len9th~

S" 2 "4,, D$t(J)x.'nt~l)Thation 0:1: d~q~~~ of ~Wleeox.'1dnj..!%JiQL_.~pl0ll'!il11ati~~1

The degree of mycorrhizal aoloniaat,j,on 'VIas so high that the best
way to quantify it "las to oalculate the pe:t:oentage of root lsngth
that was mycorrhizal. The J.engt;.h of root that was colonized vyas
determiup.-d using the same method as above hOi;vsver only mycor-
rhizal intercepts were recot'de~~ Tl:,,~per(..~ntage 6£ root t.hat was
colonized by mycorrll.i.zas t-las calculate¢l. using the follot'ling
formula:

lis. mycor:r.hizal l:oot. =. mycorrh:i.zal root. le~ x 100
total·roo~ length

In addition the presence, or absence, of various :mycorrhizal
species was noted. The different species we:):e chal:'acte:t."isea. on
the :basis of their colour ant) the branching pattern exhibited by
t~'l.e colonised roots.. Whe colour of the fungus t'las uSl~d .to
differentiate speciG;\s in spite of the fact that t.he CO).OU2: of one
:mycorrhizal species :may'_;'AlangGduring it I slife (E9li and 1<~Uin,
19$9).1>The reason for the use "f. this. parameter ..ras. that the
duration of growth of the :coots into the root ingrowth hags was
only one season and was const.ane for all the bags, hence, it; t\T.etS

thought t.hat the age of all the mycorrhiz~s .must; be rela:t:l.vely
oonst.ant and.consequently the oolour ~vouldhardly vary within one
specie~o

s, 2 Q ~ 1lete)l;'mi!iil.ation of roq_t....Jru~..~1§l.
The roots were oven dried and the dry mass of the roots which
extended into the bags was deter:mi~1ed for each of +,he }:.ags.~The
dry root mass for each bag ~Jas di vided by the root length for
each bag in ordaZ' to indicate the averagte root mass per unit
length .o'Croot.
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s .~.6 ];!~t<1t ~!l.l:X.?j...@.
A principal components analysis (PCA) was performed using cancco
(Terbraak, 1988) in order to determine if any relationship
existed between the SC"filcharacteristics and the amount of root
elongation and mycorrhizal colonization that had occurred, as
well as the mass of the roots per unit length. The data recording
the presence or absence of the various mycorrhizal species on
roots from the bags, was also subjected to peA ill relation to the
soil characteristics.

Linear regres.si.ons were performed usin~r SAS/STAT release 6·.03.

5.3 ~snLTS
T':l.eavera.ge length of :toot that grew into an equivalent: of lieg-
of $oil in one growing season is listed in 'Sable 5.3.1., as \'\Tell
as t.he dry mass per unit length of root and the percentage of the
root: that was colonized by mycorrhizas ~ .'l'hese \raJ-ues are an
average of all the insrrqwth bas:s irrespective 01: nhe degree .of
I:J.cidifioation, and consequent; ion concentrati.ons, that. had
occu.rred in the ..5..oil of .each of tihe bags.

The . l~verage root length per ;Cg.soil,. d:tYmass per
unit; -.zoot; length,. and percenta.ge myco:t:rhizal
c.olonization at the zootis which gret'1 int.o the
root in'f1rowthbags, irrespective of soil comp.osi-
t.Lon, (x ± s.d.; n = 32.).

l?"==:::=~==~=-='..~--~.- 7':'-~-" -~"'''", ~~_:,:~~=- ..,.~~~==~~
~"k~-=_~=T==~=.~~~n •.1~n::2Ed ~~~~t=i=.o=n==="""~1

z-oot; length (m kg~l) 14.02 :I,; 5.60Ir-----~--~--~~----------_+------------------·~------------=~root; mass (g mwl) 0.12 ;t 0.03~-------~~~--------~--+--------------------~---------~I
% mycorrhizal~~~n~!~~=~==~=1=_~~3=:~__=t=·=7=.=5=1~· ~~~==~~~===~..

The peA analysis produces a biplot of environmental and platlt
characteristics whi.ch is a plot of both of these sets of
c.:haracteristics. an the first two axes that have been extracted
by the analysis.o The analysis groups the environment.al char.'actE~r-
istics with the p l.ant; characteristics that the~' possjJ~ly
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influence and places characteristics which are negatively
correlated to each other as far apart. as possible. The. l~ngth of
the arrmv joining the environmental characteristic point with the
origin indicates the likel.ihood o·f .the character contributing
significantly to the. regression. The eigenvalues of the ~naly,sis
indicate howmuch variance has been accounted for by a~fs 1 and
2.

A biplot of the soil characteristics and the root characteristics
was constructed using the output from the PCA analysis. -rha
1:>i1'10t (Fig. 5.,3 .1) indicated that a possi,l)le relationship
existed bet1.reenroot mass and both the ca and ~1gcontents of the
soil, in that the peA analys.is grouped these facto;l:s._ Th~
eigenvralueg of this ai.1alysis are recorded in Table 5.3 ..2.

The eigenvalues of the l?CA analys.!.,s of, the 60;1,1
characteristics and the root growthp~ __~~.~~~.~_;~_==_._~~.=..~==~~=-=.-~==-==.=u;=-=·:==~~~~~~~~"-~=~~~~~l

EigenValue:I~----------------------------~------0.7531

.2 O~231
,

I3 0.0'.6

A plot of soil Ca content "versus root 11\a6.$showed that they were
not corre.lated, b.ovtever a similar plot of soil ~1gcontent against
root mass (Fig .• 5.3.2) showed that Mgcontent Qif'the soil tended
to be positively correlated ~'fith the masa P~;I:'unit length of
root~ This relat.i.onship was not significant, (y;:; 81320E-4x -r
8,1268-4; rZ;:; Or~03; n. 32; p < 0,0736).

None <M: the. other ,soil characteristics appeared to affect. the
rate of root growth, the root mass per unit lengt.h or the degree
of total.l'l1ycorrhiza1 colonization.
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re sno'.lld be noted that the amount of growth that occurred into
the root ingrcll~th bag~' .i$ not comparable with that of roots.
growing in the bulk soil. This is due to the fact that the, buU.:
soil is much more corapa~ted compared with the soil in the root
ingrowth bags. In. addition, there was pre.sumably a difference i.::
the water potentials of the UIO soils which would affect root
growtl'l. ~1enCet t.he amount of g:r.owth.··that occurred during the
grorrling season d.nt.c the bags cannot be used to estimate the rate
of f{rowth .in the bulk. soil, bUt is mereJy a parameter to compare
.the effects that acidified so11 can have on root growth.

87



Seven different type~ of myccrrhizal species were found no
colonize these roots. Plates 1 to 7 are a photographic record of
the different types of mycorrhizas t.l:!.~t. t'lere observed on the
roots. The. mycorrhizas t,'ere not; characterized as there are no
e:ttisting descd.ptions of mycorrhi~as found in' this area and their
characterization li~ould be a study on its own. CGnsequent.:ly they
will l'le referred to as species 1, speciel: 2, and so forth. Table
5.3.3 lists the surface morphologicaJ. characteristics of the
various types of mycorrhizas.
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__ ~_~~-:---J
PLATE 1 Species 1 mycorrhizas - short, brown, simple

Species 2 mycorrhizas long, brown, simple
~
1mM

a9



~----------.------------------.--------------------------------------,

PLATE 3 Species 3 mycorrhizas
'=='
O.5mm

short, black, simple

,--------_._ _-----------'----,

~----~---~--~--.~-------,~~--~--~~----~~~-------.--PLATE 4. !Jpecies 4 mycorrhizas - white, simple
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-Spac;.es
simp:..e ~

O.5mm

Species 6 mycorl:hiza;-Sh;;t~ brown";'·GOra1T01d......
~""""1rmn
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Description. of' the surface morpholo(~ical charac-
teristics of the mycorrhizae found colonizing' th.e
roots that had g.ro'lfJn .lnto the root i.:19.t"otith basrs.
(The standard doviati.ons oi the mea~rilrGmsnts t1]'ere
determined from a minimum of thrse d.etermina ....
tions. )

The presence or absence f)f the diffe:t::ent species coloniz.i.rtg the
roots g:t:o~\':ln9into each root ingrot-tth bag was record~cL A biplot
()f ..;:.te soil cha.raci~e:t·:lstic$ and th~~ pres~nce 01:" absence of the
different mycorrhiztl,l species t'la.$ constructed f.t'om tbe resl.lles
of the peA and.lysiS (Fig:. 5.:3.3). The eigenvalues of thi,$ plot
are l;ecorl'iad in Table S. '3 • 4 ,
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The eigenvalues of the. peA .analYlpis of the so;l,J_
characi:erj.stics and tJ:le degree of mycorrhizal
colonizaticm tllat had occurred •

..

A4ds: Eigen:v~l~el
1 0.323
2 0.274
:3 q.209
4 0.127

The lJiplot shows that. sp(:)cies 4 :is negatively co:r:;r:e1.at£!dw'ith the
A13+ content rmd the acidity of the soil as both t.he.AP+ content
and ,the acidit.y of the soil are situated at opposite s),des of tb,e
plo't: from spec:bes 4:. lrig. 5.:3.4 shows that when th.e Al:l+ content
()f the soil, increased, there was a decrei;tse in the pres.ei:1ce .of
th:i,$·lllycorrhizal species. The biplot·· alSo. $how~$that species .5
is' negatively. corr~lated with .th~ pH of th:~ so;Ll. The. decrease
in. the presence of species .$ witH respect to an increase in the
soil p)';t is illustra.i:ed in rtlq~ 5.3.5. Ac:cO,l'."r;;1ing to .the analysis
these iJl,rethe only soil yariable~, which contribute significantly
to the re,gressiO~1.
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S.4l
S.4l.1

B)ZSeUSSIO~
E;t~t.h@cl

The use of root. ingrowth bags i.9 an efficient means of making co-
mpa.risons o·f root grew,th into soil that has been adjusted. The

., J:-eason for this is that the use of mature t.1:ees in the field
J:educes the li)(.e1ihooo t._ ..aC carbon assimilation rates I and.
consequently grottJ't.h rates, between trees lIwuld vary markedly;
this is in contrast to seedlings in a laboratory. !n addition;
the trees are ell subject to the same nitrogen sources 1 iron
salts etc. that are present in the natural conditions I compared
with the pot grown seedlings in a lrlboratory.

Jtl.oot lcr(l.~b.~~.,_

The total length 6f root that gre~'t into the soil exposed t;o
artificial rai.n of differe.nt aoidities I ~las fOU1'l.dnot to vary in
response to the ;cange of soil .a.cid.ities that hact resulted.

It is ..diffitult to attempt to predict the impact that acidified
soil may have on root grOt·lt"n. 'l'he reaSon for this is that it is
impossible to separate the various responses of the r.oot to the
numereus changes t:hat acid rain has on th.€} soil.

Fi3:'stly acid rain can cause an l.ncrease in the H+ cont.ent, of' the
soil, (Cbapter 4 discusses this aspect). An inorease in H+
concentration has been found to increase the extensibility .of the
cell walls (Rayle and Cleltilnd, 1970). All. increase in tbe rate
of elongati.on of corn root segments occurred when sOlutions· had
a pH of 6.l! or lesst ttlith a maximum increase at pH 3.4 (EdYtlal.·ds
and S(..ott, 1974). To eltplain this effect, it was. ploposed that
the Ht t!ould exert a physical effect on the i'tall,. such as the
cleavag~ of acid-la:bile bonds whioh might result in the loosening
of. the cell w'all. On the other hand, 'the effect might be a
chemiciSll one ~lhere th.e .a+ st~mulates enzyme hydrolysis of cell.
wall polysaccharides. allot'ling extension to occur (Edwards ;;).nd.
Scott, 1974).

In a study invest;.i.gating the effe.ct Of acici rain on root growth
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of Pinus sylvestris seedlings, the acid rain had 110 effect on the
length of fine roots (less than Lmm in diameter) but the coarse
z-oot s (greater than. Imm in diameter) tended to be longer in t.he
acidified soil (Dighton and Skeffin~tonl 19.$7). Simmons and. Kelly
(1989) found that rainfall pH had no effece on e:i.ther coarse. Or
fine root length.

Or1 the other hand it has been reported that high W con<;:l'E:ntrc'-
tions (pH 4.0) can suppxeas root growth {Loneragan, 1979). ',t'he
I"r 'W\"'J7e t.hought to suppress cell divis':on .i.n the root meristems.
Dean;;;; at ~l, (1990) found that acid rain significantly reduced
the prod.uction of coarse roots of Picee. rtzbens but that the
greatest fine :,"oot .product:i on occurred t'IThan the a'cid mist had a
pH of 3.0, compared w.ith a pH Of either 2.5 or 5.0.

$chrar (l987) found that there vJas a 36% decrea.se in tn.e l~mgt.h
of the primary roots Qf Pitch pine w'hen watered 'V'Tith artificial.
acid rain of. pH 3 compared" with pH 4. After initiation, elong-a..,
tion of the lateral roots was also inhibited by rain of pH 3••

These conflict',i,.ng reports concerning the response of roots·. to H+
concentrations suggest a threShold effect for different root
tYpes and different plant species t'lhicn appears to be related to
b;;Jl',h, the x;mffering capacity of the soil em,rj,ronment and the
plantP s ~\bility to change the acidity of its environment. If the
plant is grOt-ling in an environment that. is well buffered ant the
plC'l.nt only mildly acidifies the rhizosphere, th~n an increase in
the g+ content of t;he soil as a result of acid rain may be
ad~lanta9'eou$ to the plant. FU:m~V'er, if the soi.!. has \ a poor
buffering capacity and the plant decreases thE;! pH of the
rhizospl1et<e cOl1si:ierClbly I then a slight inorease in the acidity
of the soil as a result of acid r(li.n Inay cause the pH of the soil
to drop helOt'!)' a pH. of :3 .4, which t"lill damage th~ cell ment'branes.
'l'his will influence both root el<mgation and nutrient acqtlisi-
tion.

It:. has been found. that acid rain can cause inorganic .A13+ to be
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released f7'om. the sOil particles, thus transforming the 11.13+ into
a soluble form, (see Chapter 4). Aluminium is highly toxic and
has been fOlmd .t.o aff,?ct root gro~'th negatively. GOdbold at al,
(1988) reported that the rate of root elongation ot pi.cea ~bi.es
seedlings, exposed to A13+ at SOl) or 1200 Jtmol <:111-3, t'1as inhibited
by 63-73%. This response is thought to result from the s1.1bstitu-
tion of Ca2+ by 1-\.,1$<- on the cell wall ~.'A ciec;rease in Ca2+ on the
cell tolall could alter both cell division and cell elongation in
the roots because Ca plays such vital roJes in these processes.

The presence of A13'" can affect the branching of fine roots 't-Jhich
results in the rc ...,t:s becoming "stubby and spatulate" (1:'0Y,
1974b,. Aluminium can inhibit root growth by binding to th~ DNA
of "):'oot meristematic cells (Slaski.u 1989);1 or by decreasing the
extensibility at cell walls by cross linlcing the pectins in the
middle, lamella (Fay... 1~74b) . Rence one 'V'lould e.l~PQct root

b

e.:tongation to decrease 'i"ith increasirlg' Al:3+ content a~1 a result
of incre(;lsinq acid.tty in the rain. However the root ~,iomass per
unit !length of root may increase as a rasu! t of soil acidifica-
tion if the aluminium did increase the "stubbinessj, of the roots.

The deposition of nitrogen in the acid rain can also affect root
gro'!:tth. It has been suggested" that the energy that is utilized
to convert the increasing amounts of Ilitrogen to protein can
deplete the carbohydrate reserves thus reducing substrat.e
availability .for root growth (Death. at tal, 1990) ..

The requirement of roots to have Ca2+ Ln their immed.iate environ-
ment in order to gro'V'J (Loneragan, 1979) is another means by which
acid rain can affect the rate t: root elongatiot!. The reason for
this is that acid rain can decrease the Ca2+ contetlt in the soil
as a result of increased. cation leaching (discussed in Chapter
4).. If ti'.e amount of Ce2+ in the soil should decrease below' the
critical concentration as a. .tesul't of acid· rain, this t'iould have
a negative eff~ct on th~ rate of ro.ot elon<[ad:±on.

III this investigation the confli.:;ting effects of increasing 11+,
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Api< and nitrogen concentrations, as '!tlail as the very lCvl
concentrations of Ca2.. in the soil, might have resulted in there
being little chang-e in root elong~.tion into sOl,1 that had been
expos.ed to artificial rain of various aciditJ.es ..

Root biomass production was not affected with resp~C't to the
"icidity of the soil that t'lGt$ exposed to artificial ac,id rain.
Artificial rain of pH 3 has been found to decrease too root dry
weight of Pitch pine (Scl'trt't"t 1987). On the other hand, artif.i ...
cial r a.Ln of pa 3. 8 ~NlS found to have no efEect on either coarse
or fine :r,:'oct bi011.1o.5Scf loblolly pine (Simmons and I<:elly, 1999) I

InCreasing amount s of Al:i+ have been foune1 to si(jnificarttly
reduce the root dry weight of Pices abies ~eedlings.

III this investig-ation, the root biomass did c.~hange with :respect
to the Mg2+ content of the soil. There appeared to be an increase
in biomass per unit length of root with respect to an increase
in so:i 1 ):-192+ content (Fig. 5.3.2). This could be a result of
increased activity in the cells of the Y'cot because ~lg2+ is such
an .import:.ant cofactor of many enzymes. Th:i.s trend was not however
statistically significant.

The genet'al lack of root resporlse to tr~e soil conditions could
be due either to the range of conditions being too narrOw to
elicit a detectable response, or I as has been suggested by
Simmons and Kelly (1989) I be due to g:enatic control of root
growth be:i.,ng greater than the treatments imposed. Sht.')uld the
lat.ter be the case, t.hen if the roots tiere exposed to the treat-
ments for a coupJ.e of years instead of one grOt'ling season they
might respond. to the continued stress in a dJ.ff~~rert manner,

:) • ~ • <1 Mv.s:,2g_~h.im~1. (J~.ltij>n~~!1,g~i@!i'l
The symbiotic ;relationship bet~'leen plant sand mycot'rhizas confers
a numbec of advantages on the host. Probably the most ixnpc)rtant
of .nese is the acquisitiol'l of mine:cal nutrients by the fungus
which are then made available to the host.
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Reich et: al, (19BS} proposed that acid rain has che potential to
affect this relat.icnship in the following ".relYS. Soil acidifi-
cation or altered rhizosphere conditions can a~fedt the growth"
OJ. inir;:!ictivity of the mycorrhizas. Chatlg,,=,s .1.•1 carbohydrat~'
production by the host or resource allocation of photosynthat(·
to the root. caused acid rain could alter the level 0:
myc,;."-rhiza.l colonization. Nitr(.)gen ~n t:H~ acid z-axn can act a,
a fertilizer which would change the amount of mycor:chiza..
infecticn that OCCUrti (Schutt and Cowlir:g, 1985). Anlmonium ha s
been fOUl1,d to reduce mycorrhizal colonJ..~ation slightly t whi1!;
nitrate had 11.0 mffect on mycorrhizc,l leveloptr.ent (Jentschk€,
1991b) •

In addition, the
assQoia:l:ed factors
only affect thip rate
potential of the funga...
This COUld infl'uence 'chs

• ,,:.! lity of the soil, as \"{ell as t!

-anqes in A13+ concentrat Icne, n,
gt'owth but also t~e germinat.:L ,?.n
IOighton and &keffiIlgtol1., 191.r7

""_~ .)'f rnycC'rrni,zal col.onization tt"
occurs.

It ha.s· also been suggested that acid rain could affer.:t 1ihe

equ:l.lil';)rium status th3.t exists between deleterious microfl! Ira
(which exist in all s )ils) and the l11ycoxrhizas (Perrin ; ind
Estivalet., 1(89). SUGh. a cha.nge in the equilibrium be.Lance co'~la

I "
alter the survi'''::l,l of the mycorr!dza,!!j in the soil. Alterllativ(;ly
the ability of the mycorrhiza to $uccessf,,11ly compote tlTith Ot~J\~r
soil organisms for nutriel1ts may be altered (Vogt et all 1991).

It rh01.l1d also be noted th&t an increase in the r-t+ concentrati tin
in the soil as a result of acid ra:i.n could enhance mycorrhi2. al
formation because ectomycorrld ..zaa are generally acidophil ~c
(Shafer at al, 1985; Hung and Trappep 1983). There Inay al~. ?e
a difference in the optimal pH fer mycelial growth ax t~e
optimal pP' Zor mycorrhizal colonizat:i.on (Erland and Soder$tro~ th
1990) so in order for the mycorrhizas to benefit the plant, 1;'(e
pH of the soil should pe iLl such a range as to .include both the,
optima.
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Tl1:i.S invest.igatic>l1 shoi.'lTed t.hat the percentaqe mycorrhi.z(''1.1

colonizili::.ion :by \9.11 species not vary ~d.t.h respect to t.he
different .::oil. cem,po~itj.ons t'iT11:~ .r·~'£J1l1ted fl':om ~xposure oi~ the
soil to neid rain. HO\,y€lver, Sl;:H:;cdE,'i$ composition of tho
mycorrhizal camm\l1'l.ll.... tvas rQ$ponsivCe~ 'to the {iif.e~!re1.1t i;}o:ll
C:>mposi.tions • :tn the :1:'1re~lel'lt. study seven (l:i.f f'l!1:(:))n'l;, Sl:.H.::!ciea of
myco1..~rhizas could ~';~ c;iistj,ngui!l1hed ~;!olem,il?J.n~:f the roots t11~lt bld
g:.:O\'l'l'!. into the .l:'O!Z!t :Lngrov-lth 1;);).g$• The s \;;1 diff'e ...:fi)nt. types at'(\)
il1ustretad in plates 1 to 7.

Ot.her e1tperimc:,mts slv"l(fli that thEe"! rO$1JonGe of 1.tS/co:r:rh:.Lrm,g acid
:rain can be h.ighly vad.able. RG?:Lcl"i et: iJl..l, 0.965) :::1h\'J~,)'f~d:110.t. tho

percentage of J:oo.ts i,nfe(,~ted by myee.!:'rhi!:m~.l dCet'{lm%ld in a 1,'LnGCl:t\'
fashion with incl"easin9 ucic'lit.y ()f' t~he x'ai,tl in mildly acd..cl:l.c
soils (pR 6.3).. H01;l;e'Vf2:t:' tht.<:; rcspomH~ in st,.ron~,ily C).{!id.it;.,') ~)oiJ.$ {pH
4.1} was a q'l.ladrat~,.c r~la.t:l Ol').sh.ip tv:i,th a ma~tim1.Jm mycOl':l':'11.:b11;U
response oC10tu:r:i.ng when t:.h(_~ rai.!) had a. I'H of 4. '1111,::11 ~;nll.1gtlfilt:ed

that the effect of elbc acidit,y on thu mY~:;:Q!';'~l'iznswas hig111y
dependent. Ol~ tbe ~1H of the soil .. whon t.he 1:'ai11 t'1U$ far mOt'O~

ac,tctic that the $('Jilt the 6l'f.f·tact t'f t.hlr. acid J:,u'n on the;)

It is mox'e li:~oly that '.;;l""j type of' soil ;ruthe:t:~t:.h.:u'l thc~ Beict:t.ty
of th~ so;l.l Ls iml'"ort(';mt in ct(~t:ermj,Zli,ng '1;,1"1.0dC~J.l:;,ecof? l\wC'(~r%:h:l,.~al

infection t'll'i th l:e.speet to the varying anidit:j' elf the rain. The
reason for thj,,$ is that the soil type t~ill c4:rf'\1!(~t: tl1.\~ buffeting
capacity of thf~ so:i;l.. th~~ Lon c:on.t(;:.nt !)f t:hfJ ::m:ll
other,(lspects.

Shaff't.' et alp (198~) i(.SO :[:clmd tl'lEt.t the ,t:G.l~I't;m[;~(l Ot my~lo:l;'r:h.i2df3
to simulated. ac:.dd s:ain fitted a qun.dr;at.i,c r.i!llnt1Lcms~dp * UOt-lQV03:

in thS.s case :the percent ee:tomyc(.n:rhi~~a.t cOlt:1n:i.2at~.i,tm 1':7aS 1Of.).$.1 \".
when the t'ain had a pI"! cr, 4 and g'reat~st ~t~ p1:1 t!. 11. M~iQt et~ ~1,l,

(:UH39) found that tl'le. total .number of i!l(.'ltomyc:""rrll:l.zi1.tl.t.i.pq tendfJd
to '~ncrease 1;1.i.t.h ~,:nr.n::eat;~ing
(19a 9) found tha t \1h~m t',he

t.\~'!:i,dj.ty t:l! ratn, Simrm;ms cmd l~,oLLfl

l;dx,m.1.at.i.'r:d rt.l.il) 111t\C~, .A lO'N' pH, the
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Al'c.hough the ?srcentage vf t:he root 1en9th cCiloni~ed by the
different mycor:rhizal species remained constant in this study,
the individtm.l types did respond differently to t.he change in
30.i1 comr"os;ition »e a result of the acid rail:'1. Species 4 t"ias
:f'ound to be:~ sensitive:: t:o th.e A13* con1;:ent of th<:1 soil (rig.
5.3.4); \V'hil.o specieal 5 was found. to be sensit.:bre to thi!:: pH of
the soil (Fig. 5.3.5).

'1'11.e v;)lX'iat;i.(;n ill specj.f;;S respo"l.r..;; is similar to the findings of:'
lJtJeier et: lal, (1989); S,i.mmons and Kelly (l9S9~ ami Dis:rht(m and
Skeff,i.rJlJt;n,n (19W7) t1ho all found that certain mycorrhizal sJi.")G'~c:iG!s
t·(.~spom:i d;1,ffc~rent1y t.e 1;)'.1& deposi:l.'::1.on of aoidic x,·uin. Sim:i.J.iill'J ..y
Erlrm<i I.d SQd.er~tt·t,1m (1990) found that lim:Lng and t.he consequent
eh~1ng\::l .in so 13. pH ini:luenced t.hG! degree of oW.i!:r:all mycox'rhi:;.>;o.l
infE~ct.2.('Jn c1.S 't'mll the :t'el&tive fl'42.!qu0ncies 0$: the di.fteremt
mycorrhizal species.

'l'h.:i.s va.riation in Hpocies response· may' be acco1.ar.ited for by
diffet'erlces; i.n pl1.ysiological attri1j\:ttes of the cl:tff~rl?t'lt~ speci(;~sp
thus eXlablif'~r t~hem to tol(.;lrfJt~e different soil acid.it:te.s and ion
Ct'uH:ent.rat::t.ons.

'l'hfil nutrient; erl".atus of the trees may st.i11 be alter€ld. even 1:hough
th~~ ov~ra11 de9l:cc of rnyeorrh:l.~al :Lnfection has not boen
affected. 11'he r~1,l;lSOn fO.tr th:i.s is that the change in the sed.J.
composit:icm as a .re.sult of th~ acid rain, can modify tIle d.istance
that tl1e my~orrh:i.!H\l. hYk1hCl.t:!mtte~,.d :i.nto the bulk soi.1., as \1791.1
0.$ tbo ability of th~ hyphae co tI\~t{:raot nutrients from tilt) soil ..
Thus.. although tll~:il p(:}rce.n~age of myco.l:'!'hizal colonization is
lUH;:han90d, the ability t)f t.:.he myeorl:h.i.zBS to ,sUP1;:1:t.y tho host 1ir.ith
adQquh\lto nutl:iont:s can st':i.:U J::leaf':octod..

The potontially ad.verS{i~ ~~:f'fect ot: acid l:ain em llyphal m1otl.qation
can have '1nOt;ht1.l: nogD.tiv'l) implication for plant growth. Th.e
rhizc>!t:u':I:':r;.'h tilils.u{~ of f\!ngi contail~S h till cQ.l'lcen;"ratio.ns of Ca2+ ,

tlitr09Gu" phosph.orus, sodium and zinc. 1'h\lS t.be fun~1al hyphao
act aS1 a eli!"lt for m'ltrient~:i:i (Sm.i.th, J.930).. It has also 1;}(~Em



foum:i that :thizof.10:t;ph tiS$i,l<I* is able to hold 99, of the
elem(i)nts mecum.ceci against;.' a J..0c:.\ch.ing ±'orce sqlJi valent (;l'1El
y<wrs pr(::ac~.pitatiol"l (Sroith, 1.9BO). HenCE.l j.f the lwpha,l net1:yn:L'!\:

:i.s damaged as iil r6sul,t. of aC'.:id rail'll large amounes nutl:iex'l't:.s
could te lost: as result of leaching_

£;mi\!l1tq~$l~
'cJult has been acidifie~J. amounts and ucidit:.ies

of art. i'fi'ic;tal rain" WlfftS found not co :;O;i.gt'l,i"fi.cGlnt':.ly at'f~~ct: I'tl}ot;
g!:owt.ll, dry root bicUllass PI',U':' unit. l~mgtll oX' the d<?groe o·f;
myccn'rh:i (:oloni~~ntiQn. 'l'b.e:re doc 1;:4' hov,qever ;:lPP<:l~X' to be a
posit';.ive rel\.ltj.on:sh.ip~ althcnlgh l'u:rt, sig;nifica:nt., betti0.en. root
mmss per unit l(~ngth. and the Mg"'+ content of· t.ne soU.. Sil'lOe t4g2¥
is a cofa.ctor of many e.nzyrnes, em irw1.·eass in. the soil M9~'~
Level.s ccn:tld r.esul c ;i.n increased b.tcmas$ produ.¢'cion.

r.l.'l"l.Q t':!hange in f;l<:dl 1:)H an'd. aC:li<.t!.ty Q as ~'I7G,11IlS thE) cha.rHJ':l.n9
corH~cmtrat.iom1 c)f. A1J+p Ca}.H', Mg2>1' and !{". it'} tll~~ soi3.p• :t:'{)$Hl.l:til'lg
frmn t;h(·~ appl ..i.cation of eu~tifioia.l a~id t'ainl was. am:omfHanJ.<~dby
a chaf1~r(~ :i.n 'the :my,~orrh:LR.li\:l, Sli')~U::.i.os c01'l1position •preslSlIl.t en th~~
1;'OOt$. ':(Ill1s :ts lX1. Hpite of t~h.o fm!;;t th~lt. t,he oVE>t'alJ. dog-ree of
mycordl:l.z~tl col.{'mizati~l'l. "ni~ ,tt,)\Uld. not. to '\1~t'y ,(,yi.i:h any of th.o.
fJoil. partlmet(~t'$ Glw,m;i,;t'lt:Hi. One $P~C!;i.f.lS tV't'!5J :f:'ound '1;:.",) be neg@.ti'l.rf;~j.y
corrl!~lat'.ed \\I';I.t11 t11.e A13~ conte11t. of thE; soi:t, t111.:1.3.(:) ';'ltlo·the X;' was
neg-at',i,vel,y t:lo:r;':r:e:l.iilt.ed ~dtllthe pH of tho SOil. l,l.lhe ellan~J~ i1,)

species e;onll':>osit.ion could newe important cens equ<a!lltH!H3 to the
lI.ut.rier.lt str;lt:llS c)f tho t:r.et~[;!.
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~,,~@)~r~Sltygc1.ru:~ ~LCIUD~ OJ1?~l~ltL~ ~~t J?::lCNUS

"J!~"O~l

Pl.ant~ rt;;lt:p.lire relativ~ly fixed am01.mts of nutr:lerrts in ordsr t.o
grot,),.. 1\.11;,ho4:19hsome xmtri,ents may be transferr~d to the. grot·ling
regi.on from older t:~mnescing pa:r.t~~of the plant, an incretiu.'!s in
plant $i~e generally roquires t.ht'~t. the. plant. ~btains th~
apr)rQI>r:l.tr~':.~f,J!tmmt).ties of nui:a:'ien1;sfr<::mi an s,rternal source. The
luinoral. cl~men\,,;a i:mmoe,Uato.ly Hva:iJ.a.ble to the plants arc pr(2H~ent
:i.f! tho soil solu;t:i.ol1, tvhich j,El :i.n t"Llrn in equ:i,lib:t'ium 'l:litll ion~
which a:r.e adso:t'b~:!cl onto th(~ soil eJtohtmg(;1 $Urf,lC$fl.

Plal'l,ts absorb .ions 011,1)1from the rhizQsphere,. i.e. tt..e soil.
inunedi.;tte.ly adjacent to the root: surface. 1.1.$ a result. of the.
L1];,taltG:1prOC€HilS, as 't'lel.l as tl'l.CI pre:sence of exuclntes and. oeJ.ls
SlQT.l9'l'leci from t:h~ root, the ~loi.lill the rhizosphe.r'e l'las a d;U!fer-.
()nt compos J.ti¢n :from 1;11e1'111111: soil.

It is generally tho1l9ht that, nutrient acquisition must b(;.'l a.
predominantly f4ct:ive process (evidence for this ia,$$\Wl,r,ttion :L$
dJ,scusS(~d. in Sect.ion:2. 4,1).. One possible el{C~ptiOl'l to tbis
general;J,zati,otl, !;)(il:t'til'H,~nt to this{ study;> is the ul?tall:~;of cal.cium
(Ca.). Calcj.um is thought to enter the cells F",\ssiveJ.y and b~J
act..:!vely a:!,truded f.t'em the c;el.J.s (Cla:r.lcson l:md Hanson,. 1980;
J;{UbCHrd.ct (~t al, 1982; I?oovaiah cmd Reddy" U'H11; Uayn{:'!$f 1990).
Such a mechanism of !:>ass:tvo ca influ)~, and act.ive 0f:fJ.l.1.lf., is
t.hougbt to Qccm:r. i,n I7tet()lnycQ~t·y...l1izf.ls as t\l'el~, (Lap~Yl~'i¢ and
B.:t·ut~h~t, 1986).

Energy r(i\('lui:t:\'i.ng ucarriez,'" m~.1,/!!'~u:t~s, eml:;H:~ddedin tll1e p.lar~ma-
m~mbrat~ef <-"x:o:i.nvolv{:1d in tho mO"llQ!men.;. c~f ions ft'om one sicle of
a selective 1y peJ:'mea1b,le membrane co tIle other .. t:arr:l,ers and. t;hei;t ..
funct.iof1ing have been defined by Epstein (19'72) as 'subunits of
t.he m~mb.t:ane [t1hichj bind the ion at lena e~tt:\';l;t.nOl fac(~~ Of the
memhri1.me, f.o:t'm;i.n~5 a cill'l!',ier"'ion compl(!m. This complelt then
tr&l.nsvtSt'ses the l1H;;an.brane, rotates "J'ithin the mEhl!1;',)l:'fU'lElt 01:'
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undergoes some other spat.iel rearrangement t'V'i1;:hinthe. membrane
as a result of trlhich, the ion is brought to the inner side of the
membzene, Al{~n9' ""lith, or after~ this change the ca.rrier-ion
complex br~aks dOlt1n as a result of a. change in molecular
configuration of the carrier so that the ion is released :i.nto the
lIinnerlV $!~ac(~I. The selectivity with whioh ions are talten up can
be determined :by differential a,ffinities of' <l~ct;i.vecarriet' sites.
for differerlt ions {Epstein, 1976). The diffe'.rent affinities can
result frorn conformational changes in the structure of the
membrane 0;;:: Lon carriers (Ma.a.s £tit; alp 19G9). The ter:m ion carrier
:Us used in the Same sense as l,cm pumps, i.e. as transporters ·of
ions that utilize enet9Y I as ()Ppos~'Clto ion ch,~nnels which allottl
for th.~ passive movement of ions.

The Idnetics of ion. transpox·t are. usually d~scl'dbeti in terms of
ccncepcs that were developed in era:ymology. This is as a result:
Qf' a numbsl" of J-'iti.:r.all'e.ls bet\';l'een the tlivO pt'oces$I:.~.S. Firstly, both
processes under.go'the formation Of a transitory .:nlbstrateM·e.n~:yme
Qr s1.1bstrate-c:ar:r.i.er complelt, ani secondly f with s.rraded substrate
concentrat:!.ofIS both shot·1 saturatio.n ld.netics. 'they differ in that
generally e.n~y.me$bring about the ch~~mical tx-ans:fi'ormatiem of t~he
substrate mol!,?cule, while cas:riers me:t:'ely t.ransport: cA%l ion across
a membrane (Epstein, 1972)0

Nutrient acquisition j Q depeudent on th.~l external i.Qtl cr..mce!'l't:.ra .....
tion and energy $UP~lYl as '£olell as the! charact.eristics of tlle
ca:t:rie.c:. EJxampl~s o.f the .lattitlr factor includ.e the inhibj,tic>rlt
lOr stimulation, of th.e carr:i.er l~y another moJ.ecuJ,e, or competi-
tion fot' tJ'Mkl carr:i.er. site by another moJ.Gemle or ion. Th~l:1e
concepts a:ce simi.1~r to thos(;l in enzymology ",Thenthe rate of' the
enzyme reaction is al.te.t:'ed as ill. result of the presence of a
mt:)lClcul® otllar than t~ht~sul..'Hiltrate molecule.

If acid rain can effeca-:. a change in th~ action of the. i01:1

carl!'iers in the roots of P.1.IJU,C$ p'.l.tula, this could l'eSH.1lt in a
decrease in thfil t'ate of ion tlptal~~. This (mper:ime.nt aimec1 to
investiglte tAte uptal;:.ekinetics of l'\\agnesium (M9> and ca by P.
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petult:t and ..to determine t'1ilether acid ra:i.n has t1'1e potent .tal t e
affect the ac:quisit.:i on .of thesel nut.rients, (Fig. 6.1.1).

r----- -,
j
l NUTRla.NT ..• 1
L~UPTMn: _J

r-"_"'_"_~·$-~-~-'
UPTAf<E I

~ROCES~.:J

-A-ara9raiMi~Presentat1C;n of -the- aim of
thi,$ exper;i.me11t in relation to the rest ofthe investigat.ion.

The method. that VIas used invol'recl. constructing a planat'
rhizosphere for seedlings. This rllizosphere t'1hich t'las paral '1
to the root s'Urface~ t1aS then sectioned and analy.zed, in. order
to ctetermil"l(;! the ion concentrat:iot)s of th.e soil a.Cijacent to the
root surface and throughout the :rhiz(."isphere. By varying the
concent:ai;ions of the ions in t.he bullt soil (referred to as
treatments in this discussion), the uptake ldnetics of the .tons
can be investigated. It should be noted that although. the term
~rhi2osphere~ is used, it is actually a "mycorrhizal-
rhizcsphel'e" .

If th~ uptake of. ions by plant roots is slot1er than the t:at~ at
\1hich the ions a~:e transported to the root surface then t:he ions
will accul1lulate at the surface of t:l'1e root. This h:iil.sbeen four-a.
to occur in some soils for ca anc M9 (Dunham and Nye, 1976;
Marschner, 1996). ':onvet'selYI the rate of ion uF,t,ake may be
greate.r than the rate at \'1h.i.chthe ions are S\lPI~lj.ed to t.he root
stu:face \1l1ioh rEH$ul.ts in the soil. adj<ilCen1;. to th'} root lrface
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having a lOt'ler ionic concentration· than the bullt soil. This has,.
been shown to cccur for potassium uptalte (Dunhamand Nye, 1976;
I<uchenbuch and Jungk, 1ge2). Figure 6.1.2 illustrates tl'lese tt'lO

scenarios.

o
~~~~",*-~;rr:_-$;""*,,,"4~~~~~~Ji'».'~'I~

j5!i~. ~.:a.. 2 Ion uptake can occur at a greater rate com-
pared. to the rate at: t'J'h:i.cil ions are transpor ....
ted to the reJo't surface (A), or th($Y can be
taM:en up at slot'V'er than the rate at \'1hich
they arrive at the root surface (B).
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Fig'llre 6,1. 3r t'lhicn shows a s:unplified bOJCctiagr(\In of the procesf,
of nutrient uptalt€l, heJ.ps tt;' illustratCil the processes i.nvolved
in t.heSt3 tt·lO scenarios. :tt shOUld be noted that ~ii. in. the d.ia.gJfam
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c('lnsists of a cont:i.nuous series o.f compartments U:l11.~mal l¥i.l)q.,

•• 1~) w'here ~ is adjacemt. to the root .surface and ~ has an ion
concentration equalling that of W? the bulk soil. The rat& at
~]hich. ions are transfe,cred. frol!! 1£! to ~ is 8 and the ions rt\i:,lV;'~

from 1\ to ~ at T,'qte818 from lUll to ~ at rate lilla:er and so f,,:.~, ':"

PIQnt
root

Bulk soil l•

~~~~~~~~~~iIilt'VM'< '~III~~Hli"v~

)1i9'. ® .1 • .3' J~ diagram of icm movement from tl'le b'l.llJt .soil
t;o t,he 1.·ni2ospher~\, and tl').rou~h tho
l~hizosJ?hel':e to the rCII.'t sl.l)!'face. (Symbols
t$\~tplained in tGmt~) •

8

'I'he fact~n:s 't'1.hich inf'll.lenc.e the upt:.alte. process l'.mt~ \-:hich tV'ere
controlled or llUilintaineci at a constant valUe durinq thi.~
expE'~':lment~ so thCl.t the:i.r influence on t'.h~ upta.ko procf:.ilSSOS that
V'J'el~O'being e~amined coultl be mir.d.mi~edl' are m~~ntion~d in the
ensuing description of tnt: upt:,alte process ~

Rhizosphere

Th~~rate at t'lhich ions are tal~en up by the pla~tt roots is
d~s:l.9l'l.ated\!I, and is dependent on II nurol>erof faotors. ll'irstly I

the concentr;;;>tion < ,~' 1 ,\.. )-.1); root s\'1rfac~~,~lt affocts '©.l. tElle
reason for tbis is that as the ion concentration at U:I.increas~:):i),
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so too will the number of filled carriers on the .!'oot surface
increase. This oc.:urs up to the poi.nt when all the carr:Le:t:s are
full, after wh::',.Jhany im::r€:lase in ion concentl'ation at. ~l will
have :'10 ef:t:...:ct on the rat<;: of ion transport. When t:..ne ca..crie:t~s
are full t.ll£;,;satlu:ation kinetics that are often observ\3d in
nutl:,ient uptake studies woul.d. be obtained (Marschner, 1986>.

Secondly,
ca.rriers.
tory io1')

~ can vary as a. result of the characteristics of ell€:!
11'ore~,an1plev tho presGlnce of an i.nhik:d.tl"lry or stimula-
the root sl.:ll':face can alter the ra'!:;e ()f action t')f tb.G1

card.ers and hence the ratC3 of 1em.uptake by the plant (Iilpstein,
1972). in add.it,ion, any ion t.h.at competes for the active site on
the carrierl can also have a negative effect on u.

The metabol.ic enerq;y requirement of the ion carrier needed tt)

(..irh~e..the nut~rient uptalte process can also in:elue~").ceU (Epstei!"
19i2). If :i,m~u:f.fici~mtfi\\llsrgy :ts available, \l w.ill dent'ease even
if all, the other factoJ:s controlling .i.on uptake are opt.tmaU.• This
factor it1aSas!3umecinot to vary in t.he (~ltpe:r.:tment i.n this .stt,lcl.y,
sill.ce all tho t.l:eatments t'Tere expose.d. to the same envil::onment.l1l,l.
condit~io11s •

The rate at wh.1.ch. J,ons move frOTit the .built; soil, into the
t"hiz(Jsph£u:~Jr ~fhe:r.·ethey are avail.able to the i?lant~, is dE:H'l.O'c.ed.
by m. It: is t:lctua:Uy tbe sum af tt110'Prooesses, namely dit'f1.:.lsil':m
and mass :t'low (Nye and Iritll~et'l197'7) v fL'hc :r,'(:;!lativ(:Jimportat1.l::le of
th(98C twC) t(:'1l':ms '''(;;U::i.(;H3~l;.th l:·0SPO(~t:. to 't1'1.0 .so:ll tYf'(;), so:tl 'N'alter

potel:J.t~ial and the doncentx:ation 01: ion!;\'!1,n the $.0:1.1. In t.kd£:l
~u~pel',';,.m@n1!i.t~ \'Jas t~hought that mass :f:low 't'1asthe more impf:>rt;\;'\nt.~
in that difful;~ion would talte place very slot~J.y c{nnpa:r.edvlitl1 rnas~
flow. lJ'he re~~son t'or th:l.s is that:. evaporat~ion f:t:'om tl~o soil.
sllrfacill a" 't'V'oll. as a watOk: defiedt resulting f~'om tra.nspiration
would cause ~1ater to move tht'ough the soil relativ~ly raf')id11'.
:tIl this way :I.ons ciissol ved iXl the soil. 1tJ'atel':are supplied ':0 thi?:
;t::'oots.
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is dependent on botl1.the concenr;ration of ions in the bulk soil,
sim::e the, adsoroed ions are in equil:i.brium with the so:U.
solut:i.on, and on the r'ate cn: water It'oV'ement to the root surface
(Marschner I 1986}. tri this experiment, the r.ate of' "later movement,
was constant thrt)u~:fho'Ut the range of concentration values for ~,
SC) this component carl be i<;tnol:ed. Hot-lever the concentration of
Lens in %ill was made to vary du:r:,ing tIlt? el\periment. Thus m can be
thought to be a function of ~f that; is:

~~lt:~ f (.1m) 6 •1

The;;: l~ate of mo'V'(~mentof Lons through the rhizosphere compar.'t:ment:s
occues by mass flow. The rate of movement from ita to ~ ,i.s
designated Malt t"ll'lile the J:;'ate of movement from fta to ~2 is 1«21 and.
so forth. It "'lould.be noted that m. occurs independently of u.

Any chang(';) j,n the conCs11tration of Lens in ~ is thu$ the
d:lfferEU'lC~~ oetween those I;:x:anspot't:ed from jE) at a rate m.I &J:1d
t}1'm~3 t:aJeen \lP by f.. at a :t:'s:iz.e u, tha.t is:

~ Cl (m - \l)t.

When u » ~, then a zone of depletion forms against t11e t~oot
surfac<;"', t,hat is:

In t.h.i.s sitm'.l.tion the rate of uptake by th~ plarl.'t:. t'1ould be
dep(,')ndent: on the x:atGl f:l.t; tlThicll thGl nutl'::!.ex"ts are trr;l;l'lSportecl. to
th~1 :r:c."Iots\.u::fai::ie (NyC~q 1977) ~

On th.e ot~he:t' hand, if u <: a, then the Lons tG.md 1;0 accumula'l:;e
agail1st t:he root surface,. imp:!.ying that:

In this case the l:'cd;;O of :l.O!1 uptake is detet'mined :by the
oharacteristics of 'the carrie3':s on the l!'oot surface.

In ltliU1Y soils Ca and )',19tend to accumulate at the surfac~ of thc~
root as a result of the "lptal~c of these io:n.s being slower cnan
the rate of supply (Dunham and Nyc, 19'76; ~J1arschne,t', 1986).
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H01:{~V~rI since the soils being examined in this study .a.re so
nutrient deficient, (see Chapter 4) I it ~lasunlmown wilether '!hese
ions 't':iould txccumulate, as is commonly found, or 'V.thether zones of
depletion 't"lould form as a consequence of the low ion concentra-
tions resulting' ln only small emeuntrs of ions bein9 trt!ua=:rt')r.ted
t.o the :root su,;;:,faca, r'lSsult.ing in the rat.e of uptake being
greater than the rate of supply.

The concentrat.ion profiles of r,lq and ca in the rhizosphere 9iv~
information about the upta.lo~kinetics of these ions by .P. patula.
These profiles t1ere used to determine th~ possible effects that
~'1:cidrain could have on the uptake of Ca and Mg-.

EP" 2l ~,m,.~):n:lA!ts aND. t'lI!l!.mgns
is II 2l~:t ~m~fi~:.B!_q,lilLs;~
The e~perimental des.ign t'la$~ based on that by !\uchenbucb and Junglt
0..982) Sl'lcl DUnhal1\ and Nye (197fi1j ( hut was modified $0 that the

upt.alte of nut.rien'cs by a tree ~ould be monitored.

Tt>70 lJir.ras patula seeds were planted in po'ts contain.ing ~oil
obtained ~:romthe s:i.te. If both seeds gerrrtinnlted, one seedling
,,,,as t'l(i)lfJded eutr, MYCIorrhizal .;)olonization occurred aut.omatically
as a result of fun9al spores and hyphal fragments in the soil.

In order. to compare the rate Qf uptake of myeo:r ''!izal roots, as
apposed to roots without mycQ:i!t'hizal colonizat:i.on, some seedl:i.ngs
~lere grown in sterilized soil. (The soil bad been autoclaved
t'<1ice durinq a sdx t\TeeJ~periOd.) However t.he.se t.rees suffered
frora aC'l.lte phrjsphox'us deficiency (the need.les on the trees turned
a deep purple colour) and died when they wers six months old.
I:nspectJ.on of the rootEl shc)'wed -them to be completel.y free of
mycorrhizas. The sigrdficrince of this f"indin9 will be disCUSSG('l

d.n Cha.pter 7.

The sssdli11gS ,\Ysre grcn·m in the Phytotron, (day length: 14 hours
light, 10 hours dark; tsxl\peraturee 230C, 18QC; relative humidity:



The pots thE~ trees. grew in, ha.d a SOmmdiamet.er and wen::e 70rom
high with a 40Mmaperture polyethylene mesh base (40 l?SE). The
seedlings were watered with Long Asl"ton Nutrient .solution, (see
Appendi~ 8.1) . The emperiments were conduct.ed when the trer-s were
11 months old, at 'tvhich stage the roots had formed a mat along
the mesh base of the pot. This t1ClS the planar rnizosphere.

A diagrammatic representation of the experiment,a.l procedure is
91ven in Fig'. 6.2.1. The pots containing the trees \1Gre placed
on top of a pot of sieved soil. (The soil had. been passed through
.a. O. SOntln sieve.} This pot had the same diameter as the pot
containing the tx:ee but was only 250nunhigh. lJ:'hl;:;soil in the soil
pots was adjusted to ~rariou$ ion concentrations in the following
W&y. So:tl that had been ',,~"'ied aXld sie-lFact t-ras placed in a
polythene bag ~1ith a solut~.on contain~ng the appropriate iot\
conl!lenhration in o;tder to giv·e the SI";11a 4O~moisture eont'ent.
The bag was regularly shaken durivg a .10 day period in order to
ensure that the C(>J:ltentsof 'the bags were 1rl~ll tn:bted. After t.his
time the soil was paclted. into the pots at. a dry bulk <...ensity of
O.61g cm"':!.

When the ta:el.j:",containi.ng pot ~ia.sp+acecl flPto the soil, pot". the
p.r:oeeS$ of root <;;'Trowthint.o soil that had net; previously been
e~posed to taptaJce processEe$ hl' the plant t1aS simulated. Th(~ t\\l'O

pots itJere plaCed .on~o a sand tray. T.he \Clater ccncent; of the
latter ~1as maintained at a constant leve:~ in order to rninimi~e
the dOt'tnt-la.l!~d t'Jatc':'_'movement in the soil ·pot. As a 'result; of
evaporation from the top of the pots and transpiration by the
trees, l:Nate:r movedup through the soil potsr thus supplylng t.he
~oots tV'ith water and nutriexri' ':'. This simulated the movement of
ions ill solution to the root surface. Such movements .of t'later ;tn
the soil eccux as a result. of precipit.ation Bvents and gradients
set llP by \'later deficits at th.e rl;lot2 slu:fac~ '."hicn arise trom the
uptal~e of. t-Jater.
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pot wirh tree

mash I:. rse
of tree pot

soil secflcn 1mm
thick extruded

~_~,..*'U~~~;!?n;";"",,,-~~,~~~'t'1".'l-t ',', N_ ~~~ jO-I;o::_ ... \!04W~

J11~. ~•~.~. An outline of the expelZimental procedure.

At t.he end of 15 day's the pot tV'ith th.e tree t-las removed frow the
soil pot. 'l'ha soil i.n the soil pot ':'tas sectioned in layers of lmm
thiclt. The sectioning t'l::lS done by placing a lmmthick disc under
thr"\ soil in the pot and, by pushing' the PlOt dO'li:Tn, e~trucling lmm
of soil from the top of the pot. This .lrr,m soil section t'tas
scxaped off and collected. 'rha l?roc~;\e$ \\T(iS repeated by placing
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another disc under f!'le pot al"'d extruding .the next; lrrun of ..soil.
A. total ·{)f 8 sections (ie. Bmmof soil) was obta:i.l1ed froni each
pot. The so;U from each interval was then analyzed and th~' con'"
centl':at.ions of the Len determined for each int.erval.

when the 1:pt, ':Akeof Mg2+ \1a:=3 determined, the soil was adjusted to
approxiffic1t ..ely 1 t.imes the original Mg:1+concentration (no
adjust.mant); 3.. 0 times the o:':iginal t-1g2+ concent.rati'on; :2 times
the o;t'iginal 11g2" concentration; 3 times the origlnal Mg2+

concent:rat ion and 5 times the original Mgllt concentration.
Magnesiurll SllJ,phe'ft:e was used to amend thcl soil. Thi~ was the
great.est r.:.~t';.1{:$ of conc.it-mtrations that could be used. If the
concentration of Mg;H ix, the. bullt: SQil was greater th$,n this,
then the amount .t~ken 1,.11' was too smail to be detectable agaj,nst:
th:i.s laI:~e amount; -'f Mq:!1 in the bulk soil. These treatments aze
referred to as .Ar 5, 0,. l) and E respeC"'ively in the results.

TO. de~e:t'mine the effect:$ of increased aluminium ( },3+) .. cqnCentra ....
tiel'S on th.e uptake of 1'1g4" I the Al:H content I D':t l~he ;'loil wa~
increased by 24~'98 i AS. ~4ii by the a~d.;1.;:ionof alum:biJ"um sulphate
(J\ l.2 'S04 h> .

When the upta.ke of Ca?' was imrestigated, the $<,i1 WaS adjusted
to appro&im~tely 1 t.itn.?,s the origin ..L CaJH· concentration (no
adjustment); :2 times the original Ca2+ concentration; 5 tin!e.s the
original Ca2+ concentration; :to times the or:i.ginaJ. Ca2+ concen-
t.r:ation and 15 t;i,mes the o:ciIJi.nal Ca2+ concentrat.ion. Calci'llm
sulphate \·las. used to ~men<lthe soil. These· conceX1tP.~A.ons ~\rere
chosen .to obtain a w-iae l"tmg.t;';! of cc>ncttln';.:cation~ in the bulk snil ..
For all of th~se conditions the amount taken up" x:elat.ive to the
amourrz of ion in the bulk s()il, was larg~ encmgh to ,. A detectable
ul"der all these conditions. These increased c ncent.cations are
ref'erl"ed to as A, E, C, D, and E in th~ :t:e$ul\,~·tand. disctlssi:'>tl.
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~ ,2. 2 ~~1st!&~s.o;F. soil· allAnlvsi&'!,
'rhe cQncent.rat.ion of catJ.ons in the soil was determined 1.1singthe
fol1ovlinq method based .on that of 3uys (19BC)). A mass of 1.2g of
soil ~-J'asV'leighed out and placed into a ;LOOmlph1.yethylene centri-
fuge tube. '(Cre,this 10ml U1 ammod:i um ,:.tc;etate was added. The
stopper was placed on the tube and the tube was shaken for 30
minutes, after whi.ch the tube was·centrifuged for 10 minutes·at
2500 rpm in a .13eCkmaXl modsl TJ 6 cel'ltrifuge.. The supexaatiant; was
collected (,I1'h:1 10ml 1Mammonium acetate added to the pelJ.et. The
sto9per WU!t ::::ep1aced and the tube was shaken for a fUrther 30
minutes. The tube was again centriftlge;d for 10 m.i.nutes at 2500
rpm and t.he supernatant was added to rest of the extract.

from tnis extract., a 2ml sample was take1. to t/lhich 10ml of 0.1%
lanthanum chloride and aml distilled water were added. The
absorbances were x'ead on an acomf,c absorbance s'PElctropnotometer.

SAS!STAT :tel,/S-nse 6. 03 wa~ used to fit a rectangular hyperbola to
the data of tH~ ion uptake rate ..crt;. the va't'ious. flo n cO.ncentrations
:l..n the bulk $.011. '£he same computer pacl~age was used to perform
a homogeneity C\;f,! slopes test to determine whether the addition
of A13+ caused a significant change in the rate of M9t·~uptaJce.

s.a ~
~.3.1 ~gn~~oiym (1.~O!l~~t:E·~mtJ .:}!A t.h0 ..~
The amounts of M<.t'fo present tn the soil, as a function of the
distance from the root surface, t'J'ith respect to the different
MgZ~. concentr.ations i1'1 the bul:, soil are illustrated in Fig.
6.3.1. When no Mg2+ had been added to the $oiJ.1' (Fig. 6.3 .1A) r
the rate of Mg2+ uptake must ha.'lte been approximately equal to the
rate at \i~hich the ions were tranSfE;!rreti to the root surface by
means of mass flow. This is evident in that Mg2+neither accumu-
lated nor showed"d~:p.letion shells at the root surface.

Figures 6.3.1B to E show that with increasing concentrations of
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•. ~_ •. <.J

Mg2+ in the bu1J,<sail, the amount (if Mg2+ taken up, relative' to
the rate. at vyl1ichions were supplied.to tIle 3:oot surface by mass
flO'i'r, mugt h\;av~ increased •. 'fhis i.~ apparent f:rell\.. th~ zones of
depletion which formed in the rhizosphere. '_(lhesadep1eticm slielJ.s
are evident in the. first 2 to 3mroof the rhizosphere.

~ • :31.2 p[Gl~Cl~'1li.ru't ~ozn;;\!Jnt~£t~.OlU~ i))l the ldd.i'!:oslQh®:t:'(!J itA ~l!~
Ja!-,~9..ti}r;~~of . ill'M~:t:'~8ecl al~~iw.lI)'

'the uptake of ~JIg2+ Ln.the presence of a~'lincreased amount of soil
A13+ was el.so investigated. An equivalent amount of 6. 82nunol kg-l.
AI" in the form of Al~~S04h h.ad bel€madded to the s'OiL This
increased the soluble exchamgeab1e A13+ COhtent of the soil by

24.98 :t. 8.24 %- of the original amount present in the soil.

The uptak,e· of Mg2+by the trees at the various Mg2+concentrations
in the sci.l, as depic;tad .by the ccmcentrntion profiles i i.n the
rhizosphere, is illustrated in Fig.. 6.3.2. By· comparilJ9' Fig.

• .. . f

6 . .3 .1C 1:0 Elwith. Fig. 6 •.3. 2C 'co E, it can be seen that the, amount
Qf Mg2+ t:aken up i\lU$t have been· q,epressed in the presElnce ¢f
increased. A13+ concentxat~cn$ because the zones at' depl,etion in
Fig. 6.3.2, i.e. in the presence of increased )\13+ t a.re g:reat.1y
reduced.

<S • Sl. 3 ~~m.L c(lln\t"lmll\t.lent~()ll'lls. in·' tl!~.£.hi.~o@2-igl~~.
The concentration profile.$. of Ca2+ lrl the rhizosphel1e are
illtlstrated Ln Fig. s . .3.3. At: lot'l Cat+ concentrations, si:m~lal: to
those found in the so.il (ll'ig. 6,.3. 3A)t the Ca2+ t.et~d'ed to IM::cu:OH.l ....
late at the surface of the root, ~J'hile at high Ca.:!+concentra-
tions (Fig. 6.3 •.30 and 11:)" the .ca2~ t-las taken up by the ~oots at
.a faster rater 1(111i<:h resulted in· zones of dep1eti.on occurring. ,at
the root s'llrface. '£lla deplt1tion shell e'ttend~d for 3 tp 4mmint.o
tne rhizosphere.
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@ a zr a 3 ~.~~ll1im. J!.'iJt®SJ

The rates of ion u.ptake were calculated for each plant. i11.one of
t'!tlu '!tlC\YSdepending on wh~.d:her a zone of depletion had formed. 0.1'

vlhether the ion· had accumulated at the root surface. These
m~thodS!of calculation are described below ..

:1\. When a zone of d~pletion in the rn:i ..zospi".., t, ha!'~occurred,
a peaJe It!concentraticm in the rhizosphere gener.:.:.l1j f,')nned: t'1e
ion concentration had iriCreased as the dis.tance !{j,'f/Jf:!<l from the
root s:ur:face: hc:,~iincreased, unt$l a peak was reached, after
't1hich, the ion concentration Clften deoreased again. It "las
thought that this peak bad resulted from tl/O processes occurring
simultaneously. These prooesses were i) tb.:l uptal{;e proo,p$Sf

resulting j,n· is decrease Ln. the J.on·concentrations, causim;J the
depletion shell and ii) the p :00$68 of ion transport. to the 3:'oot
surface as a ret\lult of m;xss t'.iow, whioh resultea in ions accumu ...·
rating at. the root surface. Thl.1$, when t.hese two proceSSes
occurred si:mult.aneoqslyI a pealt in the ion conoentration in the
rhi.zosphere resulte(~. 'rhis is visualised in Fig. 6.:3.4. The peak.
demarcated the edge of the rhizospnerer 1.e. thla maximumdistanc~
into the soil that had been adjust.eel by the presence of the plant
roots.

When oalculat:i.ng the amount of ions that had been taken up, the
amount of ions transported \:0. t.he root surface by mass flow was
as sumad 'to be Zero. This was d'l.l~to the fa'.ct that the amount of
ions transportec:;[ to the root surface :by mass flow could not be
determinec:l, beQ~~usethe rate of maas flot;] was dependent on the
rates of t:ransp.iration and water f!va~"l(,)'I'"atiQl'lfront the top of the
pot and these rad:es t'!ere unknown.

The amount of Lens talten up was determined Py extrapolating the
peak onto the y axis so that the maximtlnl amount of i0145:; in the
soil could. be determined. The amount of ion taken up was t·nsn
oalculated by e~ubt.racting the amount; of ion rsmail'dng .Ln the
soil, after the uptake process had reached eguilibriuli'l, from the
maximumameunt; of ion that w'as calculated to be in t1"oes()il,
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The. process of ion uptake hJhich results in a
zone of depletion at the :coot surface) occur+
ring simultaneously with mass flo~l (causing
an accumulation Of ions); results in a peak
in the ion concentration in the rhizosphert;~.

(i.e. the concentration at the peak).

It shoul.a be noted that t "e amount that t>~ascalculated to be
traken up is much smaller than the actual amount. taken up, The
reason for this is that the calculatipn does not take into
account; the amount of ions that t<1ere constantly transported to
the l.~oot surface, by mass flo\'J", throughout the time period. In
order for a zone of depletion to be maintained, these ions ~lere
con$tantl~r be:l.ng taken IIp.

123



"
B. Whenthe ions .accunrul~ted at the .root surface, pOl.'t:tayedby
a decrease in .ion ;concent.tat.ion as the distance frain the root'
surface increas'ed, the amount taken up W((\S calculated;in a
different manner. The ionconeent:ration at the root surface was
subt.r act.ed .from the Imlest ion concent'ration determined to be
present in the rhizosphe:-ce. This gave rise to a negative value,
l;-.rhichis smaller tpal'l the actual amount: taken up becnuss it do~s
not take into account ions that might: have been. taken tip at a
slower rate than trJEdr arrival tt.t· the rQot surface. The sign
merely' ind;Lcates :that. the' ions were aecumulat,fng at the root;'
surface, rather than a negative t.tpta.ke .rate. In ipther wordS; tl;7~
rate 0:1;uptake ~'las l~ss than the rate. ~t Which 'th~ ions W€i.±,:~
supplied to the root auriace.

After dete&-Inining. the' amount taken UPI the. uptake raf,t.'e at t'bJ
-v-ariou8 concentrations over the fifteen day period, cquld k~
calculated.

,
The l!'ates ¢f Jl.1g2? and Ca?+ uptakel with respect to the concsn;~.ra-
tion of that ion in the .:t:)'t.\lkso:U, are illustrated in Fig. 6~3 .•'5
and 6.3.7 respee:tively. The l:ata of M<iH uptake in the pJZl?l.sence
of an increased amount of A13+ is shown in Fig. 6. .3. IS.
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Rates of. Mg2+ uptake toJh$D the AP+ iq. the soil
t'las inct'eased by' 251~.and th~ M92+ content. t'laS
varied. The C\lrvlS. sha~Js. a .rectangula.r hyper-
bola fitted to the pos.itive data points (r2::;:
0.661) •
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lJli~. ($ .-~. '1 Rates of Cal? t!pta~e ~Yhen·the··concentration. of

ca2+ .. In.. the bUIlt soil was 'Varied. The .curve
shot'1S a re'"'tangular hy-perbola t.hat was fitted
to the da!~..:. points etl ..,-,0.591) A

Rec:~angular hyper;>olas !flare. fitted to all the data sets The
rele'ltant equations and tlle calculatad variables, ;r2 valueJsJ :&' and
p valUes are listeciin Table 6.:3•.1. !n determining the equation
for Mg2+upt:a.ke in the presence of increas.ed A13+, the negative
values were ignored in that t1+ey prevG'nted the .criteria for
convergance from b~in9'met. The negative values \'!ere not he.weve~
ignored tAJ'han fitting the curve for Caz" because it ;;_:3 possible
that active extrusion ma.y be responsible for these vaLuas, A~ a
result of the dOWn't'lO\J::'d vert:i.caJ. shift of thi~ graph, a constant
'VIas$.ubtracted f.rom the rectahgular hyperbola.
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Summary of !·!rtetic parr-lUeters. for: tile uptake. of
1YIg2+r M~.t2+ with inoreasetl G()11oentl:'~tions of Al:H
and ca r by 11 month old seedl:r.ngs of P:inur.
patula. The oonstant is·· eermed X in the. thi:rca
equation~

11."".... ,. ...] E<i". u" {",p'. al:e rotc•• ••..••- ("",,, ,,<<w')
Vmax :!: s.e,
(mlllo! (fl)

Kill es,e,
(cmolU·1)

0,935
±S.3il9

0.585 23.28
0.01

The inoreased A14+content. of the soil resul t~d in a istippression
of the rate of l-ig2+ uptake e This pan he seen .by compa~ing Figures
6. 3" 5 and 6. 3 0 6.. A lineal;- trar!sfox'mation was performed on the
uptaJ{;e .rates fbi:' M9~+ in the 'Preseno~ ~t' noz-mal con.oentrations of
A13+ ana inoreased amC'1i;nts of 1\13+. {The negatiNe values obtcd ..ned
for 1,14g2-1- uptake. in tl (s presence of A13+ were includelSl·. In this
tes.t,,) A homogeneity of slopes test using t.he transf·ormed data
sh()'<V'eclthat, A13+ 'significantly· decreased the. rate of Mg2+ uptal<e,
(F[3g66] <= 24.86, p <: 0.0001).

(1$ .. 4
(1)0{\,,1

tlJrSCUSS!ON
Methot$!

In the past most studies on nutrient uptalte have heen conducted
using either plants grow-ing in soluti(J;n or egcised l:oots f as
c,pposed to 'whole plants growing in a $011 .611vironment. Thes.e
methods are inadequat.e 1.11 that plants gro't<ling in SD l ,;tion do not
tal{e into account ion interactions with the soil pat'\.~.,;leS. $oi1-
ion interactions effe.cti vely r.educe tbe ion concentration in the
soil (pitman, 19760.) and th1..1~should be taken into account.

t~lhen e~ccise1 rOl.rts .ar~ used, ions which have been taken up can
leak out through the out and injured cells, tv-hieh can give rise
to underestimations. of the amount taRen. up, In addition, the
gro't'lth of the plant and ion transpo:wt to the shoot are import.a.llt
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processes which can alter ion uptake (Leggett and Gilbert, 1969),
and are factors not taken into account whenusing excised roots.

In· addition, the uptake rate at low concentrations in vJllole
plar.ts t.ends to be lOvIer than those of exci sed r.oo·ts (Pitmat.,
1976a). This is thought to be a result of the low ccncent xacIons
impairing the growth of the whole plant, whiCh in turn decreaS!es
the amount of ion taken up. The water content of the soil will
ch?nge the rate of ion supply to the root surface" which will in
turn aff~ct t.he amount of ions taken up by the plant.

Howevermany problems arise vlhen eX.il.miningthe uptake of Lone r

by whole plants, from the soil. These difficulties include
assezs.ing the rate C)f uptake by roots that are continually
extending intoi the soil. In addition the thizosphere, from where
the ions are extracted by the roots, extends only a few
millimetres into the bulk soil and it is this small amount of
soil that has to be analyzed to determi.ne the degre-a of uptake
that has occur-red.

This experiment ovez-oamethese problems by cl"eating a planar
rhizosphe.l:e. '1'his method increases the surface area of the
rhizosphe3:.'e so that the upt.ake of nutrients from the soil can
easily be determined.

It was fqund that fungal h.yphae often formed on the interface
between the mesh and the soil. If these hyphae ''lTerenot from the
ectomycorrhizal fungi colonizing the pine rootsl they could have
beet! det!'imental to the experiment in that the .non-mycorrhizal
fungi would he orJtaining nutrients from the soil pot in a similar
manner to themlit;orrhizai fungi, which to/QuId l.·esult in an overlap
of the aones 01: depletion.

In ord~~rto examine whl$ther the fungal hyphae toTer.efrom.a member
of the Ba.sidiomycetesl the hyphae wl'-';r~stained with Cotton Bltle
Ln 1%Lal;t:ophenol. In addition to staining some of the hyp~~a.e
from the bl;)ttl)mof the pots, soil from around the pins tree roots
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th1.it had ectomycorrl1izas, were also stained. r·t was.thoug1:'t th<'l:t
if the ~Lyphaecontai:neld clamp connections and septa then tbe
fungus would probably be a Basidiomycete. (Ectomycl)rrhizasform
largely from.fungi which are members of the 13asidiomYGeto.s.)

Although clamp connections were r.arely observed in boch prepara-
tion! septa we~.:eobset'ved. Rhizomorphs were also detected. ThePle
structures are gem.:;rally associated with mycorrhizal Basia .....o-
mycetes. In -additj,ol1 the hyphae from under the pot were v'ery
similaZ' in .s-tructux"sto the hyphae :i.'ol.md in the soil from around
the pine zcot.s , Hence, it is ti10u:;ht that the fungal hyphae
observed unde.r the Pl-.ts were probably hyphae from the ectomycor-
rhizas penetrating; the mesh.

IS.4.2, M~qn®~iwn C9n.'~~lit.g'aatio~lhl.in the xbi2ospherC@_
At 10\4'Mg2+concent.ratrd ona, (Fig. 6.3.1A)J similar to those found
in the soil at ~an::'.I.ingr the uptaXe of Mg2+ tiendec to equal the
rat~ at which the i.ons were transported to the root surface,
resulting in neither accumul.at.Lor, nor depletion (S,t the root
surface. 'rhus in terms of Fig. 6.1. 3, \it was ~qua.l to Xi!.

HoweverI as Fig. 6.3.1:6 to E indicate, this trend was not
consistent .. As the Mg~+concentration in the bulk soil, (il) p

increased, so.the rate of uptake increased, such that zones of
d.epletion formed at the root surface. Thus \it became greater than

It was thought that it \it had been greater than m, resulting in
zones or depletion forming, then any increase in JSI would result
in the amount of ions being transferred to It, as a res1.11t of ml

increasing' 0 An increase in ta irJouldresult as the amount of ions
at the ro()i.;.Slll"."faCeincreases, until all the carriers become
saturated.? at this point. u becomes constant. An increase in. J@

WOUld,by equat.d.on 6.11' result in an increase in m. Event.ually
since u is constant, but m is continually increasing, Jill will tend
to be greater than 1Jl, result.ing in ions accumulating on the root
surface. ThusI the concent.r at ion profilef' for Mgz+ uptalt:e t'\Tould
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initially ShO'ttl zones of depletion r but as El increased, the Iotg2+
t.rould tend to accumulate at the root surface.

In othe;c· t"]ords, from equation 6.1 tit can be seen that lill is
thought. to ;be propot'ticmal to B. From equation 6.2, ~ Hill
incl.·ease as s increases. This tiil1 :esult. in 'tll increasing as a
result oi more carriers being filled, until u is operating at a
maximum velocity" Thus until saturation kinetics are achieved,
\IJl is proportional to la. Atter satura:t~ on, the degree of aCcumu-
latio:rl iNil! be. proport.i>::>nal.to 1t!.

HO~l~ver '1;:11$fh'l>ding that r in response to an increase in ~192+
content of the bulk soil, the rate c-f nptake varied (initia;11y
1oe11'.l9'equa3, to the amount of. !~g2+ arriving at t.he root. strrfac9,
to rela.ti.vel.y rapid 'frlhioh resultecl 11: a acne Of p.epltt'tion
forming), 't'la$ not expeoted.

It. was thought .that if Mg2+ :n!t.litlv!.~r aooumulated. o.gains1,:. the root
surface fl'i1r a acne of de.plet.ion formed r (Fig. 6.3. 3A) t then u
would have be~n equal t",- 0. This according to Nye (1977), is
indicat,i"/e of the p;;"ant controlling the upt.ake of the ion.; as
opposed to the rate of· s~il transport restricting. the 'Upta~e o·;f
the nutrients.. Thus it was thought that the uptalte proce$s·. j,·/a..~
in the transition bet.tl7een U being. greater than .lU, to '14 being
smaller Wan ll1.tt and t.hus, wit.h any inorease in.B, the M~2+ was
expected to start. accumulating at +:.he.root surface. However this
did· not. happan. As B increased, .\1 increased fast~r than m,
:t'.esul ting in zones of dl!:pletion forming (b"ig ~ 6. 3.1:8 to E) ..

!1'he unexpected result the"" m wa..:;greater than u at very lot."
concentrations, resulting in an a.ccumulation, but as 16increased
'Qd\ became greater than m, !.'esulting in zones of depletion forming,
tends to indicate· that. the inor~a4e in u with respect t.o ij tv-as
n~t proportional. Rather, since 'l increased :faster than ~t as ml

inoreased, there might be an e~ponent 1·.~1relationship bei;,1een 2
and '\\li at 10\'1concentrations of a,
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An initial exponential inoreas~e in \l with respeot to on increase
in 1a\ tdll result in an upt.ake aurve being sigmoidal rather than
a reotangular hyperbola, that Ls usually recorded when detel:min-
iug uptake kinetics (Marslihner, 1986). Figure 6.4.1 illus.trates
these curves with respect: t.o the rate at vlhiC!hions are trans-
ported to thE:!root surface by mass flow. In this study, the
va.:t..iation .in uptake rates by the trees makes it difficult to see
such a trend in the data (Fig. 15.3.4). Xn part.icula)·, the
standard error on the calC'Alated KIn values (Table 6.3.1) is very
largf.: as i9. result of the vaxd.atLon in uptake rates. A rectangular
hyperbola which was fitt.ed to tIle data onl.y had an rZ va.. le of
0.585, which could indicate that a sigmoidal curVe may fit the
data.. The low r2 value$ that were obtained when fitting equations
t.o th~se curves can also 1::'edue .to the variation in uptake rates
of the different trE::es in a soil environment. This variation
between seedlings is a 11atura.l occurrence. The large standard
et'rors that were obtained when fitting Michaeli ....-Menten type
equations to these data sets (Table 6.3.1) should also be viewed
in terms of the fact t.hat these ~alculations are usuat.Ly
performed in enzyme studies where the experiments have been
conducted under precise conditions .. This carefully controlled
experim-emtal environment is dif icult to emulate for nutrient
uptake studies particularly for plants in a soil envd.coriment;,

One can speculate that. a sigmoidal curve could indicate that
either there is substrate anti vation of the uptake process, 1.e .
the presence of increa.sing amounts of MgHstimulated the uptake
prcceas resulting in incr~ased rates of ul?tal~ewhich is possible
since Mg~+can stimulate A'L'Paseactivity (Leonard and Hodyes,
1973} p or that at low Mg2+ccncent rat.Lons', the uptake process, u
:;nayhave been inhibited. As the concentration of ~ increaSled this
inhibition was evercome,

~~.tPQiWliA_\1!~t.1D.ko illll, ..tlllt®~~EAC$ll oiZ. iKl\crt1li!i'l~ed alwnin-
i.')lllRl,

From Chapter 4 it can be seen that: the soils that wer~ ~~amined
in this study are acid (pH in Rel of 4. (4) and nave a high A13+
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Oiag:r.:a!!llnaticrepresentation of th~ .difference
bett'1eert a sl.gmoidal and a. rectangular hyper· ..
bolie uptake curve in rela.tion to the rate at
t"1hich ions are transported to the root sur-
face by mess flOt\1.

content (1.12 crocl eq , k<:fl.). In addition, acid r~in can increase
the sml'Uble, exchangeable 1~13+ content of the soil during the
acidifieati.on process. In order to taRt the hypothesis that Al~'}
could. be responsible for the inhibition Of :61g2+uptake., the A1:1+
corrcerrt; of the soil t"J'as increased and the uptake of··Mg2+ inve$ti~~
gatedl.

The x'esults indicate that the up'!;alr:e of Mg2+in the presence of
inerEla.sed amounts of 1U3+ was d.epressed (Fig. 5.3.5). The
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rhizosphere concentration prOfiles indicate that Mg2.:.•.·tended to
accumulate to a much 9r~ater el~tent at. the t"oot surface in .the
presence of increased A13+. Irhis ,{'lou.ld 'tend to indicate that A13+
could. be responsible ;for ·an inhibition of Mg2+ uptake., '1'h$ V:matJ{
val.uea tha'c were determined when fitting equations to the uptake
curves ('1'I;l.ble 6.:3.1) indicates that .A13+ inhihited the uptake of
r4g2+ in that this parameter decreasert when the uptals:e of Xo1g:'Ht-las
dert:er:mine(~in tnG presence· of A13+.,A homogeneity of E.ilopes test
on linear transformation. of the r'lg~+uptal~e r~tes in the .p:t'eS(i.mce
of nUnormall1 A13+ concentrations and increased A13+ conc~ntrat.:tons
snot.yed that the suppression ot !'l(i~+ uptalte was sig'nificant.

Aluminium has been round to decrease -:he uptal.::e of ca~+ and Mg2'j.,
as '>Jell as other cations .in numerous. studies (God};lold et til,
1.988; Koslowsky and Boerner, 1989; Rengel and.Robinson, 1989; Asp
and Berggren, 1990;. Jentsclike at al, 1991<:1). '!'her~ are a number
..:>f ''lays that A13+ could bring about this j,nhibit.ion.

The excess protons (HV) or A13+ (resulting it'om an acd.dified
sysJce1r!)at the root surface, could inhibit the fUl'lationing of the
carrier" The rate of Mg2+ ..!ptaJce has been .fcntnd to increa$e
marl<.edly as the pH of the envirom,l~mt of excised root.s increased
from pH 73to 5 g above pH 5 the tlptal<:e \l1aS ind.ependent Qf t.he H+
ct.)ncentration lMaas and Qg?ta, .1911)." As "be ooncentration (.If
Mg2+ inoreases, the ratios ·o:f tJJ.g2+/A13+ or MrJ2+/H+ :blO'.L.eaSes,
't~hidh results in l~ss ll'1hibition .occ:urring.

Aluminium has been found to inhibit ca!:modulin"'st.imulated ATPase
activit.y (Sieg-el and Haug, 1983) t as well as .the membra.nelinked
Il({g-stimulated ATPase (Rengel and Robinson, 19,B9). The latter
ATPases a.re Qften involved in ion uptake, e.9. the u!-'t:.alteof K".
Hel'lCe it. is possible that the A13+ can also affect the MS~+
carrier, thus reducing the amount of Mg~+taken up.

Alumirdum can also reduce the amount. of .ATP I:;Il:'esei)t in the
tissue, possibly by comple~dm3 "J.rith the AT]? (Pfeffer e1: ~l,
19(6) ~ This could also decrease the rate of uptake in that. tl"-,e
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rat.e of action of 'the (',stion car;r;iers would be re\iuced as the A'rl?
concentration decreases.

J.\..Luminiumhas been found to alter the propert:ies of biological
membranes.. .'l.'his has led to the suggest~.¢n that A13+ can affect
the archit~cture of t.he memoeane lipids (l"1iyas:akaet al, 1989.:
Asp and Berggren, 1990). Such a change in the structure of the
plasmalemma cen distuX'b the st-cucture and f.unct.ioning of the
carriers. this. would reduce the rate·. Of Mg2+ uptake.

In addition, if A13+ binds to tb.e negatively charged sites of the
plasmamembrane, in place of Ca4+, the permeability Of tile
memb:cane can be ..changed. This may lead to uncont:rollable leakage
of ions acees s the memhrane (Asp f5it all 1988) .•

It has also been pxoposed that A13+ can reduce the u).'>take of both
Ca2+ arid Mg2+by occupying increaSing numbers of the root cation
eJ~change sites .(Ko$lowsl~y and Boerner, 1989; aengtsson at al,
198$; Asp at: al, HHH3;Jentschlte et: aI, 1991a). Since A13+ has a
higher valenoy than both Ca;1+.and ~g2+, it would bind more tightly
to the rn~g:ative binding sites on the root S\trface. This woul d
distux,b the cation balance at the root surface (Bengtsson.et alp
1988), and possibly decJ:'ease the.rf;l.te of ba.se cation ..tptake.

Although it has.oean found that the presence of myoorrhizas can,
to some degl:'.ee, prevent:. symptoms of AJ.3+to2ticity from developing
(Cumming and ~vein$tein, 1990a} studies by Jentschke at al
(1991a,b) show that the presence of a fungal sheath, resulting
f'l:'omthe eqtoraycor:rhizal colonization around the roots, did not
prevent the Als+ from reachirlg the oortex cell walls. Thus it is
possi.ble for A13+ to affect the carriers directly as well as
sat"lrating the upt:alte sites.

Any such ,inhibition occurring at the surface of the Pinus patula
roots ~1ouldresult in uptake Jdrletics similar to those vlliich WGlre
observed.
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Thus ·the results indicate that an increase in the A.l3+ content of
t.he soil can interfere with the uptalte vf t"lgz+. Consequc;;ntly;-
acid rain has the potential to greatly reduce t.he 1~92+ content of.
plants growing in a nutrient deficient environment, ·such as the
one exarni.ned in. t.his etudy, because acid rain can increase the
SOluble A13+ ccnnent . of the soj,l.

In addition, since the velocity of Mgz+uptake from soil with the
ionic composl.tion that .i5 currentl.y found in the plantatittn is
far from ma.ximum, any loss of Mg;!+ fro!tL the soil system as a
result of inoreased leac):dng in response to acid rain, can re$ul1;:
in the uptake prooess ~jccurring in conditions which aj','e even
furtL.;]; .below saturation, where the effects of the AP+ will
become increasingly $.ignifioant. Th;i.swill result in the plants
becoming increasinglY nutrient stressed.

~ •• <G • 4 ,;Qgl~ium uptGlEC))l
Fi9u~e 6.:3.2 shows that the ca2+ concentration p+,ofiles in the
rhizospl'lere are similar to those observed for Mg2+ in Fig. 6.3.1-
However as Fig. 6.3 .•2A.and B ind.icata, Ca2+ accumulated at the
root surface to i3. much greater e~tent than JY.i;r2+. As the C01"~(:m""

tration of CaN increased in th.e bulk soil, the Ca2+ tvas taken tll';)

at a faster :rate and, as a reSUlt, zcnea. of depletion formed,
(Fig. 6.:3. 2C tQ B). Du.e to the ssimila:rit,y in the ocncentration
profiles of Ca;:+and Mg?+in the rhizosphere; the tlptake of Ca2+
was not investigatdd wit.h respect to increased concentrations of
A13+ in the soil.

Similar ulossesll or negative uptake l..ates have been observed in
other studiesu tV'henthe concent ratIon ·of the Ca2+ in· the El.xternal
environment is low (Moore et aI, 1961).

The rate of Ca2+ uptal~e wl:eh respect to the changint; concentra-
tion (',f ca2+ in the s()il is illustrated in Fig. 6. 3~6.

If ca2+ is actively talten up by the rootsl then the same explana-
tion as given for Mg:!f applies. rn addj,tionp A13+ t1i11 possiblj'

136



affect the uptake of··Ca2+ Ln .the same way as it affected Mg2+
uptake. Thus acid rain has the potential to decrease the rate of
Ca2+uptake ar~ consequent.l.y can induce nutrhmt stress.

If, on the other hand, Ca2+ is 110'1:: .actively taken up, but. enters
the cell passively and is actively transported out of the cell
then the results illustrated in Fig. 6.3.2 temd to indicate that
the increase in Cal+ concentration has interfered with the
process of Ca2+ export from the cell. It has been hypothesized
that there are a number of ATPpumps which remove ca2+ from the
celL One auch carrier is a nH*/Ca2+an·tiport system. 1:'he system
",!ouldutilize the ~" motive forc.e built up by a :n+-pumpingATPase
to drive Car trer,i1sport.. Another possible pump is a calmodulin-
activated Ca2+ transport ATPase (Rasi~Caldogno at al, 1987). When
the co ltration of Ca2+ in the soil is relatively low then the
pump aces in the normal way el{trudil19' Ca2

1' from the cell in
exchange for It. The extruded Ca2

>1- in addition to.·that transported
to the root surface by mass flo~ll aCCllmulates at the root
surface. A rapid increase in the .W content of the soil, as a
result of the acid raint co,!ld hO\I)'Ey·.rerinterfere with this
process of active extrusion of Ca2+ from the cells. If a high R"
concentration were present in the soil conourrently with a low
Ca2+ ccncenzxacd on, a situation which could arise as a result of
acid rain, tflen the rate of exchange of Calf inside the cells for
:a+ in the soil may :increase. Tl"lis could result in Ca2+ defi-
ciencies in the plant tissue.

When the concentration of Ca2+ in the soil increases, and the
concentration of Mg2+ remains 10t4)', then Ca2f may be traasported
into the cell by means of another ion carrier not usually
involved in Ca2+ uptake: such a carrier could be the Mg2+trans ....
porter since ca2+ and Mg2+ have t.he same valencies. This would
result in a zone of depletion forming, similar to that which w'as
obtained for Mg2+.

Other studies have shown that Ca:!+•can markedly depress the
uptake of Mg2+(Moore at ai, 1961; t~;:ggett and Gilbert, 1969).
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Similarly increasing amounts of Mg2+ decrease the .conoentration
of Ca2+ in tn.e roots (Leggett and Gilbert, 19~9), which gives
credence t9 the above hypothesis th~t at h::'ghcC'ncentrations Ca.:(+
might be t.aken up on the Mg2+tral'1Sporter, it place of Mg2+.
However., it has also been hypothesized th~+: ca2+, instead of
competing for the same binding site, may change the structural
configuration ..of the surface .groups of the Carrier such that
their physical and/I:)r chemical properties are altered, thus
modifying the upta~e of 1\1g2+by the carrier (Moore at al, ;..961;
Maas at al, 1969 and Pitman, 1976b).

If the explanation that Ca2+and Mg2+compete for the binding site
on the carrier hol.ds', then these results .sho~1'that liming. ~1ith
CaC03vd.thollt the simUltaneous addition of Mg:a+could. result in
an imbalance in the nutrlent uptake of the plants.

6.5 eONCLUS:kOP.IJS
The uptake of Mg2+resulted in neither accumulation nor zones of
depletion forming ati the root surface when the Mg2+cont.ent; of
the soil was low, su<!has those conditions occurring in the soil
at the time of sampling. this is· a result of the rate of ion
uptake being equal to the rat~ at Whichthe ions were transported
to the root surface. As tl e J.i.igN concentration in the soil
increased, so too .did the rate of Mg2+uptake. The rate of uptake
tended to increase faster than the rate at which the ions were
supplied to t.he root surface $'1hichres1l1ted in deplet.ion zones
forming· at the root surface.

The initial slow rate of Lon uptake ;relat,ive to the rate at which
ions were. transpLrted to the root SU:t:'facewas thought to be a
result of either substrate activation of the uptal<:eprOcess by
Mg2+in the 5Qil, or inhibition of the uptake process caused by
the acidity of the soil or the high A13+ content of the soil. The
uptake of Mg2;Oin the presence of increased amounts of A13+ in the
soil, (by almost 25%), was found to be significantly reduced" A
numbel.·of mechanisms whereby the A).3+ could inhibit the upt.alce of
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Mgz+were proposed. 'rne imp~,fCation df tb,e negatlve effect or A13+
OXl the rate elf Mgz+ l.,lpt.axt?i;i:,; tha.t acid rain has the potential to
decrea.se the rate of M92+ u;"rake by increas:Lng the amount; of 2-\.13:"
present in the soil.

could give ris·~ to nutrient imbalances in

The uptak.e Of CaN tended ·to· follow a similar pattern, in that
initially the Ca2fo accumulated at t:he root surface, but as the
Ca2+ CO!lcel'ltration increa$ed, faster rates of uptake resulted in
aones of deplet.ion forming.

Xf CaN is actively taken. up, .then the santI.- e~planations as
postulated. fo;..' l)tlg~tuptalce would hOld for Ca~t. Xn adctit.ioh" .A13+

and acid r£Ltn are expected to have the same effect· on the ur:take
of Caz+ as occur.red .fOr J)1g2+. If Ca2+ passively enters the ceJ,ls
and is actively eJi:trudeo, then. it is thought that tihe increase
in Ca2+ co.ncen'trla't.ion in the bulk soil resul ted in Ca~+bein,g
t:t;:'anspbrted. int.o the roots on a 'carrier not usually Cts.S'ociated
wi th· Ca2F uptake.
the plant"
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The experiments. undertaken in .this investigat.i on h.a.v~shownthat
acid rain has the potential to incr..::a$e the !;'ate of aCi:fification
of the soil and, cO!lsequer,tly, affect the nutrient status of the
plants g::owing on this soil. .It was shown that the ls.achate of
the soil exposed to the .ffiostacidic ~rainfl had the highest acid
content and, after being leached wi'l {l this lI1'ain", the soil was
inclined to have higher acid and aluminium (A13+) contents. S.ontS

ox the mycorrhizal species colonizing the roots Were ser~sitive
to. a de9rease in the soil pH and an increase in the Al:;+ content
of the soil. ~he uptake of both calcium .(Co.) and magnesium (Mg-)
from the soil were far. below optimum and the ~pt:alt.e of Mg was
shown to be affected by the A13+ content of the soil.. The
implications of these findings have. been examiJ.'led in detail d.n
the discussions of each experiment., hOvJ'ever the results have
(~p';eater i1tplications when viewed in terms .of eaoh: other •. tt is
tbe$e implications trlhich will nowbe considered.

'J?he analy~is of the soil at the time of samplitlg showed that the
soil was acidic and had a low nutrient status. The morpholog'Y of
the roo4..: system. of plants grot"ling in such soils must;be such that
the plant will be able t.o utilize the sparse nutrient reserves
in the upper soil layersp in particular mycorrhizal colonizat.ion
may be advantageous .to plants growing· on these soils i,)ecause
mycorrhizal roots are thought to b~ aPle to scavenge the
available nutrients more efficiently from the scil than non-
mycorrhizal roots (Linderman, 1988).. Consequently the presence,
and activity of the ectoIr",ycorrhizas on the Pinus patula roots
C01.lldbe essetltial in ensuring th~t the trees :ceceive an adequat~
nutt'ient s.t1pply.

Pinus p~'ttllGi seedlings wet's grown in sterili.zed· soil in order to
compare the rates of Ca and 1:49' uptake by mycorrhizal tree l':oots
't4"ithnon-mycorrhizal tree roots. The seedl;i...i.l~.s gro'V'ling in .t.he
sterilized soil all shewed si9ns. of phosphorus deficiency and
di(('\d: this t1as in spite of the fact. that they 't1ere '"latered 'i'rit.h
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a nutrient s,J1\.rtion~ It vias concluded that th~ myc.orrhi~as not
only assist the host in obtain.ing nutrients t<lhenthe ·soil .LS

nutrient poor)! bqt that they are an integral part of the root
system 'llJithout t'Jhich the plant cannot survive and factors which.
affect the mycorrhi!!:4':sare.considered to have the potential to
aff~~t .the. plant as a t'lfhole6

The leaching· Qf the soil cores sho\'lad that there t'1e17e>no
significant ohanges in the soil composition in response to the
acid rain treatments· OVal:' the +- :me perior.! examined. Rot'1ever
alt.hough mathematically nonsignificant due to large amounts of
variation in the soil system, these Observed. trends may be
loiolJ.:)glcally sigrd.ffcant in that the plants may respond to the
observed trends" The. lack of significant changes. may also be a
re~ult of the tIme· perloel being too short to elioit a response"
I):'his. t'Jas C0JtiPol,;mdsd by the fact that if there were predefined
!flats:!:' channe.l$ in the sa:tI, t.he 'I.rainlt tended to P&SS along these
pat.hs, interacting only with .the soil adjacent "co theSe channels
and h~ving very little uniform contact with the entire soil core ..
conversely, when no suoh channels existed in the soil corel the.
wat,er toole a long time to leach through the .core I thus allowi1tg
only small volumes of 'arains, to interact with the soil in these.
cares~

Although acid rain did not cause a significant increase in the
l."'ate of· base cation leaching in response to an increase in the
aoidityor the urainn, the amount of Mg2+ lost when the 19rainit
had a lO't'1er pH was greatest" Over a longer period of time this
trend could beoome significant •. It shoulci also. be remembered that
in the :Eiatd situatic"ft, not all of the Cc. :::i.onsthat are freed in
the exchange ''1il1 be lost. in the drainage water as somE>vlill be
taken up by the vegetation, thus aiding the growth of the plants ..
HOtileVer the grot'lth. of the plants can pe stimUlated only for e
short period because the amount:.of cations that can be liberat.ed
is finite and it is doubtful whether the 1,.'ate of Weathering c...
the soil particles can be fast: enough to ensure that 'the amount
of ions in the soil rel'nains adequate.
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AS·the. ion conc9nt~ation~in the soil ·decreaseq there is likel.y
t¢ be an increlise in competition among the plants.· to S~Cl.ll:e the
l(!~tri~>nt:s ~lhich are ·no't'V'more scart:t~e. This may result in chan9~s
.in the root to shoot.; ratio ~ This is. an important. considerati-on
for the timber industry which is trying to maxJlllise above qround
biomass.

Alt.hcrugh there t1aSno significant response in the amount of A13+
lost in the leachate in response to the. acidity of the i~rainil I
there did appear to be increasing amounts. of A13+ in the soil as
a result of th~ increasing acidity.of the "rain'w. The effects
that these increased concentrations ot'A13+may ha.ve on the plant
ars discussed in det~il in. Section 2.1.5. Ro~'V'eve:rit was sh01;1n
t.ha.t tha presence of one or. the seven mycorrhizal sp~cies
colonizing the roots w-as·sensitive to this increase in the A13+
content of the 1301:1" t;fbe·presenoe of another of the mycorrhizal
species '1aiS sensitive to the. pH \.JI the soil. Consequent.ly t

e~posure· of the Soil to acid rain had the potential to alter the
mycorrhizal species composition of the roots although .it was not
sufficient. to· significantly alter the chemica.1 characteristics
of the sc::lil.

It shoUld r 1101;1$Ver, be·noted that it is not oonclusive to, assume
that a decrease\in a :mycorrhizal species I .presence is indioative
of a !leg-ative response pf that mycorrh:a.zal species, and
consequently the who.ie plelife;"co acidif led soil. Purtller vloJ:k
needs to he done to determine wnethe.c. the change in species
compos:it.ion t<1111 alter the efficiem ..y tvith whiCh t.he nutrient
are extracted from the soil and t.ransported to the host q and
't'V'hethe~ the ne~.,dominant speol.es will have slower or fast.er
growth rates 1 changed infection potential, greater carbon
reguirernents and a different competit.ive ability .compaz-edl'lith
the old species composition. 'l'he~eare factors '\1Thich"Til". affect
the mycorrhizal-host relationshi~ :"H~ hence the nutrient st.atus
of the host..

The results of this study indicate·.that .the mycorrhizal response
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':''is mot'e cOl')spicuous thal}' that ot' the plant (the lqtte:i:' l:>etn~
:measured in. terms of· changes in root length and biomass) in
:t"(?sponse ,to Ch~1l1ges in the soil characteristics as a result of
ex,posure .'1:.0 acid rain. This could signify tbat the host pli;int.s
may be less sensitive than the mycorrhi;::;al fungi t.othe acidity
of the rain~ Thus changes in mycorrhizal species cOluposition
could loa used. as an indicator of acid. rain damageto trees as the.
mycorrhizal response is :moX'sr.apid than that of· tIle root system~

The rates of uptake of both 14g2+and Ca2+ a't in situ M92+· and ca2+
levels vrer-s far belot-r maximumpotentials ~nd an increase in the
concentrations of either element resulteq_ in .at definitl? increase
in t.he :...ate of uptake of that element. The leaching of t.lle soil
cores shot-redthat there is.a trend for increasing alliotAnt.sox 149.2+
and, although ;i.:l:;. cpul¢{ not be determinedt presumably ca2t.1 to be
lost in the leachate v.rhen· tbe soil cores t1Tere leached tdth
increasingly a.cictffied nrainll• Any decrea.se in the .;'lQnoentrat.i:on
of these ions 111the soil will presumably dec:c ..,ne rat~, of
uptake still further. .Such a.··decrease in the rat~ t1I.f nutr lent
aoquisition could have a .negative impaot on the plants.

After tbe soil cores vlere leabh~d tVith "rain" of vario'us
acidi.tie.s, there tended to be more A13+ pre.sent in the soil that
"laS leached 'Vli:th the more anidio uvrainR• An increase in the A13+
contr:mt. of the .soi1 was shown to deozease the rat:e of 11g2+
upta1te. It lhTaS not possible to d.eter.minewhether thi~ inbibiti~::>n
occurred at tbe upt.aJce sites on the root surface or 'Y[nether the
upt.ake of ):I1g2+ by the mycorrhizas T/las being suppreSsed since it.
'!las not poslsible t.o grow' seedlings that "lera free from myoor....
rhizal inflection. Ho~"everl the findings indioate that the
presence ·of i~creased A13+ in the $oil can result in an. l.tlhibi'"
t.ion of Mg2,ruptake t'lhich \.,il1 have a seVere impact on the plant
since 1492+bas a number 'f l.:mportant functions in plant metab-
olism, (t.he.seare discussed in sect.ion 2. 6~2) .

The limi:n9 of soil cores did reduce the rate of catiPl"l lea,ching
from the soil co;::.-esin response to artificial acid rain.
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Dnci~.r$ta.tldab1.y it· also restllted in increasing amounts of CaN
being lost in the leach~te. Once the Ca~~moves below th~ r.oQting
zone it is lost to the pl:'lnt. If liming is used to ameliorate the
effects of acid rain on the roi.l, it is thbugllt that it might -be
bet.ter practise/ but mote labour inteI).sive for the p).anta.tion
owner, to lime mOlt.'e orten with less lime, in at: effort to prevent:
the loss of Ca:!i-.

This study has shownthat, although acid rain has t.he 1;>otentia1
to in,,"J,;"easethe rate of $o.i1 .acidification, this '.proCe.s-:s of
acidification t.akes place very slowly. Van E1.·eemen<(19~i) ):ias
shown that a·, slOW add,;i.tion of acid can ~e relativtidy .ti.ell
buffered by weathering reactions .. S11ellweathering procesS,were
not taken into. account in this study but it shOUld ps noted that
such prc~esses OCCil+,under nOrmal conditions in nature. Shoul.d
the incre~se in acicii:Eicati('n not 1:>6 efficiently buffered, <tllen
the composition. of. th<S\..mycorrh~zal· species colonizing. the root
surface may be ~ltered, an,d the upttike of tlut~ients could be
negatively affeoted. llo'(>.rev$..r this $ttJcly has indi.t1ated that the
effects of acid x:ainr:f over. the time per:tod that .was ~xaminedl'
tend to be small and do not appear to have been capable of
signifioantly rr.fducing plant gro\1l'tl'l.•



a.a 1&mR..~j;Oln.. ~'!ri~lt:i<:tlln~1!t.iem
A SOml volume was .taken .from each of the stock solutions
described belm'\)'and placed in S lit:res of distilled water, 'this
5 litre sol.ution was then used to water.the trees.

~J.6al!
~,~~

1\laH;;l?04"H20
MgSO,,- .7 H20

J.l<lnS()4 Or MnS04 ~H20

euso", •.51120
ZnSo4 .71:1.20 .
H;lB03
(NH4) c;2<1070ll!' 4H20

CO$04·7H20

NaCl

§.t;9$,K",iaPlut:Lon (gl-l):
Micronutrients
20.8
36.9
0.223
0.024
0.0296
0.186
0.0035
0•..0028
O.Se5

50.5

8011).\:i011 3
Ca (Nv:!) ~ 82.0

~~ ..9JL!
FeEDTA 3.0

145



S
Ca : Ai

= O. 08 ClT!olk.g-~
o . 37 cmol kg-1

exchal'~geable Al ! exchangeable catiol1s

o .37 ".:mol~~~tz: 630nlo1
0.14=
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