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5pauzes 6 myuarrhizas m-$hﬁrt, brown,_aaralloid” 7-91 ?7f“:5L'




Ac*d rain uccurs rineipally
sulphur and nitrogen cxidn\s, baing cozw&z;tacl into ac:i.:is thraugn;.-.- o
@ s&ries of. atmespheric reactians. These aeic&s can s:aménter the“j‘_-:'_-___ e
terrezi:x:ial environment: and may be detrimental to the :Living__'_ﬁ"'-?"'_";7'
oz:ganisms and a.biamc commnents af that envimnment.-___ g

miﬁtc precz.pitation has 1h@ petent:.al tn negatively affact RGN
plam:s in a number of diffezent ways. It can cavse damaga to the'-_'** _- :

pratemtive surface structums af tha piants, intex:fere with the
funmtianing of g‘uard cells, poa.son ceils aftar *t has diffusad_--'__:_;;
_ into the leaves, change the situdation. procasses ox doverfere with
_the reproduction of the plamrs Bcid rain can also increase the
plam:s’ susr:ept;bility -3 oi:h.er environmental ﬁtresms, diﬁrupt:_l-ff"
 symblotic associgtions and cajse auhrient stress as a rasmlt af'_: e
acidificatima of the snil iTmnm and cawlmg, 1977). B

'I'hesa gntam:iallg tﬁamaging pffam;a h&ve 3.er.1 t.n wid&spread Qancern"_
regardlng the. viab:.lity and’ fitness of plants, particularlv_
economic:ally .mpartant plants, Whif-‘h are exposed ?:a acidified
:cain S _ o T

cme af the most: t.:on-aistent symptmms cf acizi rain damaga is asr'r;
' decrease in the calcium (Ca) and’ magnesium  (Mg) cm\tant of the.l,.-_;. R

| fr:-liax: t:.ssue {Hindawi at a.l, 1980; Gadhold at al, 1938)

addit:.cm, acid ‘rain crenerally increases the rate of nutr:.ent-
maching From tha “aliage (Evana, 19841‘:; Amthmr, 3.934) « In tha':.'_‘
“latter. s:.tu&tian, ‘the. plant needs to absorb these . :i.nuzs at a. o -
- faster rate so that it does not become nutrient stressed. If acid -
rain impairs the uptake of these ions, the observed nut:ment_"i.-_i’_"'
dafwiamies ‘could result. The uptalca of ians s <ﬂepend@nt on
both th.e attvimms of ‘the plam: and the. soil anvis:onment that - -
tha plant is gz:owing in, As a rasult cf the variabilitg of thesa;_"
f.’:av::t:mu:*&F plants may nxhibit: widely varymg respenaaa tc» acid'f'_'__'___ RN



_fffiindustxial aﬁtivitieg._whe formier include damaatia;fi?es anﬁhz
motor ‘vehicles,  while the latter includes ﬁnwer' statmans,yn

f§ A 1arge amauﬁtlmfﬁpallution'zs inﬁected ;ntm tna atmasphare'an
" the Eastern Trausvaal Highvald (ETH) ag a result of*“xban and

"3npetxochemmcal plants, metallurgiﬂai indus,ries, brxckwarks : R

R fuundr:}.es, fertilizar plam:s, saw mills, paper mills and ghmiaad:
"-'ﬁjworks. in. additiun, dlagard soal dumma and gwassland burnang#315 l-rm

' : f'cont1ihute ta the pallutian levels {Tyaon et al, 1938)

O me climatology af the ETH is very unfavourable for the dxspernffgf"”"“

‘sion of. the pollutants. Theae climatia conditicns include high

""* fatmbsPheric Stabmlity, alear ékzas and’ lam wand apaeda. Thesa;;],y““"

_'fﬁfconditiuns avs’ genﬁrally aasociatad with hign pressure. syﬁtems_;ﬁf{}
| ’ffﬂwhich pravail qver ‘the regiﬁn {Tyson et al, 1988).33«ﬁﬂﬁgw;;3--””

;foﬂSome of theISQiis af tha Eastern Transvaal are very ald and;;f,f;ff"
:ﬂﬁﬂihignly weathexed ana thus hava ‘Low: Ca and My anntents..They are”- f;;  _ 
'F,jfidescrabed 28 heing either s*rongiy acidlc (Pl in water less than = .

e 2) oL modemataly aeidic £pH batween 5 2 and 6 oy tTysnn et al,fsz j;f’“
' .1988}.-The natural acidmty af the suil A exacerbateﬂ by acidgﬁi“

5 T humus fnxmation 1n pine pimrtations, SR

'7fThara is a shprtaae pf indigenoua timber that can be used inwfﬁé,f

ff[;mmstxia*ly in. Southezn ﬁfriaa - leaa than D 25% of th& land i“ L”.7if'j”
"’f~natural evargxean fnrest. The in&lgenous forests mn sauthern*gf '

_;9 Africa are ﬁubjnct'Lo careful ¢mntrol meagures and an&y a tri?ial-gif'
. wolume of high quality woad is. extracted on B sustainable yisld

':ibasis from farests in the Khysnanﬁumansdarp area {&nonymous,ﬁﬁ”

~1980). This tinbe ir Qenarally used for furniture (Scharf.etwr,
5__1937),__. : L c . '

5  A1though a small.portion of timber is imnorted.all the‘cammﬁf¢1a1~f;:: &;§1g;
- timber. used in ‘Bouth 3ﬁrica ‘comes from exotic plantations aF

 7_p1ne, eucalyptus and wattla which havu been establiahed by’ bothifg  f;;;i

_a'ths ‘government and private sectors.. Over: 1. 12 millian hactarasjfﬁﬁ,ij;V
o of plantations have been established in South Africe {Schar-
' ';fetter, 1987 '; ﬁm 1east half of these cnmmeramal ferestry%_;;_




ostan, 19&31

:'*resourﬂesﬁara Hacated'in tha ET, and alﬁﬁg

'._;';pima tree;s p::ociuce valuahle swftwood and az:e managad.{; primazf:i

: 37£or sawtimber, this being the biggast use af plantatwcn tlmber;gf,fffﬁ
i ‘South Afr:ica (st:harfatter, 1987) . '.:'hem arg no . indigenous'__ e

o members of the pine family in Scuthes:n af:.ica;‘ The ma:.n pines-".

speciesr of the Eastezn Transvasl reqion are, J?.mus patula, : Pmue;_-*

B '_';-_"i:aecm and pinug elliﬁtii tNorskov-*Laum?:.sam 19533

1t has heen Prajeatad that by the turn r,:if t:he cam:ury: S‘mthf: L
' africa will be facing a t;imbe::‘ shortage (Scharfetter, 1987). =
Effective uti:tiza’cwn of - available timber is ‘necessary to L .

' -ensure that the timber. damand is met in the: Eat:um In addition, -
- factors z«mmh decmasa yielcl and durability wf tha trees, su::hl_' RS
a3 insects, fungi, weathering and other pathogens, need to be
. igentified and ways to overcome them sought. Since acid raln de

- fj_.- | thoug!ht te have t-.he pm:entml i:o decrease t:he gmwth m:d '_ :

' persistence of forests, and conifers in particular (Board, 188y,

. it ‘has hacame necessary to cietermim What ‘effects acid rain could'_.._* o o
"'_have on 'the commarciw.ly grawn traes in the ETH. R

""_'rhe aim of th:Ls invastigatian was tn ::latermina whather simulatad'}”_:-: SR

g acid rain, _sim:.lar te that accumimg on the BTH, cyuld influence};f |
. the amount of Ca and Mg ‘taken up. by one of the most: axtensa.v&ly':;_j;_- L

cultivated tree species of the reg:i.on. A reduction in the uptake =
~ of these essential. elaments ~could cause decline in the grawthf'_',-f

"""".of thase tmes..

The plant usad in th:l.s investigation was Pinue: paf:u.la Sc:h.teaht-.i DR
B :and Cham. It: wag flrst introdmmd to sout.h africa :n 1907 fmm*'{ o

e _"eastwcem.ral Mexico.: It is well adapted to the summe.r rainfall-f?:-' e

. regions of southevn and eastern ‘Africa and has hecome & majnr"__';__”-f_»-f T
_ species in softwood plarztat:.ons {Mcrr.. o 1986} Hawaver it is nmv:f

e 'invading the natural forests in parts of the Esstern Transvanl"_"_"'-_'-"
7 and eastem za.mbabwe (Palgrave, 1877). Te has a fast growth rats, S
o is hardy to frost. but sanm.twe tn pmlongeu drought, f:ira and'_" EE



| Jf?llluatratad in qu. 1.1 and, intlude:

 'ffNutr1enu uptake is ﬁapenﬁent on a numher of factnxs These ra”'”'””“'

: :i1;_*the abillty of bath.the bmatic and’ phyaiﬁal characterimtias;ﬁffffgf
. of the soil o ‘supply the. :plant with nutrients,; 4y e.fﬁg'ff;iﬂ
© nutrient. avaizabizity.. e T A

_,f‘ ;;i1\ “the morphcloqy and rate of growth af the rants, R e e
=:*g;111) the nutripnt absorption characteristics of the root aysram;;;;;ﬁﬁi

o fcaaﬂsen and. Barber, 19767 o ST P
: ":ﬂny Onu of these, if affected by acid xaln, can decraase tﬁe ratek¢'
'f,}af Ca and Mg uptake fram the snil fg;sgfff-!~ R RER

UPTAKE
PRQCE$S£S

o |AVAILABILITY - SYS‘!‘EM

CFETTEE \diagrammatic representation ya thxee factars" e
SRR affecting nutriant acquisitiﬂﬁ«[* L R

'  ;; _ln thms study, threa major experiments were undextaken ln urdar]fﬁ'*ﬁlt 
te determne the poﬁs.zhle effects of acid prempitatmn rm Ca and o
Mg uptake by P.-patula. These experiments lnwestigatad the three .

“zkey issues in nutrment asqnisitimn that are mentmonad abave. Tha[iiﬁ
f fo1lawing questaans were: addrasaed by each expariment.z- .



} ;; Experamant 1.
ffiji)

: f”galuminlum gon ant?
;€iﬁxperiment 2 S - oo i SR
4} can. root grawtﬁ, in terms af the rate af raot extensian aad};f L
| : ffroat mass, beia£facted by 3011 ihat has been axpcsed toﬁ?j;j; o
szjiiﬁg}Can the degra@ of mynarrhiaal aolcnlzatzan of raota grmwing;;.:f"”":
'::”J**jinto s0il be”alterad ir the sail has: heen expasad to ﬁﬂld;:
QExperiment 3. SRR A »
I 'ﬂ Dogs’ acla rdin have the ability to alter the uptake__harac~
teristics oﬁ*the root far Ga aﬁﬁ Mg° i i

ﬂfi}mhese experimenﬁs are’ described and di&aussed 4n’ chaptaxa _;ff]; R
-~ and §. The most. imgortanx conalus;ons drawn frnm aaah expar@ment:avw L

' .and thele sigﬁifmance, are, 1.1nkeci tagether and lsgussed: irn
:ﬂ}'chapter ? };ugf S o




Caa ek S R TIPE I A EER EE
'_fff}The phenemanan kn»wn as. aczd raln has: always exasted'aa a resulth ?{9" -
7 _fjof-valcan1c and-thunderstarm actxvity. ﬂawevar inﬂustrialmzatimnf5;3. e
'”ﬂf%during'tha last aentury'has led.ta an inorease. in both the amount ' .0

  T$fnf acid rain uccurring and in tha axea affecte& by the aCidiQ£:i ffif;f

,f{.}Pollutants enter the “tmﬂﬂﬁhere from a 1arge numbex of souraes.é;il: _ b
.i¥jnwhese smurees include coal. hurning pewer atatlmns, Grewsmaltlﬂ?gigﬁffV'"'
. plants, moter vehicles, domastiu coal stoves. used for hHousehold = @

 ”?1}ea0king and, h&ﬁtlﬂgg bﬁrnlﬁg dumps Bt masta caal,. hurnlng‘;ﬁ~:' Lo
: Iargxbund . dpal -gegams  and graasland burn;nga Atmosphericg;iﬁjzp..

_'jffturbuaenaea diaparse the plumes of. smake, mixing the plome. with{”f ]f_ .u
. the. surfounding “clean“ air which carries axidahts (Smath, 2088y
. Tnts mixing af the plume can’ rasult in the pramary Pﬁllutanﬁdijff;{fjtﬁ
  ;}€&ng. particulatea, carbun monaxide tCGJ, hydroﬁarbans, “arbanﬂﬁfVi',:«“
iﬁjfdiaxide tccg); aulphur dlaxide {Sﬂy and nitrous oxides {NO) ) ;f iff]f"'
_-:,bemng transfarme¢, thraugh a Serié& of sunlightminducgd raac—H ;:1 =

o tions, into 33condary'pollutants. These secandary'pnllutants.mayf:ﬁV“*

| VTaﬁfeﬂt the vegetatinn ln a campletely d;fferent way from tneiﬁ;i;j“_f;

'33primary pollutants._ ;z ;,.

”f;Both primary and secandary pallutants can reﬁentar the terres-5’

~ trial environment by either dry or wet daposition. Dry depmsltionf ;;_”*”"'

;3;_1ncludes the absarption ang adsorptzon of gases and the gravlta~; jf1fg'i5"*

 %.t;ona1 settling of fine aerasnl angd ccarsa dust partinles Th133 L ﬁ’f}l};
,: :manner of depositlon accurs in all seasnns thxoughnut the year,;_.~ S

"fAlternatively Pallutants raturn to the terrestrlal envﬁranmant";}~]€}j ;_
';through wet depnsitlen, commonly rsferred ta as acid rain, This}f?J e

l. 51nvn1ves the transfer of diasalved and suspemdﬁd materials fr°m:"  R

fj _flakes and othex‘precmpltation events includzng tha lntﬁraeptianfgg .



"‘ff fas EY wiae'ranga of domesxia antiqitxas, Tha situatidn iﬁ the ETHf%fT7<-

  ffis ‘sueh’ that thm bnlk oE thaaemissions erlginate from g very{
o small axea. ﬂomﬁaring a 49 Gaakm partlon of the ETH (25%45" tag

. 27% 8 and . 28930" to 30930 E) thh other areas of dense_smp}f_ff5

._ f i?jemissians, EAs haa haan fnund that the amissian densitiesi“fgthéfj:?
UL ETH approximata soma Lof . the ‘worst pollutian ‘conditisns in the
. wepld (Tyaan et al, 1983} The ciimatnlngy nf ‘the ETH doss net

el f';_"-f'}:n 1984 the
"_(Tyaun et al; 1938) for this area._

L 3 1.3

”Vfiffavnur thé diaperslun oﬁ tha pallntantaﬁfﬁyann at7al, 1988)'”

;;partiaulate ff“ﬁ .¢-<;374L6g§f

oy o i o3mssE
el 339 574
- bydvecarboms . . 2765030

Hﬁ';E The actual coﬁpaaiﬁion of ﬂGlﬂ rain ia hithy variahle. Rain is;;ff 3 "

naturally acidic; because water rescts with ceﬂ in tha ale €6

ffjrpraduce weak carbonic acid with a PH of ahout 5.8, i.e. & pratanff??i  ;
. (i) concentration af ‘akout 2.0 % 408 . (clark and. Whompsun,;jzf""

_:'1989). cationé suah Aas ammanium (NH4*} ars also preaent in thaf';ﬁg g
__:‘prermpitatlun. The posztiva aharqe ﬁarriad by thase uatiuns ia’;;qﬂﬂfj
'¥jba1anqad by a variaty uf aninnss ) Lol o BT

"gAuid rain anntazns lncrnaaad aulphate {SO@Z"} ana nitrata {Nﬁg”)rffi?’?

:ﬂ*:'inuoncentratinns. Tha mviar ratxo af 504*"tu NDB in auidified{5f 37='



._':.ncsreased amoun*’;s c:f 30,3 'I:a :NOs s ié balam'ed hy 'aﬁ m&raa.se in?i
L tha H" cscmcantration, rasulting :Ln the pH of the pxeaipztation'-

'f;i;sulphur _1oxida can also be raleasea naturally inta]the atmas—,f
. phere by sea spray, plankton and in eertain. areas_:vnlcanzc '
_ action.- It. ha% been approxmated that halﬁ Qf the gasaons sulphurﬁl

-"4fre1easad into. the atmosphere is frﬁm natural ‘sources (dehaffif

'3§”_1939)*

¥ f;The principal source af oxidiaed sulphur entexing the atmaspharaf  __ﬁ
- from human activitias ia frnm ‘the burning of coal. Coal that 13 ; '” ”__
used. faz' enargy purpcsea cmntams mora than 2% sulphur ‘. of whmh

' about half is present as pyrite {(Pes;) and the rest is of an .

'_"::__'__-_“'cwrgam.c nature. The buz:n:mg wf such matemala readilyf praducesﬁ;_-l_
- _‘:.302 hy reactiona smh as reauticm 2.1701 by,-_ R S

i | 4FeS, + 110; ——> 850, +. 2?3293 LT Yy zi;ﬂ“
L (Kenmedy; 19861 . Sulﬁhur dioxide can ‘also enter theé " atmcsphgre_;
o from the- smeltz.nq of . sulphiﬁe metals and from at.har indugtrm-l._,

_procassea (Evans, 1984h) v S o e "




_ TfT"QWhen the Saz reaahes ‘the atmaaphqra it-reautg w*tV inStnre
U the air. TE is’ axiﬁized o "g'lphur Loxic nd .
'Hf':sulﬁhuric acld fﬂzsog}“9”’

:'7f It 15 tnnught that a photccham;cal'éﬁéiéatiﬁn ia Jnvolved inﬁthisijflf*ff

71ﬁf ?g.reactinn (Ksnneﬁyﬂ 19353

":';ﬁfIn dry air the ¢anver$ion af S$« to'ﬂgﬁﬂg W@uld quulre 1°ngifi

. periods of time. ?his can result in the 804 mavmng aanéidarablaffff f;f
___j_ﬂgdmstanmas from the anurca~ Thia is. wtten the casa ‘when: pbwarf'j;f~j
TS gtations émit 80, Sﬂme 80y can also £41) to the graunﬂ undons .

S ;_ jvarted (?earee, 19&7} However when the suz'heacwmf

incorparated[“;f ¥f

L ines” elouds or any othe* hnmxé amyironment Ehé”reactian rate;j;;3ff

”'”Vﬁfspeeds up to: appruxlmately 0, 1% aﬂnvars;an per hour’

IKennady;"’*"in

ﬁ_f'liiigsﬁ). In aﬁditian, it has been suggesteﬁ that tihy partimlas aff*fjﬁfif
"1;ﬁlmetals, such BE jron an& manganpse i tha air, arjsing from;,a_; #

:  ,[€:paroxiﬁe, alsn appear ta be ¢ritiea1 in fha a“idlfi¢at4an{f'*
..-_-_-I._I.._.prmasga_.: o e L e . N e

i'ustrial pmlxutlun, may act s’ cataiysts for the feaet__n_{ﬂfjjf
. }{Paarcef'1937} P, tha ‘rate’ nf acxdifiaatlnn inaraasea under;i{f;;{j
humig;” pnliuted annditicns,_aasas, ‘such as ozond .and ‘hydrogen . .

;::-;':-.3* .,1 o .,amt._‘_\__ i 'anﬁ antﬁr 0 e i R T

atmngghez

_ if; N1trogen ‘oxides’ (NG RE can alsm he fespansible fn an"iﬁcreawﬂ'inﬁf;ifﬁfﬁ
S the ‘aﬁid;ty‘ of raxn‘ Thunderstcrni activmty caﬂ produce. No, .

  ffnatura11y Nitrogen hecamas axidizaﬁ in the lightning dlsaharga};}j”i75
7°;are.,-;“;; . T o

"'Thia reaetian,uan nceur baeause the charge saparatlcn ana'valtage<ﬁ-; L

:  .._ ais ferences generate & fx'om the :Er it:t im'za 1 prwes&as e aw e

21} masses, elevate the temperatures suffiaiently tc prcduce ennughﬁif fg7;

. activation’ ‘snergy for the oxidatioh reaction (Keanedy, 1986).

' 31thnugh natural soarqes of Nm&s ara muﬂh graatev than the“i:;fft

_  f,anthrbpﬂgsnic aouraas, “the latket. genera11y x@sult in ﬁmali{i]'”_ 
_:_-regions having ver? hlqh conneﬁtracaans of Nohg, While naturazf;;?j.ﬁs

'“ sources are mnre widely dispersﬂﬁ'l:”



:  f$:"Nitric:ax1de {Nﬁ} 1s-given aﬁf in tha hurning sf fussil'fngla'in-ﬂiﬁfﬁ
"wfpower statinns ‘and by motor vehlcles. In ‘unpolliuted air, NO’ ‘has

 :¥]fa half life af a few days, hanrvar the particulates in pollnted jj{¢ 

 J}a1r aat as reactlpn opntres, rapzdly annverting Nﬁ tn nitragen;"Qfdf

'jﬁozone can aat as-a catalyst far such a- xeactinn.

2h0 + Qg "‘“? 2N03 jglll75;f4?ﬁJf]fiﬁf?éﬁﬂi{{ff

ﬂ + 33 “”-> Rﬂg . 02 'ufﬁ f?ﬁ$"': 2-5;;

'z”iinghe Nba ia ltsalf axid‘*aﬁ anﬁ canvnrted to: nitrlc acxd (Hnaa}j;755?

o "___-_33-'_-'-:_tpaaree, 19873, RN

2 i} 1"

L:xn;additlan ta the anlds,_ Hﬁsné an& Hmagl,,

-:?fubranas, WBiah can dhange the rate and heleatluity cf matabal;teﬁé'“

"'>f; It haa been ﬁpaculated that aald ﬂaﬂnaitien mlght be cne af the3ff "f'
. ff.causea for the abservad decrease 1n the growth rate ef traes inf-fﬁﬂﬁi
_' j:j,Northarn Europe (Tamm, 1989}. The reason for thls ! that thefﬁfrff
'7 f§'reauctian in growth tenda to cerreap@nd with 1axge increases 1niﬁf_”f 
. atmospheric pollution and a drop in &he pH of the precipitatian.fﬂ"]f_
. - Experiments. aimed at” detarmlning the effects of acid rain op - =
_;,;?-gtveqetatlan, have oftan shcwn.ucnfliating results. This may. bb‘the'" ;f[f
| r¢; authme of‘varying Airect and indirect effects that*the aaid rainffﬂ“;f"

ﬂ 7¢may have on. the vegetationsgﬁ;~71 AT e

ff.z a,z.  Fer 3 aiin”- «-”ff'ct- af ac m raim

:  ;EAcld xain, With its inureased nltrogen and Sulphur cancentra-ff';; :
,_: f’t1ons, cauld aat as’ a fartilizer o sails (Evans et 31, 1931h'§‘°i?}-3
_.5i Abrahamsan, 1984» Tamm; 1989), since nitrogen and sulphur are;m; ;,g

"ﬁ;?, ;aTjj'j L

that ara ba;naff£i f
_1bexated into the atmﬁsphera:_large ampunts bf 1aaa zinc: }”7;5

| "_'._axanange m plant ce-.lls, This wauld furt:her aggravate any' harmful :



bsaft.h assential elemems in Fiant nutriticm, Ehis_ :&xt;lmzatia v
SRR effect may be particalarly impnrtant in natural smls., ‘which. do
nc:t rec.eive thvn same degrae of ferr -!.J.*zatian as &gricultural'_'j_':'.__-_--_,-._.:-':_",

ot as’ NI:I{*

. ih‘itrogen s absor}aeﬁ hy the roots ei‘k‘her aa N03

' Nitrate is not ‘toxic tt} the p:l.ant ami can accumulate to Tela~

3 ?--__.f.jff__'_"_tively high ‘concentrations in the vacuoles of cells. The xyl.em.{'--._""' S

_-..itrans;:c«x:ts mast of the No;,, from the rr:rcts to. the leaves where it._ I
-'is ‘reduced to m,trite by the enzyme m.trate reductase, and then

L to NH by, nitnte reductase.ﬁ__ e R

,_'_;'ﬁﬁigh pyi A é:ancentratwns are. toxic to most plants and thus iz is:_'-jf” P

" rapigly translocated or assimilated. In general, acidic soils are

- i " mh;mmry to nltrifying bacteria anﬁ therefore NH{, x:ather. than
N0y, i the precicaminant .furm of morgam.c mtrcgen ;Ln tlze soil_'

 solution {Vance and Griffith,.1980) and plants that are. adapted ©

" to'these acidic: soils will tend to take up NH* in preference £t

:;'_-Nos...The NHJ s incorparated Anto amino ac:xds, ‘and then :Lnta

Pratsins; nm:leic ac:.ds, lipa.ds,- as well as poryhyrins (e g o

L chlornphyll, cywchremes and phytnchromes} '

_-'Su,lphur is ' a}:en P prmc:.pally asg’ Scf" b:y th... ram:s, alt:nough_:."_ f_

o TU80, may be | absarhed and assmilated by the Neaves. Sulphur';;_-'_.'_.:__:-__""

@;Qgg]_e and Fa::.tz, 1983}

”z':""”'_‘c:ontainmg' am:.nn acids are cyste:.na, X CYstJ.n& and methicnine.-

. -":'-_"'N:.trogen deficn.enmes are rzcman and fazrly mdaspread in natural

”.;_”seils (Abrahamsem 1984) henc:e the fertlllzation effect of ECidr"‘_::
~ rain may be beneficial to the vegstation, Sulphur def:.c:.enc:n.es’"':_t.; E A

are quite. comman in agr:.cultural ‘areas, hcwever they are rare a.nj:_-:i_-.'_'__

_'_"f'_"forests except dn trop:.cal and unglaciatad areas in temparate";-
~ zones. mbrahamsen, 1984) . Since sulphur is not required in very o

- large amounts for normal ‘plant metabolism, it is thought that the - 3
- atmospheric. deposition of 'sulphur generally far exceeds the

:'b:r.olaga.cal sulphur requ:.remant (Reuss et ai, 19&?; . The: mxtr1~;_;-'i‘---=-'--' o

| """-_-"_ﬁ'__._ticrnal mnsequenaes of excessz.ve Sof' mputs are unclear, howevar-




e 1s-thought that excessw& sulphur s unl:.kely to 'c,-aus_

""nutrztmnal harm to the ecusystem. The. uptake ‘of 80,2 may even’

_'.'-a:.d in solvmg charge balance prablems in NH* ut _l‘zing farest-
RS ."_ecosystems ‘where the uptaka of cationie nutrzents is greatar thanjf A

. the uptake af anicnzc nutr:.ents (Evans et al 1981b)

i ;'.;of the faxast system |

-._.._;’Tha fert;hzau.on effaci: of acs.d ram may be re;‘-ai‘-Ed tﬂ tha_._:_.{

"’_3-“_;{ferulity of the site. Tamm (1989) found that tree growth was

S _affEutEd in a pos:.t:.ve ‘manner on- unfert:ilized plot:s, wh:.le the

- i reverse was true for trees on fertilized plots.. Hence, the effect'_-_
- of acid rain may be complexly- relsted to stand fertdlity, ahis

":“amraction cauld be “the cazzse of 1ncon51stent raaults ubtained--_"-:'»'_'._f
~from smula‘cicn expemments investa.gating tlie’ effect sf acid ra.in O
'_:'-':':_::?an ‘vagetation.: Morrison - (1984) _points out that the input of
" nitrogen from man-made sources, spread over a full year, may be = .
_._insuffic:.én*:_ r0 elicit’ any measurable reggmsp in’ terms of fnrastf_,._{f;-__'_"' 
o ."grtmth jﬁeﬁemr ﬁhe 1rmg term effects may g generai &nrinhmentr " :

. _':'-’;_"_.:'_,It has az.so been suggeste& that the rec:ent increase in available_; Ry
mtragen AR the au: and. preeip:.tati on has rasulted in the temper--_ Lo

- ake fnrests of northern Europe becomng "over-sat:uratad“ mt:h_-__f-ju o

: - .nltrogen (H:.hlg&rd; 1985) This could lead o, imbalances in the':_ E
0 carbon’ o nitrogen ratios in the plant E'xcess n*itragen can lead-lf LI
PR 1.5 hormonal .uubaiances and extremely fast growth mth :Large cells-':--

" having high volumes which would be more vilnerable to wind,
_'-_'__.-=-__:_-__'drought 'ami parasite artac}:.. Repaz:ts mdmate that fungal_.-:-
da.seases, :Lnsent attac}c and algal gruwth on the 1eaf surfaces may_’=

.'_be stimulated by m;c,ess nztz:ogan. In- ‘pine t:rees, an ‘excess’ of
: __.__-.-_"_.jm.trogen in ti,e neec:les results in a’ decrease 111 thes.r frost___;--

o hardiness. In addificn, axcess m;tragen can interfere wmh winz:erff_._ o
._"-hardem.ng Of buds smd fol, iage {Pitelka and Raynal, 1989)

'-'The ma:m symptams of damaae attributed ta ac::.d ram :m conifers'_' _:

"are a gradual discaleuratwn am:i subsequent loss of. needles- o

occurrz.ng from the base to tne tap and from imer to muter .



S "branche..,, prematura grawth reduct:.on, branch dxeback in_th lower
' crown and formation of epicormic shoots ds well as an. eaxten' jon
_ of narmal wet heamwood inta the sapwood a'l; the i:-ése af the t.::ae.-
Thera may be ciamage to the fine rac:'r system as well (Blank,
_'7_"';_".7_.1985} . Analyses also show that there is often a caleium (ca) and.
* magnesium. (Mg). ﬁefmiency in the foliage (Mindawi ét al, 1980y, ~

| plaﬂt ssiec.tesa

S -_:These symptcms attmbuted to ac:.d ram muld w:asult Anca

- - Godbold et a.l, 1988} '.I.‘he sywptome tend to vary with eiz.ffere-:a.t'_.___

. _'*-'-’acreased y:.elr.i andfar quali‘t.y ef the plants; a lawamng ﬁf the._'-;?_--';_'_} o
. value of marketable plants due to visible damage and a decrease’ |
o in thelr asstheric. value, aa :..well as a decrease in the longtem:_'-'__f

R growth_af t::*ae_ '

__fpatula at Usuty," ‘mazzland {Tys¢n &t al, 1938; In ad.ria.tian, far'
'-___'__-_’the past . twenty yearsg c:hlorc:tm ;-;Lm:!cing anri mottlinq r:::f the«_-
 needles of pine trees has bean nc:ted thraughout South E&fric.

"--.';Localﬂ___epartsfhave ind.ucateét a declina in pmﬂuctwity 'qf ,PQ:'

{Tyscn at al, 1988) 'J?hese factars xmuld be assmmater:l wi.th aczd;_\__

'”'I--'cuticle perrorms e pratectwe ftmction pre*:enting excassi ,_ea"f_

_transpz.ratmn, parasitlf' ...nfec:tinns and the leachmg of essenbial
B ) '_‘organic and :Lnurganic nutrs.ents from the surface .:>f the plant._-f R

- it has been found that: for same plants, e g' thn h dney baan &nd;;’" .

. ;.mllnw oak, sirulated acid rain w:.t:h a4 pH. of 3 2 Cduses ﬁhe:.:f';f'i_::;.'._.I:
submicroqcapa.c structure Df the suparfa.clal waxes, cutm and i
- ___caticular wanes to. c:hange and with t:.me 1::: erude iEvansi, _198 4a) e

_..:."'_f“"-'-necrntz.c spntta.ng: : “Plts“ or lesions result ‘J:hesa effac:ts ar&_:..{-_:
o reviewed by Morrison: (1984). 'I.‘he damage tD the cuticls was: -

. Damage to ‘the-cuticle may-. increase . to such an extent - that._f

¢ however not a ‘3011315119111'- reaprmse to ac:.d xain treatments.: In-'_' i



.  exparimants where the cutiaular e esﬁwﬂra nﬁi affaatea %hef, ff

'”ffaunderlying surfaca aaiia tend&d tu hésdamagad tEvanm, 1934&). j;ifff

_7;'-';_.3,3,::; eoilular Gamese

”{iﬂCalls thraughcut the entire plant aan bacmma damagea Whan the:ffT?

: 'auldity of the m:acip:l ?:ation increa.;aaa ':l.'hiss has haen 3,11ustrated- o

by experiments performed by Feranbaugh (19?6) in which plgnts,mwjif'

T ekposed to- simulatad acid | raln, containeq smallor sized celzs*f }7

- coupared to their counterparts xeceiv;nq rain of 2 normal pH. In
“addition the starch gramules within the chloropissts of acid~

:!_treatad planta ha& ‘starch graina of significantly amaller aimafff;} 

':'T7fthan the cmntrmls. It has alsa—heen rapaxted that low cancantranfl:-~ 

V*jtiana of aquenus 80y van eausa stru¢tura1 lnjury ta ahiwroplastsy 3f§;

'"fﬁaf Pinua ﬂnntart& (Malhartﬁ; 19?61»

f'fVislble ;eaf injury ascribad ta amm& rain ranges frmm thbtb&ia° .'"'

"*T}and neavotic spatting of laavaa Grittenden and Raad, 1978) ta:j=*?'

'galls and lesions (Evans ot al, 1977; Morrison, 1984). It was = .
| fhypathesiasa ‘that these injuries may result from aai&im sub=
T;stanaas dxffuaing into +the falaar tigeue. through the stomats and, -

| 1'palsoninq the. cell& {Tamm and Cawling, 19?7). The Ganage nauursf””  g

* because plante have Iimited neans in the aytaplaam to neutralize
" the whrong dcide which- would ‘result from ‘aeidie  subskances
'Affﬁntexinq the foliar tisshe (Kenedy, 1936) ‘However the degree

~ of injury is generally not corvelsted with the. aga of the tisgue
_}f €which is prmportiunal e the dansity of atemata and trichbmaﬁ .' .
- on the tisaue) which tends to indicate that th. injury i= not dus

ko acidia substanees ﬁlffusing inta the faliar tiaﬁua through‘tha: '
_fhatamata (Evana ot. al, 19?73, . : . _

_'*Another*way in wh;ch tha ac&dit; of tha.pracipitatimn may affaatf* .

.  'ﬂtha antire plant is thraugh watar'uptake and usaga by the plantg-f"'

S ¥iater moves from the goil into the plant and then throughout thafm;_
| ffjplant, 30 that avary grawiﬁg aall s surraunﬂed hy and. impragar'_ -
. nated w;th'watar..kn increase in the aﬂidity of the precip¢taﬁign¥f57:.
_'j'will aausa & dacraase in; ﬁhe.ph of the water that. is moving: intmi'5,if
"'vtha p?qnt Experxmenta have shon that baxlay maeﬁl ngs mountarm' o



e :‘:'act 'f:ha addﬁ:.ional aama:ty af smmiaﬁad aeid rain by ac:tively-- LT

: '_'f._pumping axtra B intg thelx wacuoiés, which results in a aaareasez_;__ " __
“in the pE af tha 1at1:er (Walfenden and Wellburn, : .:.986) This___-:_
results im  the cells ‘having . a. relatiwaiy 1arga buffering -

' "'-""j'capac:ity._ Kwamr, at. sc:me stage these e:;eesa ®* ions e to be - R

',remmea from the cella.; The. P iehoe. of strong acids in the

C '-:nicruanw.mnmant of tha ae.ll may maka thrs re.laarse of the H"’_' .
-_:-’.'_-"difficul-:: (Nihlgém, 1935). S S SR =

_. ‘I'ha huild up of H"‘ in the cells may mte:s:’ferra wii:h cellular- )

_ 3_:'.'Pz“ac:essea, in that .;.gcalizeti chmgaa in tha electrnn Qr B gradi- '
- ents close to the plaamalemﬂa ‘can result in ahanges :l.n me rkrane

"func;tian, ﬁven 11’ the memhraue pemeability andjcm intaqrs.ty' -

| remzined unchengedl, Suck changes in the H' could lead to diarup—-'_ s
D _'tinnﬂ in the production.of ATP which is ﬁepen&ent on B" gradients .
| aoross memhrrams (Evana, 198@) Tha changa m the pF c:f tha’;_ R

'r'c:szlls cauld alsa affact arxzyma raactiam. .

| 2 3“5 jgg gggtg ag ﬁﬁiﬁ g@ii." olan  yirest abolimm - N
o _-___.It: lms bean :Eound that in Phaseoiuu wlg&z‘ia, the d:.ffusiva.j

o .*esistance of the aﬂaxial leaf surfaaa ei:pased to rair: of pH 2.7, '.

_ wae muc:h 1awar aampaxed with. faliage eapomed to rain ‘of pH 5.7, c

o hawever the ahax:.al 1aaf resistance rem: med um;hanqed {Ewma ot |

- al, 19Bla), ‘'Thus rain with a high ac-i.dity mRY ini:mrfera with

U ormal Eunc:timning ‘of guard ::ells. le.aamg to a loss of- ccmtral-_'

| of stomata and thus changed rates of tx‘anspiratian and gas-_ e

| _"__'_exchanqe\ ('ramm and ccawlinq, wm.

- gac:m | _tain_fr-has; _'=heetn-_-_..-'_faunﬁ ta affact hoth photesynthetic and

 respiratory processes, Hindawi ai: al, (1980) reported that acid

Cmist resulted in a loss' of chloroplast inteqrity ang & veducticn o

~ in the total chlamphyll content, This Wo..d tend to J.nf.is.ua'lmf: o

R that: a raductir:m in tha phai:nsyni.he’cic rate: m 1iPely. Huwever, SR

o Ferenhaugh (1978) found an jincrease . in the apparent

&hatoaynthetic, rate cf plants. treatac‘e with ac:id rain, as wall as -

#n inorease in the apparent respiratory rate. ‘Hence, the net -

'phcatosynthatic rata mmainv unahangad. tn spzte of the increasa N



Cdn apparent photcsynthetic rata, aalculateﬁf ith respeut t”f) _?7

“ - oxygen avalutian, there was & dearease in the sugar and starahf;ffg{j

:fcantant. “?~s suggests that the prncass u* phaspharylatien is

.*'unaaupled ag a zesult. af the increased acidity cf the precmpita«'f="

. ’7Q;tion* Hencé, the acid rain may affe¢t the ““9&tﬂtiﬂﬂ by distuxbw T

'?f:-ing the normal metabolism af th@ Plant-="

_Fﬂﬂurther avidenue for tha disruption of narmal plant matabmlismf”f f: 
by acid rain can - be daducad £fxom the nhs«rvhtion that aeid< .

"g traated Phaseolus vulgaris can tend +£o he . shorter and. bushier

. than thair anuntarparha which have nnt been exponed to rain offf;  ; 
- w low ?ﬂ* ‘The appearance of tha acid .reated P, vu¢garis was a ;“-3”'

" result of 'shortenad internodes and increased bud fomation, Which

.;f~ 3f'1nd1cates ‘possible intaramtion betweaﬂ the arid and auxinaf[i-f Vj
'”":f;(Faxenbaughs 1976).;.;“,T' ST e e e

' “3¢1d rﬂiﬂ may alsa be sble ta alter the raot‘shvmt ratia ufff;&*V?

E s}plant$ {Truiano at ai, 1982, beans et al, 1990) as a. result . af_;;3>- £

. change in the carbon partitioning and would have lmpartantai  j'5
L ccnsequencas fnr myﬂarrhmzal aQSOQlatlﬁns.fﬂhtﬁ'h__ R -

f.an increase in aaidity of th@ precipitatian may accelerate tne'_L%: o
. pate of *eaching of substances out of the leaves, as a result of . .

" the erosion of the. cuticle and damage to the underlying ells, o

It has been found that the rates of leacninq of Ca“, HMg®, Mo
. and. S0, tend to be ‘greater at low pHs (3. 0 and 5.3) as ‘opposed
" to the "normal" pH of vain of 5.6. However, the rates of leaahing°; |
of other minerals, namely NHQ and zina remainad uenstant ate all s

: pI-l lavesls mvans, 1934&:)

- ;.Mittarhubar-at az, (1939; Pxnpmse that, althuugh acid fag can5: ¢f:t'

' increage the rate of cation leaching Erom the twiga and naadle$§ ff ;fﬁ
i of Pices abie&, ‘the plants shoul& be able ta. replacaf frcm th&ﬁ?*x_* ;

. .soil, the fons that were leschad during breaks between the rain

" fpe*icds. This- hypathesis will only ‘hold- Af the nutriEﬁta are~ "

 ﬁxxeely availahle and the uptake pr@cess ms not xetaxdedh

e



;,1n appaxen? phntoeynthatic rata, calaulated W*th r@spect ta[ﬁha'

'ff*uxygen avmlution, ‘there was a decrease in the sugar and starchg_j7'“:

| l-anntanu. This suggests that the procass of phaspharylatian lsjl?"m

1  ';funcaupled as a: result af the 1ncreased acidmty of the preeipitaw,;ff: '
-' 3"tian. Hence, the aeid raln may affect tha vegetatian by duaturbw-_‘, .

o ing the narmai metabmlism af tha plant..=

:7ffEurthex evidence fcr thﬁ disruption of narmal plant matabalxsmj  _:i_
:5fb¥ acid rain can” be daduced fram the obsarvatzmn that acida_?fjg:y
‘treated. Pﬁaa@alus Vulgaris can tend to be ahurter and bushiarjbﬁffff
 than theix countexparts which ‘have not heen exposad tn raln u;fjﬁw,}'ﬂ
f"a low pH, The appearance of the acid-treated P. vulgax:s was a"ﬁ' 'T
CEesult of shnrte-md intarnadas and increased bud fnrmat ir:m, whif.h' e L

_iliiindicates ‘poaslble 2nterac*ian.<batween 'the aaLd and aux;nsf
PH:‘F&renbﬂﬂgh,_1975)._{$: F@ SRT B R

‘ff,incid rain may aJan be ahia to alhar the roots shaat ratia ﬂt?tf?;::
”Hf;planta {Truiano et al, 1982, ﬁaans at al, 1990) ‘aga result of . o

_.n”ffa chenge in the carban partitioning and - wou*d hava impartaat*?ff'
"1 _*uonsaqneuces for myaarrhizal assoamatians._; o g S

.2 2 6

”::;ﬂan incraase in acidity of tha pracipitatian may aaceierate the'ff{'

. rate of laaahing of: ﬁnﬁstances out of the 1aaves; as a result of
 -_the erosion of the cuticle and damege to the undarlying aella.- ;,-_.
. has Paen found that ‘the races of ‘aaching of Ca“ Mg, No"_ji_'

_and SO/ tend to be greater at low pHs (3.0 and 3.3) as opposed -

":tn the “ﬁurmal“ pH. of rain of5.6. Howeveh, the rates F leaahing,f.  :
- of pther minerais, namaly NHa and zanc remainad constant dt ali- A
”‘1 _593 levels \Evans, 1984b}._-,-.:_g: L e L

 5fMittarhuber ﬁt al, (19393 prnpase that, althnugh acid fog Qani;f¥7"
"k-lncrease the vata nf aat;an laaching ﬁrﬂm the twigs and needles}j ﬂ___;
'j'af picea woles, ‘the plants should be. able o replacg, fr@m the ::-*"'

soil, the ions. than were leached dur;ng breaks hetweew thm rain

’5 .pariads..mhis hypothesis wiil only hald if the ﬂutriants aza f"*-* ~

e free¢f aVailable and the uptaka pracess is not ratarded, |

16



f? fIncrmaaad.rates af leaahing can dacreaaa the xate'af plant grawthfl:fvl?iﬂ
Cin that alevated ratas af laaching wmuld resurt in lowetamf_j',nf

’":_"concentratimns of certam :.mportant nutrients within the leaf,
'awhich mnuld alter nnrmal metaholism; 1n addinian, ) Energylg' N

© would be expandea by the plant dn - absorbing g asSimllathgyj; 5-=f
'rnunriants in ordﬁr to raplace thnsa that’ were leauhed Erom thaj_;;v*

._ }jtissu@ THiS entra. enexgy expendad in replacmng nutrlenta isi;i;:___
.. being giverted from growth processes, and Hence the rate of plant’ |
 ff% 9rowtn would dﬁurease. This cnuld be one explanatznn f@r the{lgf3j  
S obser*md decrease in plant growt:h as a result of aaid rain-___:f )

treatments {mmhor, 1934; o e

Conve;rsaly, xia.‘ 1@ aaa :-iremrds ncr change :Ln t.he rate af grawthf_.‘ :

 "ﬁﬂ_ar tha nutr;taaﬂ xalth;af Picea abies wnich 1cst increasinqﬁfﬁ;7'“'

__f _ffthe elemants ava reﬁdi&y reabsmrhed.by ‘he ronts and.myeurrhizalif W ;"
T ‘hYPha& With lﬂ‘ 21¢-0r no’ mgative affrac.t on. the trees. e S

*”2 2 7

- ULE swe crganlsms a:e invi.ately asaaﬁiated,_aa in the caae offf¢:[¢j 

”7*plants cmlon =d r“ nyﬁarrhizal fung1, the negative effeﬁt thatﬁ{ﬂ_ .
:aﬁid rain may hava ‘on Qfie of ‘the orgar‘sms may have_harmfulgbg;f

o effects on bath arganisms.z -~7*5L~f-=

ﬂa;a 2. 7 1 Fatamyaomxhiaai aasﬁqiatians S RIS
._;f-Mycoxrhlzal ‘fungi are found ccaurrmng naturally in soils7~:-.---

- throighout the world. These fungi form symhiutic relatmanships' __

nffW1th the roots of plants; Nutrients are. absorbed from the soil o

- by the fungus and are relsased to the host. In return the myuorﬂ}f» -7?!"

' ‘rﬁ1za1 fungi obtain their urgahic nutritional xequirements fram f11”f*
“the: host._Thare are three ‘types of mycorrﬁiﬂal “associations, .

'  ,ijtnese ‘being -actomycnrrhizal, endamyearxhiaal and ectendomy*a*7f° f; 
"chcrrhizal assuc;atxnns. ‘Theze - ‘associations are dafina& on thes o

- basis of whether or not the fungal hyphae penetrate the ruot";f R
: _:cortical calls ot the hnst ‘The assoeiation occurring: op’ the;_a 
_ ﬁxonts af pina trees is an ectomy»orrhmzal relat;onship hecauae__ : _J”_

B ar



the fungi c&o nut penetrate t.he mot r.:relis :&f th;a host {Lindermany

1988} Ecmmycarrhz.zas utn.s.ize simple carbchydratas and abﬁain_'_;-__
these, as well as. thiamine, other vitamins and organic growth

factors, £rom the ‘host. The fungi ‘which. ‘form ectomycorrhizal .
assoaiatwns a::e Ba idiamysetes and Rsf‘:omynetes (Linderman,_::;fg
"1988) SR o .

:-*n the ectcmymz:rhizal assamation a compaci: mam:le nf fungal
hyphae fum ‘around the ra-::-t, Hyphae eextend from this mantle :Ln‘c:a-’.”—- R

. the soil. Thése hyphae occur. either individually or as. fasmcled L
strands and . rh;.zamrphs (chal, - 1980). ‘the mantle ¢an be . __
inconspicums or well developed snd variously coloured: taawen, o
.+ 1984). The colour of the mantle of some speciaa ~an’ ahange as the .
fungus ages {Egli and Kﬁlin, 1959) SR T e

.'--__-’_'Hyphae aiao extend inta the interr:ellular spaces af t.ne c:ori;ex.. o

_This paxt: of the assoeiation is knwn as the Hartig net, The-_‘:j_'_.-{
. exahange of material betweem fur;gus and hcast tak:aa place in. ths S
- j_Hart::Lg ‘net’ where: there is extanswe cantact bet:rean t:ha twn
urganisma. o : . : S

2. 2 '! 2 Ce:lmisati@n oﬁ' thm howt . o R
The mycorrhi:ral fungi, when not asaociated with the hast, exist':_
in the soil either as spures or as veqetative propagules e opoot, 0
fragments. xt is thaught that the prapagules of mYcDrrhlzas'_'_f e
respond to the ront exudat.es in. such a. manner that the:.r hyphae“z'- R
“grow and penetzate the epidermal tissue. The  fungus “then
progressea bnth :.nternally and e:zternally alcmg the romt surface ' :'_ -'

: colanizing the host. tissue (Linderman, 1988} The 1;faspan of the
mycarrha.zas varias quite cansiderahly rang:.ng from a caupa.e of
“weeks to a maximum of two years (Bgli and Kbl:m, 1989), 'rhaf_:_f'_”"'_’

. degree af mycarrhizal cclonizatwn is thought to he strengly--__,j;__ Sy

J.nfluem:ed by mv:.ronmental fac:turs such as clz.raate (spec:a.f*cally o

temperat.ure and l:.ght}, soll: nutrient status,. ‘drought a._n_d-'

“waterlogaing (Erland et i, 1990; McCool; 1988). In additien,

human aci.ivities suuh as fertllmzaticn, liming and. plough:;ng"“'-_'; S

a.fter r.-lear cutt.ing ca.n a..sc affect the symbim;m associar:l.on-'f s



=?:<:J¢g¢lana,;p_gmf;isgar;:},x;:.,;a

“'~If'hath the host and - the fungus {Landerman, 1988). . The . ryot -

| ”-_by the fungus {Gerdexmann, 19“4)

”=3 ”aY5 that thas rincreased uptake rates can. be aahievad ﬁQ u

7f<001¢nmzaticn 1eads ta changas in mmxphalﬁgv and phys;nlcgy Gf{7

f"morphalogy of the hust can changa quite considﬁrably mham]“~~ |

. colonized by the myccxrhizas Raot.s colonized by ectamycarrhizﬂar B :

" besides veing surrounded.by a thick ¢ fungal mantle, tend to laoge . -

' their root: hairs, branch.extensival? and tncrease their diamatvraf[i?fﬁ”:

_-[ =cnmpared.rc nan-mycorrhizal roots It is thnugﬁt that sam& (34 thag;ffgffjf
”-;,mnrpholaglcal changea in the raat are caused by auxins praducad;]-" '

3 3 ‘? 3 ﬁamﬁita @@E‘l E@mm ﬂ @n “th & hﬂﬁt b§ 'tm 3"@ &hi E&E. o

walatiqmahﬁp

.  The presence of; aatamycaﬁxhazas enhanues the hmst's uptaka aff}if*f-
| inmobile elements . (eg. phosphorus, zinc, and vopper) as well as

the. uptaka cf soma mobile elements such ‘as sulphur; ca, P°“ﬂasium:fff

';57(K),_ iron,_ Mg; manganese, - chlarine, ‘bromine and nitrogenfﬁ[§; ff5
'1(&;nde:man, 198&)._The signlf;aance of thxs role. increasaa_when,ﬁf':'

L ﬁﬂggnsidering natural scmls, such as farest sqils, whxch are nOtﬁ5f;iJ:;
- fertilized; in these soils the mycorrhizas ‘ensuxs that thﬁig;,_;;yr-

.. {h0StS receive ay adequate nutrient supply. Thexs ags a nuiber: gf.::;fj:f 

'_The change in r@et morphclogy, shown hy inereased branﬂhmng and;-f¥.'

. thicker roots, caused by colonization can result in & larger L

  _ahsarptive 5urface area across which minerals can ‘be. abﬁw:had{f'”“
_-{Linderman, 1988) "In addition, dua to the extensiva natwark of

'af;fungal hyphae extending into the surrmunding s0il (FOQEl; 1983),:;Q“$v“'

a greater volume of soil can be explored and nutrients abs@rhedtf,j;"“ :

© over .larger distances compared to- nonnmycnrxhizal rootss

g:jchonization is thought to prolong the 1ife span of - shnrﬁ TPOLS *;“__:”_
__:f-;ln that the sheath absorhs nutrments far longer-time periad& than;i: S
'?j the rnot alane (Nye and Tinker, 19?7) S SRR

:.iﬁxt is thcught that mvcorrhiza& absorh nquients more rupldly P&rfi-“ B

o un¢t area than do nen~mycorrhizal raots, i -N tha mycarrhizal_”‘:

- "_.;__1__9.:.. ERRRER



S roats have' a q:.eatex sin!; ﬂtmnﬁt‘ﬁ Hﬂwﬁ‘fﬁr this hﬂs‘ only !’E""m_ﬁ
S __-prﬂvan w:.th short*“‘erm axper:x,mem:s in snluticn and 't:hus may ot

. apply to long-tesn growth under field conditions (Nye and Tiﬂkex,fﬁ_;i

h 1577, “However, the fact that mgao::rh: zal ‘fungd. bemaﬁit £he host
| even when tl*e sold " volume ia Jimited and hyphal growth S
'f.xazatrictpd implias that the absothian anci/or transpart of.

o 'nut ients by tha fungi is more efﬁact:.ve tha“n by roots {Earke et.;

R It :.s possible that myczarrhwas may imreasa the rate af nutr:.ent-;_'_--._‘-'--.-"'__"'_".'__.'_
B __absorption by absnmmg nutra.ents in forme tha't: eruld otherwise 0.

- be unavail&bla to the. rcmt It has been fnumi ‘that mycorrhizas_'_-.f_':-"_'_-"__;':-_"-_'__-':"_
can utiJ ize inra::qan:.m insnlubla forms of phasphate which ‘aze . .

__'otherm.se unavamlable to. run’ta tﬂye and ‘I’inker, 197?; I-apeyrie#;[ .

Coaesy . 'i‘ha manner dn’ whmh the :Eungus mm,ght extract t:hese;_"_.f

"_:.'::"__".';'f::ompcunds is by brmgmg ‘them into golution by exuding a | :
SR nhelating subatansa or by ahanging the pI-I of the sail ::.n wni:aat"{;_-_‘; L
L ".._-_with the hyphaa. Oz:ganic phosphorous aompaunds could ba utilized e

:Lrec:tly, ar hydrol,yzed by phmphatase enzymes on the hypﬁal’_'?-f-“

f_surfaae (Nye and ’.D:Lnka:., 197‘7) . cher riutrients ::auld be absurbat&.:’
'f__"in & sa.m:.la:r way. ey e o RS

'_ .-_"_'Bes:n.des benefitting from increased nutriant uptake, t"te host aan"'.._._-_i'-"". .3
o .;"Prafit: from the, mycarrhizalﬂhost symbiétic relatimnship iﬂ a :

" number of other ways. Ten month old pine seedlings colonized by
...'-.'_':'.mycarrhmas have been found to phatcsynthesize twice as. rapidlyf L

O ag noﬁ-mycﬁrrhizal seedlinga and this was. presumed to be as a ..

result of the. increased flow o.E nutrients to phntasynthetmally S

active laave.s :’m mycorrhizal plants ('\ragt gt al, 1991}

'”_._'Mycarrhizas hava heen found to. :.ncreaae wat.er uptake andfor.'_

. change the plant's physiology. to redtce stress caused. by meil.
' drought (Parke et al, 1983). These authors propose a mumber of - -
S 'poss:.ble reasons why the host is” less affecte.d hy wate:: at::ess._-_-_'; . -
:.Firstly tha presence of mycorrhizas change the ract morphalagy o
" of the hcst such that the - absozptive. surface of the host is

1ncraaaed In addition, tha presence caf the funqug may décrease_'f o S



. -the rotﬂ:s‘ L

" the reﬂmstanca of water flaw_f;am the. sail to-th ,roots_ Finally
f_;ffthere is 2 potential fcr the' fungal hyphae to panetxate 5m311&r:_ o
'ygisoil pores than the roet hairs and thua obtaxn more mater than;ﬂ,fgv“

) :"'-":-'Myuarrhlzas are Lhought : te. be able tb :mf:reaﬁé the Plant’

__ffftaleranca of ather soil atresses, such ‘s high salt 1EVﬁlsfh;H;:f?
'-~jtoxi¢it1es assoclated with haavy metals or dLP tu m;nor elemantffVAQ;ﬂ

':imbalances, suah as manganese toxicity (L&nd&rman; 1988}

.  f:HQWeVerf other studias ‘have indicated that the fungal sheath**'
-;}fi'ﬂcannot prevant aluminium.frtmlentering'tha‘host‘t1$$u3 (Jentscth:1 '-~sa
" e .al, 19%1a). Consequently it is thought that the ability of the,’_-f

. ‘mycorrhiza. to ‘protect the host from heavy metal tomicitics’ is77ﬁ”;li

':*3ff dePenﬁent un the cancentratlan of that metal iu\tha_sailki*“

| ffgrhere is ev;dsnce tn=suggest that ectomycerrh;zaa“’

"?5fg“root tlssue fram attackslby pathogens, Marx (19?0) reparts that ”$,.;fﬁ

_ fﬁf;germtubes of the zaosPoré‘
"f:j comman rcat pathugen _j;,

o ‘."Q_f;-'z z 'r 4 :

':f7the fﬁngal sheath and Ha _ig net apparently faxm}a mechanm¢31 Q;i ”"

nfective vegetative mycelium cand
‘ '3Phytqphthnra aannamam; Rand5¢: +

.fﬁfﬁmgha aﬁ aﬁad ain _"myuaxrhamag

_hff{ftt has been shown that mycorrhlaas'caanrctect tha plant fram amr f_ﬁ~fff
. pollutants, such’ as ozone and §0; which usually . .nhz.bxt z:oat and o
 a sh@dt grawth (Carney et al, 1978, Mahoney er alf 19353 Th&?} f',g;
- response of aetomyenrrhlzal species to the pH of ‘the preclpltaw,quifgf

_'(”;tion is. hlghly variable and. appears to be 5pacies specmf;a the,?ﬂff”f;;

G c:clam.zatibn af roots by scsma sPecmes i stimulated by acid x:ain,
" other mycorrhizal species are not affected by the acidity of the

"frain, whlle gome species ara sen51t1ve ta a"idlty- and areﬁgm'

'[['flnhibxted. when the ph of tha rain dacraasaq (Diqhton and L
- Skeffington, 193? Simmnns and Keliy, 1989} Reich.et al, 1985y

 'f, fnund that tha negative effacts of aecid: ramn were only evident[a;fffff 
"1f the pR af the rain was lawer than the ﬁail pH. ‘Meier 't ak, ©

{19393 has prcposed that tha effeats of ac;d razn on mycurrh;zal;f:r   :i



. 3£ the carhahydrate supply that théy_ té%i% fz:om the host:
-:--'_'--adveﬁsely altema& “rcool; - 1988}. It has been ::aparted that__

S .?_rauts (Camay et al, 19?8}, ‘which would have negative lﬂfl“emeﬁ-

| ' '_.-_:_.;'_phctosynt'“ tes tn tl:;e fungus, s

_'-;'-'.__:_f-'_'"f'_Mycarrhizasa__gan’ alaca be dia:eutly aﬁfectaﬂ by the .1aw PHOf thef _
- oprecip atien or by aﬁ _ ﬁcx:easa in the scidification of the soil.f;
. _.__-f":ft ‘has been. ﬁhcwn that :}.ncreased am.dity ahove the narm ‘and the'

e nonﬁequent ;ncreassd solub:.lity ofi c:ert:ain metais ;zan inhz.b:.t the’}

_.-:_If ‘the nitragen irz the pmcip:.ta.tmn acta as fert:nlizer o

o '-”’wlonization may occur fReich et al, 1935)

._nrmation ma-___:_ he _a f-omplax fimctian 'af _;’-the _smil typ and_ acidity, '-

"'-'.symbimtia ralatiﬁnsh:tzh ?ixstlyg the my 'nrrh;n.zas cari ha uisturbed,:} E

Pallutants can raduce the allacat;um n.f:‘ phatoswthates o théz._

__etabqlism, Aci.d rain may affeet tha amaunt of" photo
"allor:ated to ‘the’ zoot by f_iuem:ing ‘photosynthesis
S he mmuplmg of - phosphorylatmn or through tha'l_'
malfumtmm.ng of the stomata; _thus mdifyiﬂg the ﬂllﬂ“atmn “ff

" “germination of. fungal sporés-and’ deurease f:.he rate of mycarz:h:.zal"3..
H._:“’grawth mighten and skaffington, 19&?} I T DT T T

':":""-"ﬁ'-'inc:raase soil fertility; B raduct:i.cn in the rate of mycorrhizal’_"?-3_5\.-

:'If tha afficienay with which the mycorrh:.zas extract nutriantss -
‘£rom the svil and release them to the host is altered them the -

g ._l*nst may smff-sr frnm nutr:ienr daficiencies. Such a reductmn m S

o in extramatrical hyphal develnpmeant; The hast aould ev&:‘; auf:’fer_'_f_;:'- |
Cofrom. E decrease‘ad abil:.ty to famd*off 5011 pathugans if the-

- wgcorrhisas ara damagﬁd {Carmey at a.l, 19‘?8)




_'_.._.'."."_.thhe:c mwm _rgam.sms lﬁ i:h& sail assaciated with pwﬂes-‘u’»e& Smh
- a® orgamic matter - decampasita.m or nitrogen transformition may | .
:f._"be affected by acid ram;. ‘The vegetatian wnuld consequantl}’ be
-, atfected by ciianges in ‘the rate and efficiency. of. ﬂutfi&nti'--..:_f'z-_'.'j”'u'
. cycling in the scosystem. Morrison (1984) reviews. experiments:-'f_-'__f.jf'_-?"‘_'_-:-';""
S which. have mvaatlgated the. rela.tionship between acid rain and =

e _-_'-:i.:the soil organ:l.sms involved in’ litta:r decompcsitiﬂn and nitrog:en.f"f’f* o
- '__"'.cYclinq, The resultaa indicata that awidified soil tendad to. show -

decreases. in the fungal length and bac:'t:er:},a. biomass, ami .‘nad"__
o ._.;_-fr_jsmaller ratas of Coz evolution campc ned tn suil and 1:.tt9r that-'__:

o '_..'the pH of the sail that m::.ght result from exposu 1 ac.xd ra:.n."*'"'

. Some  fungi, ~e.g. Aspergi.llus ‘niger, are invqlved dn” thaﬁ-:_."-_'.'___'.'}"-
:'_"'-solubz.lizing of minexals {Trudgill; 19773, if acid rain affects =
B '_":'_:either the fungi c:r the pmcess of snlub:.la.zation, then the
c:cmcentration a:E iens. in the sm.l will be a.ltaredu B TE

>._(1981bJ pnmt out that ac:id rain may - requ:s.re a-_*:_: e
__"';_'_'3%.*3;’-'.'numbez: af years to: changa ‘the sczl pH, but: that t:he mcrobzal_:; e
. populations are able to adapt quite zapidly to the ehanging -
7 physical and chemical enw.rcnment in which-they acaur. Hem:e, the
R :seil microb% may not: be negat:ively affecti..d O det:reaSe in:::_-:-'-'_-. (R

"-__'_buring the past few years the number pf treea :Ln Eumpa that are‘ S

-_'--:"'_'_a:&fected by fungal pathagens ‘hag :mcreased ‘markedly {Blank, S |
. 1985). It has been suggested that pathogens may play a secondary

- role in causing a dealine dn the fomsta ag & conmquenae of the

";_trees’ J.nwered resiatanca br increasad susceptiblllty o tha- :
| --pathc:gen. On-thé othex ‘hand; - incr:eases in the acidity nf the

- precn.pitation and the. pollution levels could ‘change - e:r.ther the e

pathaqen’s virulence m: the trees' susceptlbility tc.n the_'
- _'pathogenic infection. The effects of aca.dm precipitatwn onthe.

_.or,gamsm may also vary with the natu:re of the pathogem :anolved_:,

. {whethér ‘& fungus, bac:t:ern.um, _mycoplasma, wvirus, neme.tad&,f":""i." R

'parasa.tic angmsperm or multiple pathmgen aamplex) and wa.th the.'._..:__ "



R The above discussion has focused pr:.marily on. the effect nf acid

. 'EPGCZLES, : ag-e a:nd ph}’SlOlGQ‘J.Cal. s-l-atus Of' t

ram orn imiWidual plants. cwling (1989} extend& this disaussmn PR
. to speculdte what affet:ts acid rain my have on natural N)rest IR

"-'avmystems. Thesa effects ‘include changes ET S competition and 1

» _"f'__mortality, in patterns oF‘ successian, in speca.es c:ampasition and';_:;

in patterns of nutrient cyclmg. In . dd:l.tmn ‘the .hab:.tat quaj.;.ty_i_f’"'.'__.'-I'
for wildlife mll be aﬁfected, as - well 'S wa,tershad function:% P

__-._..These :::hanges in the ecasyate'n me y :m tum affect speci% fltness’_j B

ang: g&netz.c divermtyr Which r:an have negative ccnsequences for;_'_‘.
g _'-the survival uf the specz.es as a whcsle, as well ag. tha uontinued*f:: ;

_._I.-mxmal functianing of the ewsystem. n add:.tion the cmmpetz.tie_ o
_-_;-m.th.i.n ths nlant t:c:mmmity m: the hﬂrbivnre pOpmlat i on C"ﬁmmum.tyf' .

.._-___I-'_'-_.-_.-_.might by altered as'a cansequence of acid razmg _resulting m
..j-:_-_-_simplifa.catmn of tha ecasystem (EVans ef: a i; ERIR ISR
- _-deﬁtahllizatim of tha ecosystem. Gt

R guzn anznxﬁzg&miam R IS R, P L
N __Experlments desighed to  det ermn.ne _whether acid rain has-a
" negative effest on the vegetation have often provided c:anf.r.wtingf- e
R '--results In acid:.tion, t:he amd:uty of the simulated rain oft:an had:
" tobe far greater than that of ambient rain to induce an. effectfff‘__;._'f_‘-_
. iamthor, 1934; Blank, 1985). Consequently, researchars ‘have. -
 looked for anothax i * which affects plant growth that: coul.l"_ EEEA

_ be influenced by aciu. «awn, such a factor is the soil, It i
~ ‘currently  thought tha® aeid rain might be aompounding and
_.._.accelerating the rate of rlatural suz.l acidificaticm by destmying_} R

‘the soils natural bufﬁering capacity {Blank, 1985) . It has been . S

observed that :Eorest sc:a.ls appaar tn he mare sensita.va tn o

__ -acidif;.cation than un:f:‘orested lands {Falkengranﬂc-‘crerup, 1989) v S

L __._':_It :Ls poss;uble that acid rain mirht cause a’ bu:.ld up :Ln the H.,. _. =
'_'uoncentration in the soll to such an ext&nt that the uphaka af;_-.. L



'f*?] 2. 3.1 | rEion OF the . R e
. The catinn exchanga capaclty (CEC) is dafined as the amnunt of}f?-'

'4nutrients whleh depend on H+ extrua;nn from the raot'wxll befff'

_1f}ﬁ negat1ve1y affsctea (ﬂennedy, 19&6} Not nnly does soil aczdiflmrjff“:' 
.+ catdon result ir an increase in ‘the H' content’ of ‘theisoil; bati}if”  
} A ib also assoc;ated w;th a. 1053 of- base cations, a reduetxonfﬁ{“ﬁfj

. w]flen the caticn exchanga capacity of the soil, the mobilazation of:f]j,j}q
| "1f’a1uminium (A&mj and. mineral degradatlmn (FalkengrenvGrerup,';ﬁ}ff'

-_'*.1986}, These aspects wxll be disaussed in mora deta4i 1n *ueigj f§ﬁ
"’L”ffﬂllﬂwing sectionS-.-'~?' ;z{f,;lfﬁ_]a?r- R S

'7jaatlons adsarbed ori soil-particle surfaces per unit mass of SoAl

n';vjunder chemically neutral canditians. Th1$ praperty °f the Sﬂilf 5 R
~ T[.is nearly ¢onstant aﬁd is indepéndent of the Spaﬂles of: catl°n'j;_fﬁ fm3
._f@TfCla" minerals dlffer in. spaaiflc surface area and in tha numberfff ,___
- ' of ‘exchange sites per wnit ares of particle surface thus the .
0 total ‘CEG varies. winh different sail types (Hillel, 1982). The = -
f :;f¢prnpartinn af cations adsarbed to soil particles is dep&nd@ﬂt o
- .the ionic charge of the adsoxbed catlon, their ionic size. and-the_;¥zi~fhf
___  ::propert;es of the exahangez, In additloﬁ, ‘the attraction of a ~
. cation to a negatwel?y charged soil ‘parbicle increaaes W:Lthf‘

" ;{inareasing vaiency of 1he cation (Nye and Tinker, 197?5

. ;“fanions dre genarally repa?led:by tﬁe neqatlvely charged elay andf j ”¢  |
jf]fhumic particles and: go: rﬁmain in the soil solatzan. Hance they'}ji_ 
"fgiare gradually laachad frum the sail oy*percolatmng water (Nogglef 15_':_
. and Frmtz, 1983)-,$ome anions may Aowever, heaom& adsnrbed on L
;*f'the soil solida by speumfmc and nan-speozfic bonding whlch can

e bath revers;blm oL Jrrevarsible (Nye and T;nker, 1977; Theae{ff  ’”7ﬁ

| ”g;anmans can then adscﬁb H* ar Gther uations, from th@ sgil“ ;ﬁ;f?ﬁ

:**f:ﬁsoiutian (Patil ot al, 1989)

_.;;sulphate 13 geochemically less mgbile “han NO{}'thia is thaughtiiﬁfL:"

.Z{ffta be ag & result of 802 betaming adsarbed onto. hydrous Aron and jfff fTw7
,_ *:alumin1um sesquioxides. The- adsarpticn of SQJ“ ta soil particleha;_v;j
o is an impartant acid—consuming Process, in that hydraxida groups.

*]fdisaaciane fram tha soils to be rﬂplaﬂ@d by tha Soﬁ" Ther;'



. '. axchange s:.i:e ca.pahla csf rataining incominq H*’ and Ut:m “'”r pt:ka
o Thes 902" ahsarbmg soils can be acidified by Hy80; wi

. more hithy waathered smla tend tc be rmhra:r :m a'fﬁx'i‘-’hn"a

i :iEt al, 1937)ff_;".

_"’faurfaaes ‘and h&nce tanda to mwe tnmugh the so_
..f'_"”:-awﬂmpaﬂieﬂ by cations. I S

" _-t:: sails.r For exampie, the addit.mn c:f watar dilu‘tes the rcsr; r.:@n-'

' -;‘_-_";_ﬁhose smla with 10\'

“.ffs&ils”geﬁerqlgggpﬁéséég*l&t§é bﬁfféfihgjéépﬁéitiés;FSbﬁe_wf-;@é;

oyt ‘&
equivalent amcmnt c:f e:atmn 1eaching {Enana et al 1981}9)-‘. ; mder,

he soi‘l Iis:-r in %:a

| adsorp’tian sx.tes in

' "':'_"Nitrate,' on. tne m:her hami, ia 'not qtmngly adanrbﬁé 'by

- =Thuss tha thermﬁﬁynamm ar;ter*a far weak ac::.-:ia halds Whe; Iapp ied__

base saturatmns (s?'effington ' 198'}_’ |



" f2 3. 2 E @ sai;_as_a mufg;

.lfff 'cnmP0unds responsih]a far his uharaaterisnla are inarganic and ”if:“" "
_ - organic -phosphates, Grqanic aarbnaylata materials - includingjs;_fgf:]
o :gfulvic and. . humic acids, phenulios, insolnblﬁ eaxbanates and_frr”

.3fJbicarbonatas and silicatus. This capacity prevents sharp changes_::?f'7"
'-_ _.in pH on addition a* acida or bases {Kennedy, Lnas) :

el St 4-..'

' The nutrtticnal requireﬁents af plants are, with the exc&ption-

-_@,of ‘carbon, obtained Erom the ‘soil. Only carbon, hydragen and “'

_; oxygen are not mlneral elements. The: m;neral elements immedxatelyf.j -*5
| “available to the plaan are present eithar in the Boil solutmonf

: ffwhich g in tuxn in aquilibr;um with the adsorbad iong, oF thay; e
0 are adsozb&d onto claymhumum partlclaa Most: af ions assimilated”_:;g;"*
5f7f by Planta are taken up frnm the scil salutaon._= SR S

ffj_As the soil sclution losea ‘ions to. the plant, the ions are .

';lraplenished by desorptmcn of exchangeable ‘ions from the clay -

lifjmanerals and humus: partmcles and from the breakdawn of. readilyf'

:--__"'_'__-decompasai;le caxganic debris’ (M:L:Ltharpe and Mourby, 1935).‘-”_ i

.'_fﬁ;Mineral 'hutrienté,_ in both ionic and ammplexed faxms, mave
'}f][ thrmugh the eo;l by convection\(mass flow) and diﬁfusian; The
o rate of ion movement is depengent .on- factors sach ag nhﬁix'ﬁ“

"f'cancentration, the composmtzan of - nhe 9o0lid phasse and.

-ﬂ}] moisture ccntent of- tha soil “long that interact mnly sllght1y5 “‘ﬁ

. with the Suliu phise of the soil genarally reach the plant b5' ’"
 mass flow in water that 1s either parcnlating thraugh th& soil'
and intercepts the vopts, or is moving toward the rogt . in oxder._;'

 f to batisfy the transP;racmon demands of the plant Examgles a;."
';fions transparted in this way are chlar;de and NQS ilons . Miner 1s”f
‘which interact with the -solid phase, e.g. Ca” and Mg®, meve

 through the soil much alnwerg gensrally, as a raault of daffusicn”f S

  _processes accurring wzthin the sail." .

._'.If £he rate of up‘l.mke of nutrients is-less than the rat:e at which

‘the ions. are supplied to the raut surface then. the long tend to |

'accumulate at the roct surface. Thia »s thauqh to occur for Ca“_ -'~fIﬂ .



”:and Mga+ (Eunham and Nye, 19761 Marschner, ZGBS}‘ on tba nther,fi7f31°'

'~".hand, the rate of uptake cauld be graatar than the. rate. bt which'=9f“'

the ions can be wupplmed 0 the root: aurfaaa. This xesmlts in a -

__ §;;zune of depletzun farmina against the ront %urkﬁre. This has. be@nf?bxf;
' found ‘tb occur in the case of phosphate (inker, 1996} and K-
"1{Dunham and Hye,. 1976}. mepletzﬁn BONGS wculd “end to- ha more

. common and proncunced in natural and forest soils where Lex-- o

 f'tilization is 1@39 intenaive in thes@ situatloms root extensian_
and expioratiun of new. sa¢ls bacomes an impmrtant faator dn
ensurinq that tha péants rﬁceive adequat@ nutr;enta.-J_ R

_2 2, 3 jgguxml @_c.s:l.*t 53 ;g 7 5 BT : e
:;fuﬁil acidity is determinad by the artivimy af H* in’ tha scil* f_“1 -
'_;soluticn (aoil pv} and tbe exﬁhangeabla acndity (i e ewahang¢~};,_3jxja

: _'abla B and A1% assmiated W:Lt:h the 8011, pars icles), Them exists

an’ equilibrivm between the H' in the soll sclution and ‘the -

:'erchangeable acmdtty. xt has been suggesfed that sqil aridifigan ;

| tion should be cefined in terms of a decrease in the base

'“'saturatlmn, rather than ag a de&rease in the soil pH, dua to the -

©aifficulty of defining soil PH in a meaningful menner (Skeffing-

 -;tnn, 1%3?,. This Pmablem is further compaunﬁed by the - fact that  .}:""'
. sell pH can vary from day to day depending cn the amount of sodl
'-;,fwater and itq $alt ‘content: (Larcherf 1980, Binna, 1988)

 ngowever, it has bean pamntad out that any ahangas ta the gnil_
 system as a result of increaged. acidity of the rain, are likely

' to be manifest in the carrier agent, i.e. the soil solution

_ (Brqu@nwert at al, 1981). Thus E23 ig aacaptahle to. use the soil-;_.
"pH as tha princinal indicatnr of the smil statu% when discussing_”
'-;the effeats mf the addition af acid. . -

 'f'The ac¢dification nf the soil is'a natural process that uan, to
. & largs estent, be attributed to. microblalg plant and andmal

- 'processes. Respiratimn whieh is ‘carried out by all ldivisg
. oraanisms, - is an impcrtaﬁr sail acmdifying proceas. Tivieg
‘organisms utilize carhchydrates to ‘obtalr energy. and in tie s

:]; 'proceas produca watay and coa. The 1attnr is llbcrarad inta the }7'



' 'sdi1:'aﬁd idiééélfés'ﬁiﬂ water La- form aarbnniﬁ aﬁid, which;ﬂ

| dissociaces to form a H'.oand a bicazbanate ion. The dissaciatianﬂj?ﬂi¥: a;
 of carbotilc aéid ogcurs only &t a gH greater than 4.5. Hence the .
R ac&diﬁication nf the soil as a result of respiration only ocoups -
 in soils that are. only s&ightly acidic, neutral_qr_alka;ina{n  f-9

= (Steffington, 1987)._ R

_"Planta general.y take a8, more basic compcnents than acid;v from;_;': o
" the soil, consequently an increase in biomass. aci&ifies the soil .
'tvan Bxaaman, 1991). The uptake ﬁf ¢atianw usually invclves H

“-3axvru$inn in @uchange fur tha basic: cafians, ‘which xasults i tbeff'”

~soll, particularly the rhisosphere, becoming naturally aeldic
- (Haynhes, 1990). In addition, ¥ arve estruded against an. elpﬁﬁr@“iﬂ--f  =
' chéemical ?mtential qraﬁient in order to malntain thﬁ cytﬂplaﬂmi¢f f*7 L

1'pH batween G ﬁ and 7. 0 whieh is gﬁnarally Lha optmmum foxr mastﬁ""

| ”‘enzyme& (33Wlln§r 1976) . Hence. plant growth tends 0. acmdify thafg="

. smil Howe-ver, the sfferct of these acidz.fying pmc:asses is oEfset

'ihy the ‘uptake ‘of anions: w“ich results in bicaxbonata Lons. baingﬁ}f i.H.”
.exaxated into the rbizosphere thuq n@kmng mt leaa auid (Nye andnf[f;; ;_ 

'xﬁ_winker, 197?).-,;

 In natuzal geos vat@ms the daath af tne plant ar part of 1t andfﬁn:j "‘:
lee subsequent detay will allow the elements he return o uhufﬂ*f: .
soil. However, studies show that 'meid seils have low decome .
_pasitian rataa and so- the reayelinggarqceas ia alower under tﬁesa-jif;“f_j:}

o conditions tsmefiingtnn,; 1987). Ia eddition, when. trees are

removed for. timber Purposes vr. crnpa harvestad thisg procesﬁ aﬁ;_1_ e
aecvcling does not occur and the: 3@113 remain scidic and nutrienv_.gf-f -
" deficient. This ig partiuularly anniﬁinant whan fast growin;”"57 B
A r.species axe muutiwatad. RPN S o L

. The saaration wf 3olub1e erganic a*ids frnm plants and fram tha; L

- litter layer. van though thair dLssnuiatian supply ﬂ*-ta thej gf;if;j

' ];53¢11.H

_ .: In addition, organic acids can act as mﬁbile animns in tha laachw
<  ing procass (.keffingtgn, 13373-1a,:" R |

thm, ..'"”"“;"’ A“ ) . * nH o) e -2.?_'::";:-



“ foThe axidatian af Nﬁf o nitr;te is an impu:tant natuzal aaid ;?f'a
- farming procass {Kennedyr 1986) 1=~;' o =~:;;;;-:g!@_j-~-_-u«_

"-f:ﬂ.similar prncess is the ax;dation af $ulphur campnunda catalyzedfﬁﬁ”

- by aerchic autotrophs. This reéaction oscurs at alkaline pHs. The
. sulphide in the solil is formed largely by the breakdcwn oE
';cystaiue and mathianine in organic matter by microbes. LT
S 1;203 PA > BERO 28

'-LThe axidatian of alemental sulphnr to seﬁ" alﬁé Prﬂdﬁﬁa“ H+ Theg;y s
_sxeactinnﬁ can be p@rformed by - organisms aﬁch as. Thzobacallus;'" f_--
:thiaoxidans and . f@rroxidbns Whiﬁh grnw in a ?H range ﬁf 1. t°;5f'f*f -
_f 7 (Kennsdy, 1986).' : PR S S
| o 2540, 4 mrj s sgoa" . 2'.1'0:-._j R
3203 + zoz o wm=> zsaé" + H* R ,'-2-;-11;.:_

. -,:0fhar natural H’ymwdur;ng praaassea inmluda the mina*aliaatibnffff aﬂ' 
- -of anions . traaatian 2.12), oxidatians (reactmon 2. 131, reverse

ﬂf-weatherlng (reactinn 2. 141 “and “the . weatharing of aniania”  -f f f 
; 5cnmpunents (zeaction 2.15) (van Breemen et al, 1984)~ R T
ﬂHQ + Rnw&(o::g‘) __‘_m) IIR""GH + Antaqi o IIH &nql 2.12 .
Rﬁ*ﬂ(aqﬁ,m + mag + .'ﬂﬂzo "“"‘"} er {aq,a,q} + f‘lH taqs 2'2‘3 L
oM foat + /anﬁgo ---~> /aan.,,om +. nH* L 214 S
Nﬂmmum N mﬁg)*mw> o m”mwm * 2mﬁimif;ji_ f3;15Q:fﬁ _

_ 33 ,a TREL am |

f'imhe “mahile anion hYpothe31s“ statas that as sulutiﬁns must be’*5“”7;”"

' fjele¢tr1cal1y neutral,. eations cannct be 1eaehed from the sailgﬁf:;{ “:“
':; ;un1e$s thare ia an anian to aqﬁampany them: cskeffmngten, 198?).ﬂ335f §5,,
. This bypothasis can be expanded 1o axplain the effecte of agida .

. ;rain on ghe soil, Tha *an&enﬂrations WF sqﬁ* and NG3 in the acid
©railn cause the nonaentratian of thede lnna in. the sodl solutionjff  _ L
Cpo risel Lansaquannly theve sust be an. equal eoncantratimn uffﬂffjﬂff :
' sations in the solution. These are u&ually H' from the acid rain. e
:' Howaver the w in the so;l may exchange wath the base aatiuns;j ;f_ff'f



| f'*ca* M@”‘ Na* and K* (Abrahamsen, 19&4)‘ Theaa aat;ons thenfl
_'fgfbecame incorparated into the aoil saluticn and can be 1eachad"

  {_Thé aations are transferred-thraugh'tha Eﬂil in the Snil 5°10t1¢n;;2;5u3~a
,35tog&ther with the aﬂions. The vﬁgetatmon is than farced tgj

_.. hmfﬁ$uss et al; {1987} review same of the exper;ments which hav&i § [ ; :
.. shown that as the acidity—af the input increases so too does the -+

. loss ‘of catians increase.’ Experimental results show that this

:%iﬁf-effect can persist fox-many years after the lLast acmd applicatian,; f °3
'lf{Tamm, 1989) implying that the rate of minara; ueplenishment iﬂafg'-"'

'J;Qf’leached fram the sail. R

"”*fThis theary bf ;nﬁreaaad ﬂa“1nn 1$ach1ng as a “esuxt af acidprainfdféf

~the. soil-is. ‘much slcwer than ha rata at whzmh rne iang;a;eij]; JQ-'

s opposed by Krug and erink (19837 . Thelr argument -is based. on

_:fg artuaLly less susceptible to acidification han semls that are}f;;f'
7 less aaidic, gince aald scila retain.base aations Hore efflclentng:.=

" sccompanying'the anion through the soil. Thus it was hypothesized =

:fff"the scil diminiahes._-ﬂ”g_;;;Li,; :

" results of leaching axpariments wnich showed that. ugid soids aze

'iy.-As A rasult mhe H’ frmm the ae;d rain remnins in salutian;{jff]

- khat as soils. be¢ame acmdifiad, the effect ﬁf the acid rain anfj $; L

-7; Krug and Frlnk (1983) alsa paint aut that aczdma soils are rlcﬁ;; ?."?5

.”:fifiﬁ husma., This tends to ratard the mavement nf erganic anians3mifffwe:

 ifthrough the soil. The reasan for this is that. humic materials actf["_ff,fﬁa

_jgas weak acida, and thalr solub;lity in water is a function of pHi~ Ll e

the more &Gldi@ tha water parcnlating through the sn;l, the 1a3$¢_j:; g$;;

::,i:numic materlal is-&issolved in the soi* SOlutian and the qraater -;J ﬁﬂ.;w
| the accumulatibn of .hese materials in the snil. . Sulphate ions, .

ailike the. urganmc anion&, do not rea A strangay with humie 933- 1'57**1"

'-“:[tiules Thns the flux nf 503“ frnmkthe acid rain nhrnugh'tha scilﬁfv"" o

'decrease. As a result ther@ is 1ittla of ro maasurable change in o

 =iffthe pH of the sa¢1 In this way the smzl can be afficientlyfff f5”

j.'h |



- In additian, t:lue i:.a the constant: uhanging nf Lhe earth*’s surface:____z-s:__
L _':caused by erasim, tree t.hrow, fr:c:st heavi*ng and soiJ. creep, nawlj_”_".-

. 'and less weatbered mineral’ material is consLantly being eaposed,"”
| Keug and Frink faael that although the amounts of 503.1 maved are-'. S

) :,smallf tﬁe resistanme -Lc acidification is large, el

o --"fl-.;muminium is a common. element in a..hE so::.l and. can | be found in a

| _number ot fnms, which include an’ msoiuble fbrm, forms. assaci-—.-"'__f__,-__

'___:'_f_._-:-'atecl with csrgama splutey ar fﬂrms complaxed with iron {nriscell_;'_j":'__ o
C et al, 1985}, However; - :Lf ‘the . H* goncentration increasés =

o __.'censiderably, besidas ‘replacing basic cations adsorbed £o the -
wosedl part:.cles v the I-!* can Teach’ with t;ha clag r:rystals, becqma'-’"

"'-’-'-'-_'198?) . Thus; the S’trong acids found in the acid rain cause. the

.~ adsorbed :.nternally and- simltaneuusly ‘release AL¥ (M°Lean

inarQ“anic 313* g to be relaased frnm the sml pax:tirl s and-ﬂ_ S

‘:'.-.__f-";:traﬂsfarm i :mto a scluble form, The snluhla Al’* wi

. displace basic cations, such as Ca‘*’ Meg¥, Na® and X', frtm t:heir?._: S

_:-.‘"_"'_:-_nagat ively-charged exchange sites, sinc.e wns of a highar val.ency;_’: . :

'-:1934}‘ et

bnly happena Whﬂn the PH is less than 5 5_ {Vazz Braemen ai: __ah o

L _:The soluble Al""' is als@ capahla of bemg absmrbed hy the plantfﬁ_f

| Vogelmann, 1982). Although there are reports that Low cansentra*l R
-a.:mns of M.“‘ can ‘be benefimial tm p.s.ants tFny, 19:41:),, this-*“" ST

_';_'_'element is genesrally regarded as & highly taxic metal, ‘rhe
. chemical form exertmg ‘the. toxic effect: :x.s tho;’ght w be the'::._.__:'_;'f R

_'.-f_'"f.trixralent form or mmmz G

o '_'Mi.ld toxicity effec:ts of Mﬁ* are e:-:hibited in'a J.ack. af va.gnurli*_,{
o in: roet grcwi:h and fine ‘root- bramhi“ag‘ The - symptoms of Al““_'

toxicity are very sm:.lar to those of phcaphoma and Ca defici~ -

| encias‘ Roms injured by excess. Ala* appear stx.bby and spatulate_-_“_;?

- .-'32.._._. -’-.'-:ﬁ':_i |




S ".wi'niii; brownrom-. _ﬁips’é- -'-.tz*&y; -'.1_97._’-_&1_5;" A

 ;ffffAluminium can inhibit hexnse phbsphﬂxylatlan shown by'=' 

.gﬂgﬁThera are many ways in whmch Ai“ is thought to affect rQ@tE ;H1
" growth, Firstly, it has Been found that AL can mhi?)it the rate. .
' of phosphate uptake and- ass;mllatian by the roots (Cumming and . %
._  We1nstein,. 1990b, ﬁbraharaen, 1gaa s
. complexes with phosphate which results “3 a precipitate. farming,fff;;_ﬁ.f;
,j  Thus excess 31N, emther in the soml or wathin the ¢e}1, Would*?; _u},H

;.__jﬁ'oy, 1974B)4 - The- P

résult in‘a re&untian 1n the uonnantration of soluble pnuqnhataiﬁﬁfﬁﬁffﬁ

 ff fi?0Y: 1974h> _Changes in phnsphate concentration in tuwn. aff&“tjf;l',, |
1ﬂ*tha energy status of tha cell dua tn its assoclatlon 1n tha high- =

e energy ATP mmlecule.HSuch a reduction in the ATP 1evels in aarn;f }_
o hava b&aﬂ rﬁC&ded .11}:._: rESDQﬂSE tQ M_a*_ (F‘feffer ﬁt al, 1936) . S

i i; :Numérons ceilulér~act1vities wauld be affectad by a degrgasﬁ in'flﬁi?’”
"*ﬂREP cnncentratmans., ST T SRT Voow e

ATR # CH,0 w3 BDR ¥ CeHy,0-F ‘2. mf

'A'Thus al“ acts tﬁ dacreasa the rate of‘aTP util;zation in glucase_

0 {E‘ny,-_ 197 41:) o -

 “f}LPhbsthr;1aiion.whlen ‘%san=impﬂrtaﬁt 1nit1al 5tep of. reapiratlan“

"Riuminium ions hava been faunﬁ to interfere with calmodulin~[}f¥}¥f-f

,._*[stimulatad ATPase activity. It is thaught 0 change the. surface G;f” f_{.
__' ’,hydrophob¢city and ‘melix- tontant of calmadnlin, B0 altering ies
_3”t3_regulatory properties (Siagel and Haug, 1?83, Slaski, 1989}‘-f{;€:i£ :T“

_-.ﬁiuminlum has bean faund to dacraase the rate af Ca uptakew Itlﬁ'::

. the nggative charge in the pores on. Lhe call walls and on- thE ;ﬁ __,

.l; JiphOSphO1lpid and- protein port;nns of the plasmamembrane_ Th13f1 f~ ”'" 
- would reduce the abilmty of such pores to bing. Ca: resulting 1a

8 Ca d&fiClenﬂy within the plant (clarkson and Sanderson, 1971,f}ifff]{ﬁf
. ‘Bsp and Berggren, 1990). It followc from this hypothesis that - o
. excess Al% would increass anznn bindlng by tha free spaae and'ffﬁf o

 5henc& t&tal anion uptaka.ﬁ.ii-u



s_:f“In addi*ian, al“'dan dlsplaca catians fﬂam thair exchange smtesif e

% “on the- plaamalemma. ‘This would Yeduce the avallahllity oE .

IVgg;nutrients whigh can’ be takan up by the plant (Koslowgky andfhfff55?
- Boerner, 1989, 2sp et al, 1988; Bengtssen et al, 1958) ‘since Ca.

- ‘plays such an important role in ma:;m:aining cell wall . structure, T

"5Ff*the dzsplacament of Ca* by &1“ in the apoplast cnuld result inj;*};ff N

':13 dacrease 1n rant elengatmon {Godbald et alr 19881

i '_i'-:;'{klummium has alsu been répﬁrteﬂ to alter t:he properties of

,J_f} binlagiaa1 membranas, passibly by affecting the archmtecture afpj'? :l”
'”'pﬂfthe membrane lipids {Miyasaka et al, 1989) SRR .

: It has been sug&?esteﬁ that Al’* may affect carass-1inking bet.ween SRR

'adjacent»prnteln molecules and may decrease the extensibility of -

"ii;cell walls by. erass~11nk1ng peatlns in the middle 1amella (Fay,? } ff:5ff

"1974b)*_Thia cross~11nking of palymera cauld also 1ncreasa the?f

~origidity of ‘the DNA dﬂuble helix, thus deareaszng the rate af[ifﬁlf‘
| cell dxvmsion in rooks. This inhibitaon of xcot growth B aftenfﬁ_1.r

¢- k‘re9ardeﬂ as 'a visual symptom of AL* toxicity (Slaski, 1989). N
_,,3;Abnorma1itzes in cell divzsion, found £ be caused,by exness &13;2{f;

.include the- formation af “sticky chromosomes™ nmnifeated By U

'“ffh“anaphase bridgea, which resu;t in Ibinuclaate cells in tthff7i7- ;'

'- 4maristemat1c reglbns Qf thﬁ ruat (Levan, 1945)

"' fBoth tha H*and ﬂl“ are traﬁsparted dOanards in the sozl thé e

,,_{ffhrough the soll proflie, thus ™ dacrea31ng the water: qnalmﬁyzﬁf:f 7”
'   (Falkengran-Grerup, 1989). This has further 1mp11cationa, not L
3Jon1y fox~the vegetation in the‘ecosystem, but also fax humans andg?f ;1'”f

i _anxmals livmng in tbe ecasystem. SRR

' “?2 3 6 ?asit'va eff@cta of. aczd raxn.on tha_aai¥ ':' B AN
ar_,-Tha acid rain could have an amellarating affect on the soil, thisﬁ”-l
'fuheing to mnbillze an extra source of base cations It is thuught=

that LE hhﬁ sail salutinn was very aczdic, A might increase thef5

ﬂ__ rate of weathering af the minerals in the soil. In this wag a“ *f*‘
. source of previously unabtcu.nable elements would became available'{.“: L

..: fto the vegetation {Skeffington, 198?)



3 a0 ION OF  AOERIENRS g
R -.--,_Each new call :Ln a plam: requwas nutra.ent:s fm: its expanslon nd

' méalthy functioning. Although between 50-60% of the nutzients may

o be. transferxeci tx: the gmmng regmn :Erom ulder senescmg part;s_ _

- '._":__i_nutri&nts from an exi;ernal soume. BRI

_. *_'.'-_-"-'_.'."_-::_:‘J.‘he nutrient anncentrationa of i:hs calls ‘ot tha root: generally!_f
oo tend to-be’ mnch greater than ‘the. concentrations of the. medis in .

| of the plaat. ‘Miller, 1984) an’ increase in plant size generally ~ =
Irequn.res that the pﬂ.ant ohtain t:ha apprapriate quantitias af__*____ BT

e which they grm«. In: additmn, t.he majar cations am'i aniuns ara :
_-35---f'}-_generally not a.n aleatrachemcal equilibriu.n acmss the plasma~"_"_ o
. lexma (Epstein; 19723. ‘since substances do not. diffuse: against. 0 o
. an electrnchema.cal potent:.al grads,t—:znt, _ mast m:.nerals must e -
- absorbed by active transpart Additional evidence £or the. pr:oc:essfgff
'-""-j"'f.--being actiire m the find.ing r.hat uptak:e i dependant an tampera«-{

S ture ang ax,{gen, and can,. be suppressad ‘bg inhibitars (Epa-:;ein, S
: '_'"-"__?'719'?2) + High ccrrelata.ons exist between . the. autw:.ties Lof
'. -__-'membmna-bound MEases a.nd i:m absarptitm rétes:f {Lwnaxd '

. _:Hgdgasr 1973} Which Suggest that A'I.'Pasas mediﬂat;e energy transfer_g_,.

| R _;nut:rient uptake :Ls supplied by photusynthata tranaported frctm the
o Shocﬂ: To the roats {Barber, 19‘?9) . L : SRR

“té the 'zon transpart systen. The. respa.ration energy raquired for' S

"’"It is thought that "c:e.rra.er“ mlac.ules c:mbeﬂeized in 't:he p.hasma-'.f’ -

o -'__memhr; e, play an mportant role in transpartmg iox:a fmm one

o side of the sel ec:tive:LY“parmeable ‘membrane: £o . t:he cthar. The .

| carzier is thﬁught to be a subunit of the membrane which b:.nds_3...'_"--
| an don at the external surface. ‘The carrier-ion. ‘complex then . -

"'_undergaes @ spatn,al rearxangement 50, that the. ion is brought ta:r_!"__" ';

- “the inner sids of ‘the membrane. At th:us stage’ ‘the carrier*wnf:‘._i:'j"*

. (Epstein, 1972)

';---z.complez: - eaks down and the inn 13 reléasw into the cell’_:’

__ '_ _-_The. c:arriar malecules are thought tt: nperata in & manner a:.msglari';
_._-__--tn enzyme mclecules being depandent: cn t.he substrate conaantra- L



”5 :tian, or in

tﬁis:case 'he:nntr;ent e&ncentrataon;in tnﬂ-solutman;

:”:}f;‘untml the carxiexs become saturated (Nye and Tipkef, 1977). Thug'
.. the uptake of nutsients’ is_ezPQGtﬁd to. f°11“W MichaelemMentan'_ S
type kinetics and the fluxf-rp of ians intﬂ a raot eell can. hﬁ’ﬁ e

'7q,s.des¢ribed as fallaws.

FWFM,,CJ_}' !Kln'!'C;J

'"+;where FmW is the maximum rate of transport. of the ‘Lon into the -

i-ffcell whem' all the ‘available- carrier sites are 1aaded, Km is theft_ 3q?~ 
,Q_;'gmichaelis~Manten constant’ equal ‘te the substrate anncentratinn*:jrjff]'
"-ngivzng half the. maximal transport rata and reflects the affinity!,*

;;2;13j;5f;;fj‘

'7f¥of the carrier. sites for the ion, and Ci'is the cnncentratiun at”]*ji'{ﬂ,

"che ion in the liquid phasa chrschner, 1986}

 *ﬁCarriexs can aperata in ona of three systams._ unipart 5ystemf

'“ invo1ves carraer& transpnrting 1ans dn Dne d;rectzcn; S8

. _diractmn. Far eaample HzEGg
~-3}(Haynes, 19901,;,.;,= |

'12; ?pumps The" QPEraﬁian of thaaa punps will generate an electru~ijf ;¢',¢
Tfffguhemmcal patentmaL gradment {Mhrschner, 1986) . Antmpurt systemsf“ﬂ S
' "”'"fala dxrect ‘stolchiometxic 1 1 moupllﬂg af an efflux and: au?i~9;;5”¢;

o anflux carrier The uptaka of NBS i exnhange Eor’ hydrbx¢d'“

'fo {za thaught to Q?Erate in this mannet (pitman, 19764) In SYmPﬁrt}f;?;;.?:u
o dystems two ions of oppmsite sharge zre ‘transported in the same -
*iﬁ\taken up simﬁltaneously Wlth H*'flffqﬁ”fu

"'f{Th& abillty ﬁf tha roat ta be selective of- *he icns which areigf*;"“;' 

©absorbed is esaantial for the normal funat;oning ‘of ‘plants.

'77;13513ct1vity invvlves bi nd;ug ‘the right cation to the right sita,ff'  ;f“ff
and is based on the ion cnn¢entraticn in the’ soil ‘solutien andﬁﬁﬁf='~"'

" om the affinity of the. aarrier for the ien. This affinity of thel]jj'ﬁ““'-"

| ﬁfaarrier for the lon is dependsnt. on the charge of the ioh, tthjV”'w

3* ”3129 of the 1on and - the gaometry mf both the malacule and thej;ifv77#5

"carrler (ClarKSOn and Hanson, 1980)

' '1The plasmalemma nf the cnrtiaal dells is generally cansiderad'taf“--;*"

.: 5 hB the site of putrient absnrptian (Barberf 18790 SR

¢  361  ‘f” )



' 2 5 emerwme

Calcium.is an easential macronutr;ent whmch\perfoxms a aumber ofﬂ:7¥~f5'

__:,:“f:funcﬁlons in the call.- Calclum is in ralatively “low con~ J f  éf
'”*j:centratiuns within the. cytaplasm of the cell Lha majarity beingfir

. fbound to tha csll wallp mambrane surfacas a.d to the salts afng ;ﬁf 
' organic agids and 1ncrganic anions, as well a8 heing stored in

'f5:mambranous organelles withln ‘the cell” (Kauss; 1987) . K hzgh_fffi'

cytoplasmic Ca conaentratmn wonld be dmadvantage@ﬂs in that’ the. .

excess Ca might bamper the functioning of Mg, as well as lowering . =

JJE the activity of phosphate by formlng the: inﬁnluble {ca); 5P°ﬂ=*f ;:.“

5 ;f;.It has ‘Been h?Pothesized that Ca functicns as a slgnal metabalate'5;;':' :
.'ffﬁin conjunctior with calmodulin and tha 1ow Ca’ concentrations inf*;U;"f ”
”~}Ltha cytoplasm allow it ta fulfil thla functian {Dieter* 1984,_;{13'["

'nif[Paavazah and Reddy; 1987)»' BRI

o _fg 5‘1 cai m &m o

fﬁf~f‘AwPase Pump& situated in the plasmalemma, wh;ah are stimulatedf,g-ff1;
. by Mg, are responsihla for the afflux af Ca“' fram the well,

'iihj}Calcium ions are: also ‘pumped . out ‘of the' aytﬁPlasmr against a

- potential Gradieﬁty into. the vacunle, endoplasmic: retimulum,g”"f“”°

“_. fmitachondria and in the shoats into the chloroplasts. (Kub¢WiCZ'75”   :

-_Et al, 1932, Pgova;g_ah am’;i Rﬁddyr 198?] A Lagq.[Ha. Sﬂtlport System' -.
 :ﬂdr1ven by an’ AlPase, is thought to “exist on  the membkane :

fractions whereby Ca® is pumped against its abncentratlan ;fﬁ7:;“ 

'-.*-Qradz.eni: in exchange for twa H* {Rasi-caldegna et al, 1.937;

~ Poovaiah and Reddy, 987). Thus a low cavtoplasmw Ca conﬁ&n"-" |

 "trati¢n is maintalned. ___fﬁ'f

mhe 1aw physiolagmual mobaizty of ca is reflected in law rates. £_.h,.

';” j*of accumulation, cell-to-cell transport and phloem. t:ansport.jVﬂfj-:ff
~_l consaquentlY«_ the uptakai of Ca- from the su;l and itS;q_ '““"

: translocatian to the xylem for transpnrt thrnughout the plant is

'°-.xestrzcted to the apuplaatla pathway. However, the' endodermi$';}"”;n

' tissue with its Casparian band hinders transport via this

- pathway, hence Ca uptake. and translocation is rastricted to thef f? "_\ﬁ
__]-fapical part of the roat where the casparian strdp has not yet jg. j-“
-; ﬁfdeve1oped, The rate of uptake af Ca thei decreasas to & very lawgﬂ3’



'.-,-:”"_j:rate naar tha base of tha raot (Bas:bez*, 1979), The' 1ack of
7 mobility of ¢a is refiected in the ohservation that a tends to_f.g- L
" scowmilate in older plant: tissue and is pr&&ent in high concen= . .

.T 1ifftrationa in the littar (Mlll&r, 1934}. R

mEa

R In. plants mcst of the c.‘a J.s ft:und in the apoplastiu compartment;_' .

.complex&d w:.th the ce.J.J. wall mietias ard the plasmamembrane.:_-?r-_:{'_..-'.
Do ‘Caloium is an essent:.al agent in stahilizing the. Pmtln—prnte in E
complaxaa of fhhe micttile lamella (Damarty et al, 1984) R
“addition, ca in tha apoplast is z.mportant m main‘l:aininq membrane

. _-'%ntagrity as Wall 55 pro*ecting ttze membransa agaa.na't the
dala‘tarioua effe.c:ts nf w pI-I, sallnj_ty and taxm mns (Paovaiah AR
'“{j'and R@ddy, 193?)..,d:; | L T e

-_f'_-_'f__'___.;'_I.mide t‘.:e cell ca 15 able i:ca regulata a number of tarqet
: -_-_-:-.'i-f_"l:enzymas and act as B messenger translating stmulz mto variunﬁ."-;}
:"'5_'_':_':_’.respanaes. The reason why Ca is able to mediate responses lies . =
o Cin the, facﬁ: “that it :I.s fc:und in such -low eonaen‘tratiﬂns 12‘5 ’th‘é'.v
e ﬂytuplasm. Thus a small changa in the absalute ‘amount 6f Ca in’

ha cytoacl can rasult in a 10 =100 fcl& mcmasqa in uamen'tra,,_ .
_ tn.cn but the ionm enw.ronmant nf the. cell remains unperturbedf_'_'

o (Panvaian and Reddy, 1937) B

.-_3Ca1c:j_um also plays El lil‘ﬁiﬁad rr)le as an anzymatic aufacter.'-’”'-“3'

'-"eerta;l.n hydmlasas (e.g,' some’ _a-amylaaes, phospho} :Lpases and

-nuclaasea) require ca fur activity -Caloium however app#ars ko L
' -_hava a structural role. rather than a uatalytic: one as it b:mdsi_ E

to sites M:her than the aatalytic swte (Clarkson and Hansbn," '
3,930) “thus s‘t:ahila.zing ‘those Mushar ‘molecular. aggregates_“

assaclated ‘with the enzyme ' c‘alci\m may alm: be requi«eﬂ by

- -_-macramnlecular substrai:es, such as E.tamh, aa a br:ndgz,ng me.'i.eg., R

. '---It 3.5 tnuught that c.'a may e.ven be ahle t.o regblatze gone 3"1""’:@55.‘ ..
- iem. ?m inprease in eytaplasmic ang nualaaplasmw c:unc:antraticns S o
.. of tres ta®* could result in Ca binding directly to chromosomal

:Pruta:;.ns and thus changmg gam'z transc.r:x.pta.on. on tha other hand‘ RO



_'f}jlnsreased cmncentratians af Ca“ could activat= Ca“~calmadulin'
'f :3dependant enzymes such as protein kinases or phosphatases. Thesaf
| enzymes would phcspharylate o ﬁephosphorylata ‘either tran$&;,~*7*r-

aeting elemenfs to altér transcription, o pro.eins invulved in

” -rfgene translaxlan (Schibecx and Martanasi, 1980, anvax&& andf;f f]{f'

e : _{’Racldy, 198'?] -

L _;.s s

  .The visual symptoms assaciated with A Ca daf;cxency ‘are marginalfijf   _ _
.HJchlaxasis of the. leaves, 1$aves rallﬁng and curling, petiele - -

. -_callapse, flawer absci$a1an, QVul aollapse and puorly dﬁvﬁloped;f ;'_,7“

ﬁ; saads {Foy, 1974a). In add;tion, ‘there capl be a breakdown. of [j igf{j
' ﬁmer;stematic tassua in stems and raots rESulting in tha death of | 0

::ff* thesa reg;ons in acuta aases RootS‘aan becmme pocrly uavel&ped,};;,f;;_j5
. lacking Fibre and evén appaaring gelatinous {Noggle ‘and Frite,

| jf;31983) Tha symptams of, Ca ﬂgficiency tend. ko appear ﬁirst near'ffjéghﬁf
o the grnwimg points of tha stems and roots which ‘is pmobablyjjf*,_ s
“ff}fralated to the fact that Ca bacames ;mmobllized in aldar tiasue.”;yffan?r

3QfIn add;tlon,

2 6 mewmsTey

. QCa deﬂiniancies have haan reparteﬁ to dmsturb cell'ﬂf*fff f'
_:;f ,div1sion resultlng in. binuulaate cells (Foy, 197%&) Thus:callj?,ﬁ ‘
' L{*fdivision has 1nw but spenifmc Ca requirementa.,_i.;;ﬁ,:- ST

 [ Magneﬁium is. alsa - 1mpurtant macronutrient Tha aytaa@l ia; f}i :_ﬁ
*dominatedrhy this alementF tugather with K. At le4st 70% of this;;]fhh;[ﬁ'

 _7:Mg lg freely saluhle and ik i thaught that Mg must have thegfg;*;f_;
.._fhighest chemiaal actavity of any divalent eatiun in the cytc_ 'i1 T "'”
'*]plasm. ﬁlthnugh there is such & relatively h*gh concentratmon o

Mg within the cell, it is ‘thought that Mg™ enters: the callfvﬁ'.iﬁﬂf

 f,,passively. The reasnn for this. is that the plant cell. has 8

 7,negat1va elactrical charge in ralation to its outer nadium, suf;[;f 3 ;;
" there exists a nonsistent fbrca which draws aatians in*a the cell:;”f-'“"

o (Mengel, 19?4}



- '.'-’"'rpumps situated on the plasmalsma which aze mspmai&‘m ;

' eimmz af a‘* from the ouile a.t.so rranspﬂrt some Mr

s
IR - €

- -.."graater than ca abscrptmn {Hiai:'t: aml Leggﬁt‘i}r 19743 '-The A‘I‘Ease o

e cai.:,, however, the small ionic z:adius GE Mg?* aamparad to _i-ca "} :
h:.gh hydration anergy of. Mg"*‘ as:ompar:‘ad ‘to. t::a’*_ and-the fact
tbe pump is ot least parvially dependent on calmgdulin

. {Poovaiah.and Reddy, 198?, Kauss, 1987} ensures that more Ca* ‘I.a*_ff‘_;: -
o &xparted fa:om ma cell and Mga* ramaixm tha dnm. ngnt _elament dr

__Many emzymatw xeac:tia are prumated by Mg' thes e‘"-’_

: \:_'.'_":_'."-:Lnalude enzymes involvec te ‘kransfer (Phowhataseﬂr o
.. “kinases . apd A’I‘BéSc-as) ~and- : Slved dn the transf@r'_jf,___
'.__.'_carbexyl groops. twarbnxylasaa ) boxylases} {tlarkson and
‘Hgnsor - 19&0), as wall as mamlafana mmd. A’rﬁ-aseﬁ (Leonard and

_Hodges, 1973). Magnesium nay’ ala;s am: vat.a an ‘enzyme by bindmg;:"f._}

o ee the ‘engyme. at a site distinct .rom - thé substrate Site.
”';'Ma snesinn is 3130 requimd for ri.hosmme int@grii:y and fnr the

stx:uatural ai:.abis.ity Qf nuclein aﬁi&a and membranes (c:ta::kam a‘{d

- :"_':'_can mcur mugqle and E‘ritz; 1983)- A

7"353

- Hanson, 1980}«;_.-- r

Magnesium is aiso a uanstz.tuen* cf the t:lzlamphyll malecuia :'a;m___.‘ :
as sueh is an gssentml f.ac:tor in. ansurmg r.hat Pthoayntha s in_siﬁ-’f:

:.The visibla sympmms af a Mg defimianr ,r ara mottled and chln::otm -
_"'leaves Severaly afl ec:te.d leavas may w:.lt a.nci shed or may just"

‘abscise without first wilting. The leaves al 0" ‘tend ko lzaet'.:v:ax'r;e:-a"'7'E
- '-bm.ttle and necrosis cften accuts {N@ggle and Fm.tz, 1983)1.




"""".'The sim tha.t: was -;-ho.»an was si.tuateﬁ o z.mnq Pom ?ass, im trse:;_-_"-,7'-'j_-'_' SR

7 Gastern Transvaal, b&twme;, Lyden}:mrg and Sabie, at: approximamlyg .

- "_25":! 9’3 and .,;0“ 3“?*’3 The ai itucie of the a-..ite is bai:weean 1?50 and -

1800 al:.ava sea level.. The sim 'Falls in the summer raiﬁfall_.
o pyea {obta,..ning th@ majarity af rain between Novembex and Maxeh)y,

and ‘recelves ‘roughly 800mm of  rain per. y@ar.f Tim avearagar,ﬁ T
S temperathm of the area on the puss ia about 13.3°C. The site vas

:_"-'_1ocat:ed on the. aasf:errl elozae '.‘)f the mmmtaia am:! had a. cgzantle to
flat. grat:iient. SRR - L

"The qita ms 10&&1::&&51 i.n a Pmus patula *atand (ccmpartmpnt "’QE}

©which vas planted in 1982, At the time ‘of -the field work .

~condueted ln £his investigation the tress wekre £ yoars oid. This

":_.:Was the saacmd z:o‘t.at,ion af B, pf:ztula on this J.am:i. ha tma& had i
. been planted 2 4m apart,, and haci bepn px‘umﬁd when t:heay wEre :Eiw;; S
0 lyears nm.: ﬁt pmaent: thera are app::aaimattaly 886 stams pexr - o

.f"}fhectare. The mean: annual mﬁﬂﬂemaﬂt (M&IJ at maturity is axpe&tedgfsT'"“

E __'“h:i.s sit:e waa c:hnaan :i:w a number nf reasona. (J.) since mcstz tmrg '

o damage overgeas has been fc:und t¢ oceur’ ag hie;h altitudas, a

f’__-fareated aite in the Bastern Transvaal at“a bigh altitude was

~ sought, ‘(i) since Pinus patuls is one of the most intens&lyf._?'_ S

”__‘cultivated species of £he fnrest::.y industry in this. ax*aa tha

:.nvestigat:iun sheuld datpmina e aifmts wE aaid rain’on thig

e apecms f...mt, and {ii:u a.i:: pollutian mmtmimg and other. - Co

_ ____;:.stuches ate baing canﬁucwd in this area, thm*s the. findingss of __
: _this a.nmstigation can bs:e easily :.ntergramd wi:z:h the mtmr werk._ L



- @ cmmm £y §EE BEWECTS OF SIMURATED ACID RAIN ON e
| AUS OF SOTL ACIDIPICATION MND CAmION

Eﬁﬁ&ﬁﬁﬂﬂ%ﬁ

- Most of the plant’a nutritianal raqu;remants are obtaznad fr¢m};'“*"

the goil. uonsaquentav the vaqataticn [t bﬁ affectaﬂ by mhangeﬁ*

i sither the ionic cnmpaaitian «£ tre 801l or the availabzlity_f 5'5-

of autriants in rha goil. Sell 4% idiflcatian is thaught Lo ba -

. .able to evoke such uhangas in the goil system and it hag been MRS

:- hypatha$i?eﬁ that ackd rain. has the patential ta 1n¢rease the D

'frate of qa;l awiﬂificatamn.__;j:' _¢_,i_5,.f'

 ZTha;process and cunsequenaes scil aciﬁificutian; both.natural aﬁd]]f'”:'
 fas 8 rasult of aaia rain, are diacusaed in dﬁ?aii in SQQti@nsfjﬁi
. 2.3.3 to 2.3.6. Mosl &mportantly, aeidic praaipitatiwn 18 &
3* 4nuraa 0f protona (HW mh&ch, on enter;ng‘nha goil syatam, rasult

'Ql;;in a numher of ,hanaes to. tha sgstem..?hﬂ  can axahange farﬁ':  '-
: baaic cations which are adsnrbed to the negativaly charged sails:

’ partialeﬁ Ihig exchanga lawers the base saturatinﬂ of the sailrﬁ

:f3*7Tha a¢id rain also provides mobile anions (sulphate 180, and* "' 
'_ natrate tNO{Wl whiah transier tha displaced.haae &ations through =

. the soil profile. Thig *amﬂval of cations from the ruoting zone
-f_ﬁaﬂ hﬂVﬁ a3 negative effamt an nha vagenation. LT e

'“Tha inrreaaa in the B cantent ef the aoil alsa re&ults 1n thef-  
'mahiliautian af ‘sluminium  (A1™) and other toxic metala;_?he'--

o reASOn “for. this 1& that the l@vel of aaluble AL* 45 the soll is
-.  dependant on hha pﬂ of the soil solution, Whan tha P8 of. the sail_
'_solution dr@p &vamntaining soil. ninerals are disso&ved. This

gzaleasea both A1 and nydrozide iuas (OH). The latter consumes =
‘thus making the reagtion ﬁep@ndent an the pH af the medil

'-347;~a1utian (Singer and Nunns, 1287). The effects that increased

amuun#a of AL® in tha smzi can hava cn the plants ara di auﬁsad'f-  _~_

| -mn seatiun 2.3 5. o
3 _Thés&_results'af'ﬁhéfaail aéidifiuaﬁibﬁ”préeéss ¢§§ affect”thé__'

4z



4 @getaﬁian diractly or they san acﬁ tagethar ta axaﬂarhate thafw

":{mffacta eﬁ eaah othar. Singar and Munns (153?) expla;n that ", f”f-’x

LAY or manqaneaa wili ‘Be mora dahrimental to a plant ig thafﬁ? _t 
_.malﬁium 1ca) ‘content of the soil is at. lavals that, althaugh fow,

__Tiiifwaulﬁ still be auffiament in neutral anil. In adﬂitian, the ratef_f ; ;_
7 of moil acidifiaatmon is thaught o be depeﬁdent on the sai1:7="""

' [.cnmpasitian anﬁ i+s praaent aaidity (Krug and Frink. 19831

:'flt 18 @nssible that aaila aan ba acidifieﬁ by th@ additiﬂn af  g ?3J
o sulphuric acid {Fa8ﬁm) without an equivalent amount of catianf“"
71@1ahinq. Thi s occura oy aulpha#e (saég‘] abearbing aail tha,Ef
: Saag' mmiah i ahsmrbed creates @xchanga sites mapable' oF .

. retaining znnumimg H*' (Evans at az, 1981h;. Theﬁa aamla can]'ﬁ“"
"'51 ffahaarh sﬁua“‘withaut 1bo$ing baaia aa*;ana in the 1ea¢hate. -

| ;g;mhm adm of this investiqation was ta ﬂetarmina whethex raalastia' L
| dosages of arhificially meidified rain can alter the rate of
leaching of both acidic (H* and A1%) and dasic (Ca® ang
~magnasium (Mg?*)) cations from the seil (Pig. 4.1.1). This. waulﬁ“ﬁ*;fyi¥
_indisate the potential thet acld vain has to alter the chemical =

 '.enaraataristica of the soll. In’ adﬂmtian, the gatuntiml uge’ aff '

L _ yaa1ainm aarhanata {Caco,) s a means to. ameliarate any~ﬂdiﬁiixnmw;* T_;”
o -_'?imn procasaas wam investiqated. __ i . o o

: '.__-_'.t'he mémhing ﬁf ii:ms' ';?:fcm 'aﬁly ﬁhé top 'Esmm"h a8 monitored .
. bemausa this iﬁ‘Whera the fina ruats that are g@n&ral Ly’ invalvea R
in nutrtant uptake are fnund. If the 1@9@ of nutrients ocours

'within ‘tha f&ﬁa root auna hheﬁ thla ftag Leportant. cunﬁequ@ncaaf
for the planta haeause the lcas of eaa* and. Mg “* from this soil

':fmmulﬁ Tesult i theso nutrianta hecaming limiving for nmrma15 .

B plant grnwth “Howevey ig tne laaching lassa& that are thought

e be attribunuble to- auidic prauipitation ceour balow tha fina B
| roots, 1.0 genarally balow thﬁ top 250mm, this is aﬁ udetla
, -._aanﬁaqu$n¢a to the plant‘.ﬂny ahangaa in tha concen ratimn a£~-' o
AL in this top 250mm of soil also needs to be amtarminea in; SR

';['that ﬁbiﬁ tnxia alament can affect rnﬁt q'mvth,-___



S uPTAKE |

NUTRIENT 1
o AVMLABtLi'FY

. {leaching | ; ucicmy

- beir" addrassed in this &xperiment.____.

" 1Snil cores ware cnllaated in micxalyaimeters fram the chosen f 

.fﬁig;f&;i;151 TR AlRgrammatie epreaentativn 5% “The qpest;cns*f:? ff'

_site. A microlysimeter is a hollow stainless steal tube: 20mm
-”;}1ong and 80mm diam@ter. The . cores ware takcn between the traas,'

B f31n the rows of the trees. Four cores were taken fxom areund each--,ﬁ*ﬂ_j

o traa at a diatanaa aﬁ f. ?m frem tha tree stem.

- 7Thu cores were antracted in the follauing mannax. Ftrstly, thef.ﬁ"

“"ufflittar waa cleared fram tha tmp of the ﬁcil, then a m;c:aly*” S
- simeter was knocked inta tha graund with & mallet,.?he micrnwfgx"-.'
“trlyaim&t@r wag pullad out of the qraund and a paece of filter

| paper fWhatman #42, 110mnm diameter) was placed on the vase of the
”-_tube and held in placa with an elastie band. A piaca of parafi¢mf”“'

e



was placead nwr the fa.lter papier in arﬁer to prnta-

:_it ' 'I'he am.li_';'

< filled mimralysimatars ‘were: then transpcsrmd hack ta t.ha_-.: |

o ;._Univarsity of the Witwatersrand. _

- The mwralys:.metera vere set up accordinq 0. E‘ig'.-_'ﬁ 2. 1, sc t:hat_';'_’ﬁ_* o

.  the simulated acld rain ‘could leach thrnugh the soiL- ‘cores.

_.__'__--F:.ltex: paper was soakfad in a..stilled watexr and t;he la.tt;ez tested - | _
R -3 determine what fractinn of ians in the leachate haci a:rivad

-{.there as 3 result of the prasem:e of the filt:er ‘paper.. This

| .-'--fractian of ians fmm the fs.ltar pape.r was faund to ba negli-l-'_'_;_{._j. S

L *_gim.e

mnmeifa boma wﬁh

= wnaden suppoﬁ
o @wmm amd ”rum" on sml

P
1T

| R pveossnsupport

g SRR o W mmra{ysnmefar
EE RS - S Qenw:nmg goil
ENRERE b K S _frlfer paper held
J, by an alasht: bcﬂd

- :‘}:—:nm:::::-cm beakar 0. collaci
[aarxham '

| .ﬁﬁ.'g',_'_"ﬂls."é'.-l. Diagx.ammatw s:epresentatian af tha expaﬁm&ﬁ“ ..
3 “ *:_;tal design..:af' - N L

| ""'Thé" ':-idid'itly 6f "t:im “rain“ was varied :m arder tn simulate
different acid xain regimea. The artificial aci& :raan was made

o in  the follmir.g mannar.a stock solut:mn af cancentmted amd e



"__;";'?was mixad B0 that the ratic af sof*.moz wag 2:1. ﬁthar studies :
" have daterminad that Lha rai:,io of SOE*'NED:; dn acid rain vames'-_-’ S

. '3'___;'__fram betweer 1tl and 3:1 in acid rain. (Eatil et a.I.,_ 1%9) .
2 '_'Varinus ‘amounts . f::f thz,s cancantrated ‘stock were added i:o_‘

."“-=-':'_'“dist111ed water to; obtain the 4 22 pl—l value, which is the mean _
pH of the rain in Sabie. The I-I* conﬂanﬁratinn was calculatad for

'--_-this solut:mn, A mora ac:idic ram was obtainad by doublmg ‘the. -
A cancentmtmn of the fa.rsf; salutim and- then; sett:ing the pﬁ BE.

’ :fr’this solutinn accordingly 'rhe pﬂ of t.his lattex: sulutmn was'f_f

. '4.92, The contral treatment had a pH of 5. 60, which is the pH of -

| -_rain that is in equilibrium with. the CO,. in the atmosphex'e when .
 there is mo ‘pallution, . Table 4.2.1 _records the sequivalemt H' -
f.}depas;tion rate of this artifmaiai acid’ rainf as. determined byfﬁ”*:ff7
© titratimg. "rain® with sodium hydroxide (NaOH). 1t can be sesn .
~ from Table 4.2.1 that the H' co. teatzation of the solution with o

the, lowar pH- 3. 92) :s noz: equal o an. ar:..t:lmetic dauhling oF t:ha-‘_f L
R concentra.tian aﬁ‘ the Eﬂlutwn wit,h a pﬁ of 4.22. This is ©

o .__""'bacause the R cancam:::ation oalculated by tiuration indicatea"-"-f_"'."_
- the - tm:al amount ‘of H' in. smlutian i &, the free B as well ag.

- those assom.ated wa.t:h athaz: :Lcms, wharecas the pH value inﬁa.c.ates e

:___'-'only the  free, dissogiated B in ‘the solution. Hence, _.,_n
:_calculat.ing the acid:.t:.es c:f tha d:&ffarent acid :e-ain treatment,-g::_.=_i
in this experiment. the free gt concentratiun was rimmla&, bt

7 not the tqtal B soncent ratmn.
| Each";xéatmaﬁt haa"eightfxgplichtéag“ -:; J}f;j~*-,

: | '.ﬁ'-‘e‘f%m ‘Gﬁl -,Mean de c:sition rate ( 8.8, ) cf H" in artif:!.m-."r-_

‘clai rain determinad l:ay tit:rating the “rain“ with B o

|.pH _of 'f'ra'in'w- 13.92
Bquivalent H' 2. 43
deposivion - | ¥ 0. 16

I zate tkg- ha
'_yeardJ _

....r..-ﬂ

S The amount mf_ rain that was intended to ant.a:: the tuhea, simu-e-_‘:-"_-__:' S
: _;;J.ated apprnximataw 15 years of rain, where the rainfall was: 1000 R
omm ysar"‘ (this is an appraximat:icn af the rainfall balaud on the o

";Qﬁ.fqgr B



'-ﬁ;¢An amqunt Qf ﬂ 1g of cac03 was aaded tu same tubes in orﬁ B} o
_-.ra@%._' "

"L-i maan rainfall far tha area} Huwever, slaw leanhlngira o5 due tu;qj;f"

" a high degvee ‘of soil mmmpaatiwn. prevanteﬁ this;;alume from;;ﬁ'f,f’

'-Lentering a11 the cares. _fw'-

 determine whether - ©acoy could be used to amelicrate any b

ltf'that anidifim& rain way eause tu the aail syafem._mhia amourt of"!uz_ 
Caco; was thmught to be ble to. neutralize the incamlnq H* over}JgQ[:

"””~tha simulated 15 years af rain, whis ia apprawlmately equivalantfg o

N to Y 1ima ﬁypliqatian cf aoo kg h :1 o

'f.;sail frum tiVe cores Whiﬁh . cnllecﬁad at the sane. time as T

* thoss used in the 1eaching &xyariment, were analyzed at somm ..
'.iaepth intervals in ordes to deternine the ﬂmmpnsitinn of the UK
st samgling. The £qllawinq cancentratians were determinedz HY (orf“ijr;fﬁf
U soil pH), ca?t; Mg2+ pnfassium (K*) A1 as well as th@f-Ej[j .7
| ' :exahangaahle aaidity af ‘the snil in thasa intervala.'; S

-'At regnlar intarvais thraugr the e#perimental pariaﬁ the;7“”""

| i-f léachate- W&E analyzed. Tha cunum-urat;ons of ‘the. fnllowing ians,f;  ' B
;:_[f;_wera determined. H* o pH of the leanhahe),_ aa* g qa* 13* as .
: *?_wall as tha titratable aaidity of the leachata. The ¢umu1at;veg}”

dews of ions wae. racmrded w;th raapact to the vulums of "rain"]:ffi1
-that had pasaad thrmumh the aora for each aamd treatmantﬁ A ﬂV'

© linear responge, was fitted using the SAS-Stats ﬁaakaqe; (sag

']v&rsion 5.18) Eet was realised that the raapunsa was mora likaly'

S to fallaw a Langmuir curve than a 1inear response, in that iunafg  o
"; wers not. paing supplied ta tha aail hy‘weathering and daecmpnsi—"f__
.~ tlon and hanca the rate of loss would prnbabiy degrease with- }13._
U time. This saturation paint‘was not evident in the: data that weraﬁ_}ﬁ L

_fcnllectad and thus 3 linaar raspensa was fitted to thQ datﬁe_:ﬂ e

’?_at the end uf the axperiment, the sail was remaveﬁ fram tha_?

m3 minralyaimatera and analyaad to detarmina the pH af tha aoil the*'{g_:'.'
- -gxchangeable: aaiﬁity, and the 313*, ng*, ca2+, K+‘and Na* anncenr o

; tratiqns.'Lf
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.154 2 3 '

| 4 2 3 3. mteammamm aﬁ‘ Eﬁil gﬁ, amehangmbm aaiﬁity ema

aluhioiue cnmmtmtimz L

3 "rha sail pﬁ am:l amhangeable acidity éetermlnatmns are based onl L
' __.'Buys (iQGO) and that of the a.'lum:.m.um determination m Thamas'.“?l".
(1982) . The. scsa.l was nvenwdried and siaved *hrough & Emm s:.eve.
K Sml. sample of this soil was scaaped out and weiqhed. To this,""

S0 25mi A ‘potassium chloride (KC1) was added and the miature“"'“'

" ‘"'stirrad fcnr 10 minut:es. The pH of the «upernataut was read w:.th-f.i-'_"' '

Ca ‘Beckman model 3500 dig:u.tal PE meter. A furthex 25ml 1M KCL was |

| added. anci the mixture stirred. fnr another 10 minutes. The. mixture_[

}_'"-_f_was fil’l.ered, using Whatman By BOmm £ilter paper. A 10m1, vnlume--_._- b
i eE filtrate was pipetted into an. Erlanhteyer £laek, te which 3
E '-dmps of phenolpthalien indicai:or were ad&ed._ Tha sample ‘wag |

’-ftitraf:ed with g. QOLN NaOH using a’ magnet:.c stirver until a faim:' T

._._..pink endpoint was auhieved. “The milla.aquivaleﬁts (maq) KCJ.

"--"exchangeabla agldity {sz) Was calculated using th.e fallowing’

E& = Maou.._....Xmm:.L K Nm:wu x 'ﬁ'ﬂt 3 10 "'- 1000 j
- o - et maoil . et T
Whair‘?"" _' ana a' valume of ti’craﬂt uaed

o Nggon rxarmality of titrant (0. nnm) S
Vo ® volume of subsanple for titratinq {mml) ':_:-
. Ve = volume of extractant used. t50ml) R
T Mgy = mass of d:cy soil used (g) - ' o
T Wi = voluma cf titrant viged on 10m1 nf 1M RCJ._-”

o i‘."salmtion FRERELE, : - -

.:__’-.'After achiaving the faint pinlx: em& paint, zml w pctassi.um""_'f: |

flvoride were added to the. selution, which was then titrated with

. 0.001N hydrochloric acid (ECL) until the pink oolour disappeared,

. __-A:E’t:er 30 minutes additional HCJ. had ko be added to obtain a cleay
_' '_endpaint The ai.uminium cannenhraﬁian was cazlculated as fo.‘i.loww S

_meq m:l exchangeahle M = vm # t&m x 100 % gm 1

s E Whﬁire - = vi!‘-’-l :.-_; tralume of tiLrﬁnt ugad S
_ N:m_ = narmali.ty of titmnt (0 tjom)

T



_ : .'T.t has been assumad :l.n thi« study that the Wll en cy o f 'l:he -
__”};alumlnium ions is three, hence thare are three equ&valents for; 3=; z.f
Ua_'each Al malecule.. ,.-~ oL : R .

4. : n@t@ﬁminah&bn of 1manhata pa

© The pH of 10ml of leachate Was maaaured wlth a Beckman modal 3500_1?;2'” |

' ;digita1 pﬁ metar. _g;-f1

e 2.3.3 natmnminati:n o Ca®, wg“ anﬂ.ﬁﬁ in tho PRI
The- catian extraction is based on Buys (1980) . The cations were '

'ﬂffextracted trom the goil in the following manner. & Sml sample of

ovenwdried soil si&ved through & 2mm siave was scooped out, . langd

'" weighad), intn a 100ml pnlyathylene centrifuga tube. To this 25ml

1M ammoniuvm acetatﬁ (5et at pH 7.0) was. added and the tube was-}ﬁ‘ﬂ "
 jstoppered( an t shaken for 30 minutes.  The mixtare ‘was then
- - centrifuged for 10 mxnutes at 2500rpm in ' a Beckman nodel T 6. o
‘centrifuge, and the supernatant pcured off, A further. zsml w0
. ammoniim acstste was added, the tube was again ghaken for Sofj ; "1_¥

}fmlnuLes, then centrmfugad for lﬂ mmnutes and . the suparnatant_ 
. added ‘to +ha pr&viaus extract; To Zml of this sample,  10ml

'31anthanum salution {0.1% LaCl solutinni and- Sml diatilled water,} 

f:were addad The absnrhancea of tha aatians wars raad on a Varian'

- Atomie Ahsorbance Spectrophotoneter AA-275 (AAS) usmng the.,]_ff

'*;'aettmngs recarded in Tahle 4 2 2-_;._”Lﬂ.;- .

   -§3§1@.4‘2;23  settings used “tor nas in the dptermination of{'7J3'

varlous cations..;

~Rlen - . -Wave]engtn ', Lampcurrﬁnt s1it 1angth
ikt - (mm ) o)
| ﬂca&f?-- - -”422,?_. 5 [ 13 o [0;2 -

e o lieess - 5 1 ”f-i,o 5 -

I pat Q'S]"“”"'Jssg 0 '_f 5 f 'u-3';:u 0. z _#J SR

;ﬁ 2.3.4 Datmxminauian oR ca” Bﬁd\wg”‘iﬁ thm 1@aahat& '

L Te Zml af leachate sample, 1083 Lanthanam smluticn 40,18 Laﬁlff';f5

”.]j salution) and Bml dastillad water were add@d The absexhancas of '_”;

uf1'49-*_: 



e tha catmnwam rea‘i nn 'the AAS T T

_'\'&3 3 Q

| .’za#a 3 5 mtamizmtim @ﬁ 2!;:!. im a.@smhaw

'rha matho& used wa:s basad ‘on’ Thnmas& tl%:&). A 1nml aample nf T
- -_':_J.eachate was p:.pattad intu aﬂ Erlenmeyer f£lask. To this; & umps SRR
_.’of phennlpthalmn J.ndiaator were- aﬂded. The solu‘bion was then o
. titrated with 0,001 Naczﬁ, unt!* a faint pink endpoint wras._’f__. e

- '_-_'aaha.eved. To this, 2nl i pntasemm fluaaride were addea&, ‘and the o
© solution was titrated with 0.00IN ney until ‘the pink’ aulcur"' B
disappaared. Bfter 30 mmuhes additional HC1 Waa added Lo achi.ave o

- a olear en&puint. Alummium c:amaantrat.‘mn was calc:ula‘teﬁ as..;

-f@llwa: - : L : R
-'mq Xel axchangeable .%1 par ml J.eachate =, le % Nnm x 1‘30 3 ¢ K
Yo
S vsub :LO o
©. . where ‘ir;m w2 valume of titrant used
S le @ narmality ot titrant m nom)

: A hnmageneity af alnpas ‘cest was us:-ed 4::: detarmim what‘.her them

. was a signifmant ‘aifference in. the rate of 1each1ng of- tha
) __“__'-'variaus iuns from the diffevent ‘treatments, Onewway ANOVA was
" used to detérmine whethex there wag & significant difference i B
'_'_tha amount of ione ramaininq in ‘the #oll after the t;'ti.ffarant:_.--:“

e '_traat:menta.u mc:th stat:i atiaal Emalyaazs were perfarmad on- SAS{SE*M;.T |

relaaae 6.03. S

4 3 gg

o ge3.n xnitigl saii gnalgggg

Tha uanaentmticns of various mat;l.ans prenant i,n the hmp zsﬂmm"_;f o

- of soil was ﬂetermmad. The analyaia was perfarmea at S0mm.

o '.3interva3.s in mrder: ta ascertain t:he ralat.wa ahundanﬁess of thaaa

. jons thmugh the tnp 1ayers. ‘x'abla 4.3.2 mmrds the amounts of

e ;t.ans at the 50mm intervals in the surface layers of the aoil.__.&'-_-: |
c diagrammatic: ragamsmntatian of the relative ubundanaaa is ghown .
. __:m Fig., 43, 1._ 'rhe relm:ianahip betwean soil pH and. i:ha 1_3*‘



.

o _.:_'_'amntent nf ‘&:ha sc::l,l is illustrated in Fiq. ¢3 2 ‘Z‘hia ia a pawar_?_;; : |

. curve, a linear transformation of thase data shawn inthe imset PR
- gives. the fallowing 1maar ourver lc:q Al e 10 734 - 19 ﬁ:l.zlcaq pH; oo

':":_‘:cﬂ = 0.986; FI'.:L 232 = 1596, 23: p < 0. 00'3

o ";Eahléa ﬁq-s_.:!. L Inz.t:.al icm cancanﬁratimna pmsant in *tha u...qp._._-_.- HEARE
e e pe0m of the soll at HOmm intervala through the . . - =
- soil core. Units arve omol (+) kg™t  m.e. eroept -
for pH (pH units % sye.)  and percentage bage -
 ‘saturation {B.8.) values (% % 8.8.). The final: -
S0 giolumn . shows t:hfa aver&qa cancantrat:a.or& for the_._- o
L ’wp 3501?\1%‘ L .

S R “lage- o f1g0e
_ 1 mum - _-15timm S .'21‘:_%:11' -l 250w
L fitin xeyy: b 0,04 & 5,08 .'x B. ns lxo.0a |+ 0.02
 scta aqs T3.08 {09 . |1.08 6,30 - 10.178 | 1.52
N RRETEY N - S N O 0.20 | s 0,04, - [* 0.01
fa1% ag, 1303 far.48 D oB2 o _“of._:zof-' Coojoeos . laaa
oo e 0008 |2 0,27 1x0,31 - | & 0,03 % 0,00
5 Foe6 . lw osr . funder - funder | 0.08
:;ﬁ £ 0,03 | panne. buEANYR ;aj rahge -
4 - joa  Je.as --..'-c_.'sa_ o mas 0 10,80
je0.01  ]$006 12008 |% 0,03
1 1,58 '
0,07 )
t': ; Oi°4 j
1 %0, ooq,

-_b 19
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She ; , T .}@&b1Q maidésm - o o . B
nmhmgeahle widit*y mfm:s ‘w tna titratame af:mity nit i:ha sail
‘[or  ledchate), this beaing t:ha total acidity of the sail &’a

"'_:-'detarmined By titramng the extractable noid ‘compenent ‘of *if.he"' o

awmmgmmmwﬂJ_' :'j

- soll Wi’l‘:h a za‘treng base, namel* NaoH. '.l‘hu& this fract“‘an J.neludaa R
- B* as weoll as other acidic ca'i:.icms Buch as A, and indludes ar-y_._ ST

arganiu acids that might L] preaent. Any. pmaitive charga that oan
. be neui:ralizati wi‘th a base, in a ’cypical aaimbaae reamtwn, is-' |
'_rafermd 1::.: an an aaid equivalent O ' R
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U was significantly diffe-.rant

“”5§53“?f(3fﬂ)7fvi?'55*:4;f _f::f ﬂ;,g  5_;fjw f f:ff;;5:;;

.};'_.Q""‘?;‘ -
i

ST,

R -

U len concentmﬂam (Qmm kgq)

g AT

' relative pxopoxt.inns. ’

. -1& diagxamatic rapmaentation of the aatinns'_'__
“,:,presant An the top. 250mm af su;l, Shpwing their;;tf

o *rhe mogt au:idic: '*z:ain" (pﬁ 3. 92) r r:esuli:ed in tﬂze great:est amount_'_"- 5
o _of acid aquimlem:s being leaehed Trom. the goil (Fig. 4.3.3).
 There was no. distinct diffarence in. the cumulative loss of acid

equivalents in ‘response to acid "rain® oy pH 5.60 and 4,22, The

" -amount. of azid equivalents lost when the "rain® had a @H 0f.3.92 - .

when the. "rain® was less acidic. The addition of Cac0, furthe::-_"‘
' __-'_raduced the amounts of acid’ aquwaklenta las'.t from the cores. Thus

' an increase in the acidity of the "r:ain“ was found t:o inm:ease'
t:ha acidity Of tha 1ea.uhate. ' : ' '

-at the 95% confidence mtewalf-f_' '_ﬁ
RS, 13-;3 w. 5,49 p < 0. fmSlh ccmpazed with the amounts lost -



g, 3

0, 0005)

e

| g;;n smf(cmai kg') T

F

5.5 .
pH of s"ll

-4._2'_._."_:'*a{.‘:a.---'_ M A 5 e

" the. .&;i_“‘ anntent af the so:.l, 5 WE

SRR AL =8 {pH)®, -where 2 anu A AT
'__'_b-f:'i'.i . fhe ihset shm.s the lineaw ‘tra
faf thaae daua.- L

| .-__':aﬁ the leaching p&rd.ud d:u:i not. hawevar xef at;t Phis

The relationship betmeen the pﬂ nf the sail and:_-
' j__pu‘mér eurve” R W

'{:unstﬁi’tﬁr -
‘aafazmat ian]_ s

-'.t'he measu:rement af aeid equiva.\ sngs. :i.n t'm sai..l c,oras at tm ancif-;; o

trend (Tsble .. L

4.3.2), as mo sig.mific:ant differences between the sail from t:hei'

'- '--'ivarious tmai:mants wem faund CE‘[B 28] . 0.@;2, n, s )

m&m

: ____.It Gan bé seen from E‘ig. 3. 3 tnat ae the acmity nf the rra:t,n"?_':{__”_'
creased, thﬁ-} amcunt of Bt faund in the leachate also increased.a_ T,

  1f-fTﬁﬂ H' leached from the soil Jhen the "rain® had a ,B | .
L 4. 22 wasg sigm.ficantly gréater, at the 95% fmhra.d@nce imerval,

of 3,92 and -

than when the “Zaiﬁ" had a pH of 5 Eﬂ {Ff~5‘1139] a 7 97; o {...:_: -

tha leachax:a. '

‘The acidit:mn of c.ac:éaa furthar rmuce*% tha H* cantent of



e -_ﬁrain" treaﬁman!:a was$ reflecsted in 'E:hé sa:.!. data ('I*abla 4,3.2&} ,

BERERS ©' Y that tha Boil that hat‘t bean 1aacmed with "rain® af PH 5.60 had: . |
"'-_'a higbar pH (irx KC&J than the: saila ieachad W;Lth raim" of- pH S
. 4,22 or 3.92. These aii’faramas were nat huwe.ver sigm.finant at
“the. 5% mnfic‘ience intmal (F[B 28] = 24433 n.s. ). i*be ‘soil o L
0 Waien cacoy had been added had the lawest pﬁ, whzch vag. clngestﬁ-jf;_f,fu
"_'i:to tha h.nii:ial pﬁ‘ af ‘i:he r.mil. S P T I

T :'--_-Khe acidx.ty af 't;ha rain did nn'i; apsaear o af:ﬁact‘: tha rata of 1oas :

_gf ac:id eqlzivalemi:s arisinq f.rm A (Fig 4.3, 5). ‘The i £ ﬁér-j | b
_ense in rates of leaching - werse ‘not significant at the 98% <
-;_.::____f'bgnfidanca interval in that the rates of loss were. a;ll vera?’_f_ S
__._._-_f.aimilar* Hwaver, ,the rate mf lmss of mﬁ*' fmm Sail traate. d " i'-l:h:_' IR

--_-."."-.’ffrwtw af 1@53 by "ram“ ef pH 3 93 3;:1-1 4. 22 and pH B ﬁn, __
_£_ (Etl‘1311 = 14, ﬁﬁf p<o. unla ;;:.J,_:wagk_g.,4;,,>¢¢,;_,ﬁfat;faﬂwA-

- .""::Th;a sm.l anﬁleis inﬁmatas tha*t thw amount n.f;' axchangeﬂma Al.a*' ST

 wes the least in the ‘snil that had Besn Ieache e Wi’th ra 1:1*“ of .

" pil .40, Although the soil leached with "rain" of pH 3.92 hada -

'_-_highar B1¥* content. than the soil lnaamhati with “ram" of pH 4.23,

LAt wag still Lower than, '!:he Hoil leached with' Srain® of PH 4,22 :
:whan 0ac03 ha.d baen adda& (Tabla 4.3, 2 : The:ae trams were ngg__ e
L :.=-.___.howevar signifinant (I‘[:—l zs] o. 53‘ n. .4., )‘ R R

Cess mhﬂgggﬁiaﬁsgigégm

_-_'_-'_._'-._-The amount of. ca?t found in- the Mat:hata :Ln ree,_:mnse ta varmus
B _”"lfac:.dltiaa of - "r:aln" was inaater'mmabm, exc:apt in the case Wl“én R
- ac0; had baen added- t. the soil {Fig. 4.3. 61.-a:.milar1y, the -
R _"j_:-.effecat of the various acidities conid not be measured in the moil. .
o (Table 4. 3.2), ‘I‘hm is dque to the amounts r.::f caZt present in the
‘Boil being sc» :l.m»r ('rabla kD 3 l; , that the quantn.tias that: wezre '

Pound in thP 1aachate were belw the resnlution af the ma, The |
S addition of €acO; resulted in a° siqrtifmant: ‘inerease in -the-_.__;;-.:ﬁ_.'..
.'amaunt of t:aa"' laeing 1951: .m tha 1aachate (F[? 183} = 'if 33, p €

"f;sé'i:



(F{3r 33 - 5 14 p < 0 0059)

o .-'Smi.l that was treai.ed mth "ram“ tuf PH 5 60 and 4.22 w:.th CECOQ _f-j;;-

m;- 0 0001), as well as s;gnificantly greater amaunts af Ca“ bEiﬂg:f ; iffi )
- Present in the soil ‘at the end nf the experi.ment (Table o 3 2) LT

4. 3 a

' 'I‘he vari::us acidit:.es :}f tha "1a:m" dici not have a sign.ifmant:_

‘effect on *he rate of. leaahing of - Mg® Lons from the soil . B

- AF[5,139] = 0:91;,. s.). However the most acidic "rain® (pH 3.92) . -

 did result in the most Mg™ being lost (Fig. 4.3.7). The swounts
o ug** lost from the ‘s0il in response to the “"rain® of pH §.60 -~ - .
 and 4,22 was similar. The prasence - of Cacoa .a:.gm.ficam.ly

':'r__'decreased the. amount of. Mg"* leach&d from. the Sﬁil &t thﬂ 95%?.
:-r:onfa.dence im:erval (FE? 183] = 5 09, p =< O 0021) T

“had. hfqhar 1evels of Mg"' ccmpaz:ed “withy the ‘godl J.aacha& with

. wrain® of pH 3,92 and 4.22 (Table 4. 3. 2) 'I'h:.s trend was. nc:—t
e f.‘sa.gnific-ant a the 95% confxdence interval (F[3,281 =0, 39,-._1.__'_' S
T _;fr‘ 8.3, In fact‘. the amount af Mga* present in the acil lEdGh&ﬁ_;'_

with “rain® of pH 3.92 is greatar t.han that: in tha sail 1aa¢:hed_.“_;-.j L

- with. "rainh of pH e

lst

-';'_The loss of K in the laaahate was ot mc:m.tored, hawever the R

" soil andlysis at ‘the end of the exper.ment showed that K' had

"-'-"'__'b&zen lost frram the soil leac:hed mth "rain*' o:E pH. 3 92, The K S

levels in the . sm.l lEached with “rain“ of pH 5.60 and 4, 22 were'
" greater chan the initial values (Table 4.3.2). The difference J.n'__ "

" the amount of K* in the soil after being leached with “rain® of

.0 various acid ies was not signifmantly difie::ent at the 95%

'._'_.-_-'-confidenr:e * ..erval, (F[B 26] = 1 85, n 5. )

- '_“;The loss of Na* in the leachate was not moni tored, The presence

of Na in thq sail was small and var:.ed quita aonmderably ITable._'-i-;'j

4.3, 1), At the end. of the leaching expemment no distinct trend;" L
in tlxa amqunt of Ha p::asant in the soil m response ta fhe o




-:;.ea;iﬁeﬁts:.:_ci_df_»i'lti_;';,b'e'.fj";Sijg'e;s‘:greg :

; s; g. ) present in the soil after az*ifi*---;;-_.-
rain of variovs ‘acidities had beem passed-
_m:ough the cores. Unlts are cmol kg™l sxcept foxr . .
PH of the spil. Valuss within rows with the same =
ceuperscript &rée  not’ mgnificantly different, IRRE
while .those with differerrt superseripts’ are. .
sn.gnifmantlg diffexent at. the 95% . c:onfidence.
'-a.m;erval. I Can e _

§ _--exchangeahla e

i acid

o fier




y&ars cf mm"

. Fg.d3E
ST pain™ regimes, .

| Symbols are: - e .
Equatlons for Linear regressions through data points: ,........pﬂ 3 92 y=1.008~3.¥x r&*uu 313,

: r==ﬁ 830. p<0 0001, :

Loas oF acid aquivalanfa from aml ::ares in the lear:hate after varmus s:‘.mulated ac:id -'-j :
{Individual symbals_ are dlrec:t measumm&nts fram the cares,. lines._l-,--- S

show the best fit raaxessxnns Y

PH 3,927 -+I>P£422, e pﬂsﬁﬂ: 13 plt422+t:aco

P<0.0002; s pH-4,22: yae 3982, 5 x'nﬂ asa; p<0 0001: =pH 5. Gﬁ. gmﬁ oaﬁ—z,x: 3




§

loss of H" (emol

Fg. 4.3.4.

'gLnas af H* ions from sail anres in tha 1aaﬁhatﬁ after variaus 3imu1ated aQ1ﬁ
.j;regimaa {Individual. &ymbola indicate direct meaaurements framemwno#aaﬂ
S hest - Fif ragrassians }io

'Symbole arer.  .opH 3, sz, : + pn zz; o 5.50; A 'pH 1, 22 + caco,

“xain“fﬁ{{f L
'llnéa shawj::apgf%.

. Equations for linear reqressions ‘through data poi TS ot PHE ¥ 920 y=1,10.088 *ﬁ“0*3553

© M=0,0001; e pH 4,221 ¥=1,03.5 x%20,056; pRO.00D1; i pH S, ﬁﬁ..yeﬂ 659..'.:: pia0. avu
SR p<0 Qﬁﬂ.‘f.s i pH 4., 22+C:a¢03 y'-;;t.‘r 3%2,3:; r’vﬂﬁ 5523"]_p<0.136ﬂ1, ) - o




Laas af mﬁ* ions from soii Gores in the 1aachate ,after Varions smulated acid -
L hrain® regimes. {Individual aymbals indicate da.ret:t‘ measu&:éments
- lines show. best it regresaians 2 3 _ R
. Symbols are: . s pH 3.92; . 4 pH 4. 22, ’& pn 8, 50, i:l gﬁ_;a--zg
S Bguations for hineax: ragm&sians ’thmuqu dEta paint.s'“ S
PO OAGLE  moens pH 4222

s pdﬁ 0001, .m pﬂ 4’ 22*(;&(’:0; y=3 55

__-_fmm the c:m:es#

"““G V&2 x'"ﬂ 911: p‘%‘ﬂ 0091:

3,88 ':£===n ST
. _..mﬂpn 15 50 ya? i} w.: X »-o 923._'-:;.‘-'...3' '
--_'r*ean 7&1, p<& onm S | S

[ | SR




Lﬂ&s ﬁf Cﬂﬂ ibnﬂx fx-'ﬂm ﬂﬂil Cares in thal%ﬁhate aft’er varigﬂs gmulated ﬁﬁid"

i Pradn® regimes. (Individnal aymhols indimate dixect maasur'ménts frnm cnres. 1ines j

'Bnow the. best f;t xegressians '

.. Symbols'arér . o pd 3.92; = ph 4. 225 pR 5, 59. |
L Equatiens far iinear regressions thraugh data poipka:

T pdﬂ.ﬂﬂﬁi; m‘ pH._*l ngcja.cgalu yal ﬂ'} R.’,

o pH 34 92- "”0 :Jﬁrxf £ "’0 923' O -.
5 60- yu—-{l ‘71‘? s:: r’*‘wﬁ 51}.2 i

wwivone PH 8227 yeeG, 830,37 vi=0, 1245 g(&? 50{;&53; ;;).—500?
bl 15 i P







““ffflThe mathod lnvclved the ‘use. of undlsturbed soil cores tojg-f,_J
"ﬁ;datelmlne the effects of leachmng of acidxfied artlf cial rain - O

- *-"'_:«ﬂ" #ﬁ' nxscussxoxa

QEon the SOll,.aS apposed to- sozl cores that have been xenackad{ff 7"
after their extrautlon ag has been dﬂna in similar experiménts

- (Krug and Isaacson; 1984).,It was felt that undisturbed cores =~
S gave a,better representatian of the scil system, in that the flowf f?3a':

”"ff;ratea of the "rain® varied for different cores. depend;ng on'the -
”fcompaction of the. SQll in the coref Thls is similar to the way =

o saa

ceUraing follaws cevtain channels.and ceursas in the soil, when such”ﬁf[if]f 
- exist, and only ‘seeps unxformly through the soil when it is -
:if;homcgenaou51y ccmpreﬁsed Ag'a. result, - |
__  'the water passes quickly thxough the cares few exchangeg Qcauraiérgr?;_
"“71between dons in. ‘the: soil solufmon and those ox . the g0l Parff@];f"‘;
o however, when the. flow rate is slow, ngre exchangaﬁ
;,ififreactlans ogcur, Ccnsequently for the sdll analysls at the end =
”":fFQf the experimenx which determined the change in qall compusit*anfff-'&”

it ds thaught ‘that,. when jj5 R

_,ﬂjgas a result cf the leacuzng,-the aMWunt of 1ons ppesent an eachffi_} s
”F”Core for each treatment was meaned, lrrespectlve of the vnlume}¢ 1' '

B 'of “raln“ that*h&d passed through the care*_,ﬁ;¢

t-;whe 1n1t1al soxl &nalysxs shawed the soils to be naturaily acldlcfﬁ7f*pj_ 

'*:‘with a luw nutrient status (Table 4. 3. 1). Ths average pH (1n KClJ;V' -

__IOf tha 3011 in th& top 250mm was ‘4, 64 * oo 06 (mean s e }‘ 5 ,,;;,
“*7M3iweﬁ et al, (19886) potnts auL that when th# sa;l pH. draps o

_if bPl°W 5 chemzcal changes can ogcur: to the soll which alter 1ts L; f' ;
,ﬁ GaPabllltY tc retazn ar release lons Jine Lhe sail les has;ffﬁg'""

|  31mpnrtant ccnsequenges for vegetatlon growing an this 3011

' 5w;;It is generally thought that in f est soils, g“"is less?gff}?if_f
 fg_read1ly avallable than Ca”'tLutz ana Chandler, 1346} Hawaverfﬁ7 fu 

_.]a th1s was not ‘the sxtuation 1n these aails. there was far lessﬂff*f'
3QjCa” present ccmpared ‘with the amaunt of Mg” present Below ‘the .

folrst 100mm,. Ca“’concentratians were.so low that they were halow-177ff? %

'”f-?the resolutloa of the AAS {Table 1, 3 1), It has been foun& tnat:fft; f;



ijfcalcium 13 an esaentlal maarcnutrzent foun& in S
:jjﬂcanuantraticna withln the aytaplasm af plant calls, the bulk of;ﬁf*if  
-+ it peing stored aither in membrarious organelles, or being baund§?3h: ”g
__fgﬂto'the call wail, ‘membrane surfaces or the salts of organic acigs.
© Y and innrganic aninns._xt is ¥nown to- piay 2 number- of important:*fffff"-
‘eell funntionlng. ‘these are discussed ;n”datai1  ’  ;"_
. @Shculd the 1aw Caz* cnncantrationa in the sai17° 7;"i
__yh_g _resu3t in/ law Qanaentrat;ona wmthmn the plant thxs cuuld;affeatfﬂf f" _
o 7 51tha funatinnlng m? the aells whlﬁ“"would have a neqatiV"ﬁéffactgfj;fFj?

"'-fhfgrules in norm'

.; f} an nutxlant_ryalingt :
m-fL’eenld :
'-__ﬁaz*

'”~ffforaat sqzls whmch are acidiu often_tend_to be aefigith in cégf“,g ;~ﬂQ

dn Section 2.5.%.

ndéﬁﬂ atiénsliﬁfEhEESQ ¢a&ld have a negative ef_ua
disruptionlin tha cyulgag nf nntr' " "

S .-_-_rapid. ﬁecomp@sition ::f Qrganic ma'tser:s.al. Lutz and f::lm:ﬁler :194&) -_
jj' raacrd 10~30 times mﬁre haateria in‘a calﬁareQus sa&i than a;ﬁf ?]?
'; nonea1carenus sn11 Henae,a positxve feedhack.would oacux in thatL}:;  :
17;fthe low conﬁantrations of caﬂ+ “would hxndar ‘the developmenffcfﬂgj_c;]

_:,}hacteria which wnuld éaarease decomp°51tion rates ‘and’ furtherﬁ  :&i;
. limit ca®* in the solli Nevertheless these authors conclude that: = =
Cam inadequate supply of ca2+ in the- scil is ganerally the' 1esultf]:7’“

5;{7af a deficiancy in’ the element rathar than a 1ow availahilmty.fjffffff

._,f;*twhe aaidity aﬁ the qa;l anﬂ the anounts of A13* present wara;f}*fj_ﬁ
'"af re1at1ve1y high‘ In ‘the ‘top 250mm the A13+ content of the spdl
ffdecrea= »% as the depth and the pH of fthe soil increase. (Tab&aEf'f” f
Tl a3 1). The lmpartance of tris result 1ies in- the fmﬁd¢ng thatfff?_'z.
_,_ fj'mcst of. the A13* e found 1n the tnp layera whare the Bbil is_t@jﬁ* B
-  jQ_cmmpa&ed largely of organxc, deﬁcmpasing 1itter..Tha trénd of
_.__;“:xncreasing 313* cantent with decrea51ng pH is quxta universalf' ;___
| (oriscolt et al, 1935; $inger and s, 198?) However other

1atlvaly 10W:¥ﬁﬁ;*ﬂi

ety g



* foM“$t Of thﬁ Al“ is 9resent n the top 100mm where the Ca“ is-}Vf"__
-“cgenerally found, This could affect the uptake of Ca* by the
.plant.in that A1% hag bean found to inhibit the. uptaka o Ca“‘by3a7 S
lif;plants gruwing in’ acud culture solu?ians (pH &, 0*4 2) (Clarksanﬁj;;jfjﬂ;
- and. Sanderson, 19711._It is thaught that the ﬁl“ might ueutral-ff}jf:jf

__.;fize the negative charge on the pores- of the cell and thus praveat;f?_'

. the maV'* S

:fffstudias have found that al“ cuncentﬁations incrﬁass with soil,”ﬂfff;f
_ .*deptb (Jentschke et al, 1991b) In the anils that wera examinedj%fgiﬁi_ 
.. the high acidity in the top 1ayers Which tesults from the. acidicf”, "f_ 
.”'..'_-.lit.ter, s thouqht to be a.espons:.ble for snlubilizing AR
| consequently as the. acicuty dec ‘eases with' depth so tua cines t:he':'-_ PR
:j 'A1” content decrease.-,, S e S

aut ef ca“ imte the cells wf the xoot.u_;_j,;v

:;:j ngluminium“ 1njary tends to acgur mmre frequently when thef“;” : 
‘ffff,molecular ratio of CaiAl in the soll solution of forgst: soils 48"

- 'one or less’(Abrahamsen, 1984) . Howsver Roelofs et al, (1985) inm
_“[?their work on Pﬁnus 1.gra ulaim that the Ca‘nl ratin can be :-EH |
= ﬁ“low as U 2 hefore rqat damaga s likely to- ocuur.-In tha Bﬂ;lj_[g#ﬁff

" ‘that was ‘examined; the ratio of Ca; Al was approximately .22 (e 7o

" Appendix 8,2 for caloulation). This would imply'that 31“ injuryfff o
jhjro the roors can occur on thesa aoils."_'g i o

"7£n addition it has heen found that as the amaunt of Al“ in tha=” :j- :
"~ soil increases, the outward movement of Ca' across the plasma—l’j'"'°
_iﬁ_,lemma deureasas (Claxkaon and Sandarsun,. 971) “Henec the amonntQIQVIQf“

" of Ca™ in the cells cuald accumulate, which in turn may have a._1];”
©© negative affect on the _lsnt hecause the functioning of Ca¥ as 0
5:: fa signal metabolmte ia depandent on it being found in the ¢511    * -

7 at low concentrations {Paovaiah and REddy,'ﬂga7)__In addition,ﬁg“

' 'fca”‘accumulat1on aan inhibit the nevsmant and transpart nf Mg?*

\ ?”:to the rest af the p&ant Magnnsium is xequirad as’ an enzyma-ij__:
" cofactor, for riboséme integrity aad for chlorophyll syntheais-T;'*'
;..It alsa plays & role in, ma;ntainiug the structural stability of

__fﬂlnuclaic acids’ ‘and membranes, A high ca? concen” ration in the .

'f;*';cell can lawer the aatlvity of phaspha?é by farming‘the xnsaluble.: ;:~_




'compaund Caﬂpﬁgg,_ tﬁus inhzbiting phesphate~basad energyif ;fﬁ;5

"“ metabo1ism {Paovamah and Raddy, 1987). ____4 EEEN

"5A number af parametews have been defined by Meiwes et al, {1986);gﬁif;ﬂ' 
. which can: ‘be used to. dafarmine the stabilxty ‘and res;lience of

" “the scosystem against $0il acidification. If z system has a lew
- "resilience then a small stress, such as mild s acid dapcsition,_canfgf;jﬂ:f 
_H_:Qause significant changes" to the eucsysrem‘ The ratio; af Ca‘Alfpj”""

'+ 'is a good indication of the resilience and stabil;ty of the goil,

CAs increasmng amaunts of Ca* are 1eached Erom the: *”11 ‘and. tha;f-;7-:'*

__._ ”1;A1“ conteént of the ‘s0il incresses this ratio decraases‘ in this_:fffijf
o j:_study thms ratio was determined to be 0 22 which is very law.13Qf[ S

_fﬁflmhe pR nf the saml can xndmaate its H’hﬂfferxng capacity. Ths prf]'i L  
S the ch 250mm of s0il from the site on Long’ Tont Pass’ varied . o !

Hvbetween 45 23 and 5 0? This, according to both Khanna and Ulrichi“5” **T

'*'“f~ﬁ(1sa4) ‘and Meiwes et al; (19861r puLs the soil into ‘the "aatianfj-fn*fn-

 exchange buffer®™ range. Jn this category, during. aald;f;aatlgnjf;***7'

 f;{}I” bhecome aansum&d An the clay lattices and in_so doing release:ff_   o
© B1®. ‘The base cations ‘are exchanged for both the A1® ‘and. the '~ -
*”incoming #', and s¥e’ remove 1 from the scil System. With time,ﬁfff-?“-

most 6f the: exchange sites beanme oacupied by AL The ratio of il

'“Tfexahangeahle A o exchangeablé cations is thaught Lo vary lnﬁjT 5-~'

. 'such soils from 0.2 to 0.¥ (Khanna and rnrich, 1964) . As the '

.f.fjamount of AL* bn the exchange sites increases, ‘this ratma wx&l V}Vu“
_:.;rincreasa. In the soils that were investigated. ‘this ratio was . =
“:determmned to e 0. 14 (see Appendix 8.2 for calaulatxanl Henaefizfll"

B large pruportion o the exchange sites in this soll are still; f'”

f'¢ occupied hy cations other than al“ o e

- The cation exchange capaalty {QEC) of the su*l can also ba u$a£ f;_f*f}7
“to describe ‘the’ SOilS' ability to. buffer the aczdifiuatlanftxé'“

process* Generally t‘:m’s have been founc! te. vary fmm 2 to 60 ;neq_:' n
' 100g™: depending oh the humus and clay content of the. sail-'_j"_:
 fj;f(Brady, 1,84}, Pactors which affect the CEC are the texture of
" the soil as finely textured soils tend te have & hagher cmc-than-;fﬂi'""

ﬂz,sandy soils. The organic matter cortent and the amnunt and kina;i¢,_;



S _'______cgmglataly aclda.fy the scil, o

o clay present 1nfluence the CEC.-& so:l wmth & law;CEc 16?

'jfjfcthought 0 have & low. buffering capac1ty and cnnsequently  Tf 1fffj*f!”;i
'ﬂﬁfresiliance o acidification. Tha CEC of the soil examlned was - ..

f3 857 mac 100gﬂ. &accrdinq to: MLEWEB et al, (1986} sails with af';jfL f 3
CEC of less. thaﬁ 0 5 meq. :I.G(}g”'1 are thougbt £o have a very lawfﬁ*”“’

:' fres1lienca to: acidificatlon. This wauld maan tha1 th& soil that{ -’f“E

T wag. examinad.daes have somﬁ buffexing capac;ty ‘to protect i from

_ ;; ;further avidifxcatjun. Hawav@r,‘aeco;uwng to Morrisan (1984}-;': f  '_
sbils with' CEC of less than 5 2 meq 10ﬂg4 are sen31tiv9 to o

':ac;diflcatidn, ‘which wnula make ‘the: soila from Lnng TOm pass_j S

_ -;}*sens1t1ve to’ acldlflcatldn ‘Although conflicting; these sugges-;;;:fff_i 
. tions indiaate thau the acidifiaatlnn process in ‘the seoil that =

”*:ﬁ’was examznad is ot complete and although the $011 -can stxlliff7ﬁ'w”“

Y buffer changes caused by acidification, this buffering capacityf_ﬁf ;;f~§
- limited and . will. requira ralatively little acld input tajjlf e

Q@EQ&&E&QP A

S .f _m; .- figia.‘!. ac:z.g rain

f[_rigure 4.3 4 shows that an increase in tha acldity of ‘the ra;nﬂli!ﬁﬁfﬁ[

L wiil increase the amount of H*last in the- leaehate this. occuxsff f-f5-°

7'because ‘the H* inPuhs into the eoil” are so large that. th&fffifi'

' _neutra1izat;gn of the 3¢id iﬂput i3 incomplete. Only Fartlal.j

" ‘neutralization can ﬁccur 8872 result of & number of - ﬁactora{]5ffl-~f

“ }"firstly, a 1ow aancantrat;an cf aamlwbaund,basic aations presant,fjl;ff{ _
f'in the $0ll wauld rasult in a low prohability that thesa iopsg' ;_f3__
'--'will be exchanged. COnsequantly only small amounts :af H* mll he L

L'_removed frnm the salutinn.ﬂ L

' Secondlye the diasoiutian kinetics of thesa cations mmght be very}?J

- 'slow, or the retention time of water within the mineral soil may
'_fba exceedingly short (Van Braemen et al, 1984>* Both af thes&;g}f v}*"

"“f;iatter factors are related ko time, in nhﬁt the water ig’ passing,f'ﬁﬁ%”
'-=thr&ugh the aaml poras 30 rapldly that the eﬁchange reaatians are

5; not reaching equillbrium. When tha exchange "eactiahs dn'not near-:  ,_

_ ]i ¢nmpletinn, the acidity of the smmulat&d acid raln w:li nnt heﬁf 7ffI:5
' neuf*ralized ) . S . ) .




"'Al.x af thesa aspacts are lilwa.y‘ to have contnbuted tc the.i'-_'__"_'_'_:ﬂ'_.--;.':.;:j .
. leachate bec:oming aca.d:.fied in the soil t:hat was examined e

'_E;ac::.d:.ﬁwatz,on of - the 1eachat& has important Cmsequences t.a"."

S catchment:s in the ared, since as the 1aachata becomea mo::e‘::_-_'--'_.”

' -"...acidic, the graundwatar and runoff w:.ll ac:.d:r.fy. EE R

'..'f:__mighn become signifmant.

S ""__:"_'m the amaunt of H“ antering the sm.l increases, the expected
o ’-'_t:endency is for i:he soil to aCidz.fy..‘Iahie 4, 3 2 ghws that soil

_leat:hed with t?rainn of PH 5, 60 had a hz.gher pH (in Kt.,l; c(‘mparadz" o

r _ w:.t:h tha sailq mached with "rain" af pH 3 92 and 4 22 Hawevur, .

o tne so:Ll that had CaCC.Js added to 11: haci t.ha mwest pH, which Wa-s'-f

closest to the initial ‘pH. of the soil’ (fable 4.3.1). T

. -_fa-possizale that the ca.cea sa:cved te g:reserve ‘the initial s*atu& ¢f3'_l'__'-" SR

. | --t:he sém.l hy neutralﬁ.zmg the e :Ld before it am;ered the smil The“___-':--_
o trends dn ‘the soil pH- ware ot huwevar signs.ficant. ‘It cah he;;_f
' -.'_'speculateci ‘hat if the" ts.me permd wa:x:e 1onger, | thase trandy__

_.cn:har studies have indicated that Jsoils with a higher pHi;
r=--acidlfied to & great::r., ex.‘tant than smls that ware already agid L

(E‘alkengrena-smrup, 1989, Srhulze, 191», Y. ng anﬁ r*.v:ink: 31983),:.': _ff'j_ SR

) :f”i-'._.auqqeat @ reason . for thesa rasults, If tha baae oAl ion cantam:_-

- of the soll is low, as was the situation in thé solls that weze . .

A examined in: this study; than tha ability of the H' to exch&ng& e
" with ) base camcms is low due to. the scamzﬁy of the base cat,iona.

'_"-This regults in. the ba.sa t:a.tians “being efficmntly held. They
__ alao suggast that the “humic matezials which tend t:a accumulata_'__ 2

. : :. Cdn az.id:m soils, repel scf-.z 'rhese two factars woulcl result in - _'
- the S0, moving thr:ough the soil w:Lth " genarally act'.:l.ng as t:lm'_f P

! ccompanying caticn, _ ;i.th J.ittla cbange to- the pH of the soil, o

” :*'3',.:3:.:Thms uould explair the lac:k of respanse in the pH cf the: soil'::’__ PP

3_ __-t:hat was examined tcr the d:.fferent: acinz.txes of the "rain“

o Anather passihle reasnn why the c:hanges ir; soil &* cancantratiﬁn"_,_f
- are 8o small is that thé pH scale, being 1o§ar}.nhmm and at the -~

: _i'.__1ower end nf tha sf:,'ale, raquirea 1arge uhanges in. concentration"-'j_-' '



A befereacnanqe inPH is. reg:r.stered | - G

_ It; is intm:e t.ing tca m::t.a that tha pH af the sail is greater':
" afier the 15 years pfisimulated acid rain than before tne'_'j

.'..-_t:eatnents It should be noted that th:.s experiment. wonitored |
- soil acidn.fa.catmn in; reapanse to only one of the factors whmhf

. can centr:.but:e £ ttt*e ‘acidity of the soil Other nai;ural inputs_:_'__'-_:"f-.___ T
e acz.ds such as the demmpcs:.ta.on of litter and 0rgamc matter,;*i L

:'._reapiration by living organisms and the uptake of ions by plants

‘have bean J.gnared. The cumulative effect of t:hase othet ac:icii;fy.._:-___i.:_-'{__E'_':_ -
. ing processes, tbgﬂther wich the acid rain, would probably resz,,ltfﬁ

o __'__-in the su:.l hemming mare acidic during the tisaa per:.x:cl exdmmed.

e 'Tha tatal acudity, whicn .z.nciudes all the aaidic companents {i.e.; e
o ."H*, A;l.a*, 0rqanic acids ete: ) of the leavhate, was s:.gnifitzantly_
| .yreater when the Mrain™ was most acidm {Fig, 4.3.3). camparec{_":'-"-_-'--._
_._:_'-_.”_wiﬁh tlw amount lost whan ths PH af the “r:aa.n“ wag 5,60 and 4.22. '. AR
S There wes veéry. little dz.fferance batween the latta:: treatments.. S

The exchangeable aaidity of the aa:l.l at the end o¥ the leaehmngﬁ"_-';-_".:"_f :
o "snowad ne distinct trend with treat:ment tTable 4. 3.¢,3 . The sof}

. .leached w:u.th "r:aa.n" of pH 4. 22 ‘that had CaC0; ad&ed to 5.1:. had tha NI
o _.'.highesst ac:.d cnntent whmh was: t.h.e mast similqu +o t:he avaraf;{e'_'- A

B _'-_'-____'_initial aci& c:antant nf t:h;e $oil (Tabla 4 :} 1)

" Bs with the pH of the sou, the exchangeable acidity ie 1esa'fi_f"}-'-'-?;_-' |

."-_'-._'_after the ; 15 years of simulated acid rain than it was. before."_f"
"-Again it c.-an he specula.ted ‘that na‘cural inputs of aciditv

" (mentioned above) together with the. acid rain would yesult iman . .
' -inv.masa z.n 'che aaidity nf soil over tht-.a t:t.me perind axaminad..

- 'It is avident: from theSna resuits that acid '-zi.n has tha patential "

S ke alter the acidity af the- soil, This can have consequences on'__;?
e t:he veget:atinn growing: an these soils m tb.ai: uptake: ot :.on's_l._'
. _which are dependent on B sxtrusion, e.g. NH¢, may be dffected.

I Ehe pI-I gradient: batween tha axtemal mads.um angd the ca:!.:t.s of

©'the root. increases; the extrusion of B from the root would be

more difficult in that ‘the gradient against wh_i_ch_. the H* . ars



-ﬂ;;gbeing pumped wuuld be much greater Studies have 1ndmcated thagff;ﬁfg_?f
- the uptake of Ca? and othér cations, ‘Gan be markedly. ;nhibitede«.

:_;by H* in the pH. range ‘from 3 to 5 (Maas, 1968) . slmilarly thaj5fii fo
L.jextrusicn of excesslf‘yrnducad in narmal cell metaholism in thef,;‘““

_____

*.fpresent in tha micraenv;ronment of the cell and root. (Nihlgérd, ;f7-5“-"

. 1988). The reason for this is that the gradient againmst which the — ~ ©

w are heing pumped is greatar and the rate of ‘K mcvmment from';”{}f#5f;

_'12 the goil, down this gradment, into’ tha root will increase, thusfﬂf*n:
- making the: maintanance oF - the. cytoplasmia pH mora difficult ‘Anc oo

. U_accumulatinn of these ﬁnns in tha cytoplaanlmlght be tQKlC tc thef ;f”f‘5f=
lant, and thus negatmvalj affeat tha grawth of tha plant. SRR

"-;,ffﬂne of the most 1mportant sources- of - nut;;ents in the scll a0
C 7 from the ‘degomposition of o*ganic debris that rdaches the farest{j_fjg' ,
?=ff1aarfby Litter £all. and from decaying dead roats and soll fauna.gi’f&“"

In most forest soils thers is'a rapid decnmpnsitinn of organic_:;}"f“*”

_  f*:ﬁmattar whmah resuﬁts in a4 rapid turnavex of the nutrlents in the fgf Sl
. selll Studles which “have compared the decompoaitian rates of -~ .

'iﬁ fiplant mater;al in acmd suils with thase in 16$S aﬂld sailar have}V AR

:'*igiﬁkefﬂington, 1§8?) In addition caniferoub vegetatﬁan proﬂuces;ff?4i7f*

~acidic litter which is harder to  decompose than less acidinf{ .*f3“

 : ¥_11tter (Gosz, 1984). It is thought. that the 1ow base ¢nntent of}f‘ff?fff
v ‘the .litter is responsibie for this. The iow base content results
R 1 proteins baing complexed by po“yphencls in. tha 1itter‘ Theseg ;ff _f

'=aﬁf *complexed prateins are moxe diffiQUlt to dacampqsa.

',fBacteria play an. important rale in the daeomposition process andf * f

N ~bigh soil. apiﬁiti&ﬂ Bre generalzy unfavourable »OF bantarial;ffﬁﬂ

J{P°P“lati°ng (Lutz and Chandler, 1946 . Hence an increase in goil

B -.acidity could hava & negative,affect on tha cycling of nutrienta? f}f}E3F

in ‘the so;l Funga, unlike bacterta, are mors abundant; in deig’

 Jj'fso1ls (tutz and Chandlar, 19486y . One of the functions ‘of. fungi_-:rji:'
f‘ia ta dacompaae cellulose and rﬂlated aompounds. Aa a canaa—j,._., .

j;"quence, an’ increase in soll acidity might incresse the rate, ofij.  -
  :&ecome$iti0n of cellulose and relatad compnunds. Hnwever th$  ﬁn7ff¢~



'-'."__fats and waxeas assoc;,ai:ed pari:icularly with 'the cutmla,. as: well

R _fsm.l still further (Gasz, 3.984j

. as. hemz,c:alluloses andg1ignins, would accumulate in the sofl. 'rhe.___'f -

"'.'_matahol:l.tes of fungal grnwth waula increaSe the acs.cis.ty of t:ha__.__:

"'-"'_"__Tha ac:idity af Lhe rain d.id not sigx&ifiaantly influence the rate”-'

e '_:,"'__fmding ig thak. the' 1each:.ng of Al‘* is dependent on the salubil-
L ity of the Umanir: mat.tm' (Krug ‘and Is&acson, 19&4),_.‘_._ .
' _to the  soils that’ were examired in the.present study, :.f the'___‘}-..':_ AR
Qrganif:‘ ma.ttar was nm: soluhle :i.l'*l ‘the: so:l.l salutmnr thm wauld
_]f.r_explain the finding that the amount of a1% in the leachata had”;{}}f;j;ﬁ

-“‘_':mf- variad in respanse to the aeidity af tha “ra,m“ - : R

__ ’I‘he soil’ analysis shows that after 15 yaars of simuiatad rain, R
-~ 'the least Acid equivalents ‘arising from AL* were present in the -~

o : .'_'Z-':_"af :Leachmq af acid equwalents aris:.ng frr.:«m 23..13* in the sm..L as

7. measured in the Leachate (Fig. 4.3.5}. This can'be due to Al%in
- tbe soil béing ad&arbpd to the soil’ partiales mcre tightly thanf' e
_mther ca.t:mns as a resuili: of ita high vale y Sl

':"-.':Tﬂn r.he ather hand, Kruq and Isaacson £1984) faund that the-'...;_-_._'__'__

-_.':Laaahing of Al’* fz:am acid, arganiamrmh soa.ls :m resycmse

v ag ac:.dities-nf_ the rain increased. tagether with the amount -

o wrganie. matter in ﬁhe leaahate. The conclus:.on dl:awn fmm this{f.-?.”‘.- B

S __ soil t:hat had’ been leac:hed with rain of pH 5, 60, w:.th inc'.:aasn.ngf-fi-

o --'-_-amounts prasant in 8§61} leached with the more . ac:.dit: Fain (pH .

4 22 and 3. 9.2‘) This s pxabably due to the 1&_3.3* beduming:’_"_

'_::-:.nsalubla at. pH’ P greate: than B. 5 tVa.n Braemen et a.l, 1.9&4) '
'Hence some of the AL in the coress leached with ::ain of pH 5. 60

would ‘have precz.p:.tatad and ncst be{en extz:acted Ancthe scsiiﬁ I-

-f---_._analysis Mthmugh this trend was mt sxgmficant - agairz, if i‘.'.hé':-.:'. L)
- Eife periﬁd was incraasedg the diffarences might bsecoma s:.gnifi-—-_;_- IR

'-ﬂ:cant. CRE DA

o ;ﬁ_' The add:.tmn :of CaCO; maintained a h:.gh Al”* ccntem: m the saxl '-.-:: Lo

(rgable 4.3, 2) . prabably as a result of tha Cacc'v_-, neutmlizing the R

- amdit.y csf the’ "rain“ befnre it entered the anml, canaequentl&'




__ f'1n the AI* bantent of the s0il could have a ‘number of hegative
- effactg on plant growth {Levan, . 1945; Clr .,kson nd_ Sanderson,

"'-444

' f 1itt1e Elm‘was leached out cfstha soll t“ig 4 3{5 'anzlncregse;;

1971, Abra.namsen, 1934. mnlgaxd, 1935)

U Brom the inltxal so;l analysas {Table 4.3. 1 1t was’ dptarminedj1$ff%fj 

_ ,: 7¢that _there s very 1ittle Ca?* prasenf in ‘the soil and dn
- ‘addition,’ pzactically all af the Ca” is’ fcund in - the top 1Cﬁmm 

- that was leached trom the soil was practically indeterminablg

| _ -1i(Fig. 4 3 6), and.the effeat Gf varying the acidatias cf thﬁ rain
o ]jcau}d not ba cbaar*ed in the sa;l (Table 4 3 2). L

. is found almost: ‘exclusively in the top 100mm, tends to. ‘indicate

. of the soil. as'a annsaqu&nce tha amnunt of Ca?* in the 1&achate3  ;?iﬁp

”fThe fact that ths amaunt nf'Ca“ in tha top 250mm is'sn:small andf;f;h.

_,ﬁ; jthat mycorrhlzas must be playing AL easent;al rale in. ensuringf;ifﬂ“J 
;;,.gthat the plant recalvas an adequate supply nf Ca“ Emndings havef;hﬁf  8
'”ﬂ ind1cated that mgnorxhxzaw ﬂan ass;st the plant an a&quir;ngfa;jaf

' mobile nutrients. such as ca®* (Llndermanr '1988) . In addition,

_:uptake af Caﬂ has baen fﬂund ta e 1nf1uenc9d by the amohnf_ tf&f;;~;

_ _'i  13 prasent in the sail (Clarkson and sandarson, 1971}.,Hence;;jgff;ff
. the mycorrhizae ‘mast be axtramely eﬁfiﬁient An: extracting cat

. from the soil and in translncating it o the hcst, If the A1™ in.

: Jthe soil tends to increase With lnareasing acidity Qf the raingi___.f,{
“{Table *4.3.2) - the uptake. of Caﬁ']mlght become 1ncxea$1ngla e

| f;- 1im1ted and nore dlfflcult--“

'*7 Althuugh the qraatest amounts af Mg” wera 1ea¢hed from tha soilf'u?t;fﬁi

O when the urainw was mnst acidic, the amqunt Qf Mg“ leaqhed dzd_ __“”_ r
Cmot vary s;gnificantly in. rasponse to the differant aciditiesii ____

. (Fig. 4.3.7). These results were not ‘expected in that other <

:}fstudles have shown that noxe Mg“ tends o be 1eached when the:f_
,_f;solutions are more ac;dic (Krug'and Isaacson, 1984, Nyagaard aﬁdg{ 
";Ahrahamsan, L991)‘ There are a number of pcssihlt reasnns why ehe;_-

. amount of Mg* did not vary simnificantly with respect to theﬂ T
- acid “rain“ treatments.-;L;,;;ﬁ--= | R




"17';basic catlans are affic;ently retained. It can be saen fram Fig;”

_ _]f;fwas &xamlwed hecanse the ratia mf bas;c tn acldic cations lnfthef
'7jﬂftop 150mm' s low. As a result af few caticn exchange react; s

,;ﬁ3 f0ccuxring,

"“ﬂg-nat significant.

 °*¥Anuther explanaticn for the;

_ur ls sl&w, cumsequently the_

=;Whlﬂh catman exahaﬁga reactlﬂg'” 

4.3, 1 that suﬂh a situatian may h&¢e nccurred 1n the sgil that,

n

_the. resPGBSG Of MQ” ta the aa‘d rain traatmants, ﬁasf

-_ack of responsa af Mgz" to'_-- thaf_.'_f_-”_,_]

' zﬁ*reatmants is; the poasabmlmty that the Mg“ in the gai¢ may beh“i.f

.:”*ffftrapped in clay lattiaea and thus not exposed tD catlcn-exchange

';f?dependln an %heir structur ”
C-osilicon’ base and “ig composed. ofﬁhydrous ‘oxides of iren and
'=tra1umin1umﬁ~the sther. category is silicate claya which passeas"“

Y

_lays can pe d;;idedn‘lnto twa- braad aategariest]
on type af clay does not hava -

,.i ;,eithar siliaan‘tatrahedxa.ur aluminmum 6ctahedra Whlch are Jomneaff' 
.j?;ftcgethex by'sharmng oxygen atams in sudh a. way;so as to form
_,ffffshaets..ﬁs the silicate alaya form. —-catians sudh as iran and%ffff
«.ff'ka ‘cdn -be 1£omarphxcaily substatutad for Al“ in the sheetff"*i

_;; f¥particles hav;ng a megative charge {Szngar and Mnnns, 1387)L;{
. 'Figure 4.4.1 shows such a shaetwlike structure ‘of the clay,_Theﬂ'

'"'cs:Lm:n.:L«au:*.‘i‘y.ll!Jﬁ"+ dan substz*ute £or: silicon) resulting in th& clay{ffﬁf:.ﬁg

_ f  incnrpcratimn of Kg“-in thsse sheets would pmﬂteat i framgﬁfjf'ipi
. exchange raaatlnns with the 1ncoming H? frcm the acid rain.__;,.jf'”””’“"

':{Slnger and Munns, ;987)

”'VfAKrug and Isaacsan {1934} fﬁund that nut cnly dad tha rate nffﬁfiy"'“

L alse dependant ‘on this factor. fbnsequently, £ the organiaf

leachlng of al“ dapend an the salubillty of organic mattar infwmnv
jacid, nrganxc - rich sails, but the rate of leaching of Mg waagl

. matter in the soils that vere sxsmined was not soluble in the

' 7*$ni1 sclutian, the lass of Mg* in the. leachate, ~as with ALY,

o would not vary in response to the differant treatments.-¥ y-JI _ﬁ“':

o me °i1 'ahaiyﬁ_sfe.s ahove that darge smounte of g™ remained tn




7«&”Jﬁb¢h'
o oxygen .
___:;_.-5._. aium:mum B B
EJ hvd"mﬂde : o =

. : @magn 533:?"4 m A

E‘ig T aa.l i sc:hamati:: repreaantatmn af sa.l:.ca Y c:lay"_-f;‘j
E TS shqwing i:he silmcm and a‘lumnmm sheets whj.chi_ :

;anluda magnes ium;

- tha snil: a ter t:he 15 years of smulated rain and'..; -..a’t:" there -were_i"'-"'

| j"_'-;__'.-_.'na sigmf;cant respenses to the different. am.ﬁ "rain" treatments'.‘ . FR :
7 Other.studies have shown *-ha.t the Tesponse of solls té acid ram_f?-.;f-:'_. NI
T treatments have nnly been’ s:.gnif:.cant when the pH of the rainhas.

'.-':be en :Lesa _than PH 4 ﬁ{rng “and- Isaacsm, 1984} i{owevar the

- analysis of ‘the’ leaeha,te ‘tends _tv__indit:ate trends ‘ that mll_-_-: RO
_"___“:=-'--’_f-become 3 _qz’xif:.cant if tha axperiment was’ cant:inued far_'____ R
_i____'_fi-'_'_parmd af time._ B S

- ‘I‘he amouni: of K‘ in the soi!. ternded t0 increase during the__l'._;f'if.'
_'_._';_'.-_-1ea¢h:.ng experimant (Tahles 4. 3 1 and 4. 3 2) ‘rh:.s increase-*_ S
" canriot be axplamed alt:hough it s possible that the ‘extra: B

S might Have been leached from the steel cores themselves, At the =
o 7 etk of the exper;:.ment the sail laached with the most aciﬁ “rain“-f-;;"-;
RS '__'_contained the least K, _while soil laauhed w:.th “rain" of pH 4. 22"_- RN
7 -&nd 5. &0 contained the most R (Table 4.3.2). The - from the

_ L _"acid rain cou.ld have axchanged for I{“ ati the sm.l paxtinles wb.:.le -_f-f' :
- '.-’_i_:mwmg t.hmugh the soil core. This would result in K' be:.ng 3.ost'-:"__;-'_'_
-'-_-'tcr ‘the planﬁs :.n the tr:p 250mm where mast uptake nccura.
o '_--"':___Generai 1y it is thought that Caz“. and Hga“ are lost ciue to. R




o ;'_'_';axchange ::eactiens

wi‘ch the H“‘ af th.et ac:Ld ra.-..n, hecause thase‘

O kwe cations are 4s & rule t.he predommant catmns in ths. sm.l'-_

. the

'-'.-_"solutwn {Nye ::md kaer; 197’?) . However due to’ the. large ammmts

- of K* found in this soil it i likely that this cation could be . =
" --lus*‘ in 1arga quantn.ties ag’ a result of exrhange reactions with.-_';___}

from the acid rainm. In- additmn, K. is likely to be.

S _""'_exchane;fed fmm the sail part* :.es rather thaq ca®". or Mg** because'_{.;_-

_ ) ."_"_'-'_"_:""the catmns m.t:h the hlgner valancy are mt::re strongly attrat;ted‘_'-_:_é-_':j
: to the: soil pa:r.ticles a.nd hence are held mare 'I;J.ghtly to these .

B _'-:_Partz.cles-;_ However othe:' studies have -shown ‘that. manavalanﬁ“

"*";_-.'cat:mne are . lesm affected by the :Leaching solumcn, w:.th the_________ R

._.-except:.on_ BE K 'from_d&eper sails (Krug and Isaaca:m, 1984) B :

":_:": "'ac:id z:ain o Na loss ‘gould not be- determined, because the amount
S .:_f-od:‘ Nat in the soil was smala. anﬁ the 1oss af th:.s catmn fmm t:he:
“soil was highly varisble (Table 1.3.2). This venatmn could have._'__" .

e ‘_":"-.'::fres‘altad from h:.gh variatmn m the sml :.n:.tiall.?

A %‘5

__::__hesre tended'to be an :.ncrease 'tn 'tb,e amount of Na
in the- soil at the end of tha laaching 'I‘he effect of_

"_'apecies vary in the:u: sensi*.;iva.ty tcr increases in the am.dity af'j

___tha soil, ‘poorer” nutx:ient. conditions ‘and. inr:reases An the -

"_'_'cancentraticns of toxic caticms ‘such as Al’* Hente it is

J,mportant to: determine whethar the effects of at:id deposition can
E _-"be amelinratad‘. one - s‘.hanl C.'f thcught pz:opased by Krug a.nd E‘rinx AN

| {1983) is that & number of natural , rogesses might decrease the

o _'_f'-'-_-'effects of amd;.f:.caticn. Far ‘example when the’ pI-I is. be:law. - :
* -aluminium oxides in the parent material may nautraliza acid in
.. water. Other natural buffering systems that commonly occur in't gha
:'ﬁscil ara neutralizatian of acn.dity by ‘means- o reactions PR
T, HCGS iran axzdes, as, well as nrganic ac:.ds (Mar.....sm,_."""'___f._:"-._:_'."-'_"-'-'."

- _'-'-_'_'-:_t.s_a.a;

- _'I‘hese natural prm:esses may r*ot be sufficient to amal:a,crrzattsﬁt t:he
. continual ‘deposition of acids ia the: prec:.pltaticn, consequently e

’ -""';__"the patential *af Cacoa o ameliarata any effects t.hat am.ﬂ rain_- : 



Imay haVB on 'the x:at:e oi sm.l ac:idificatwn was. imrestigaﬁed ‘The

=5wfapp11cdtian of CaCO; resulted in a. redvction in the’ zateinffifi7mf?f

leaﬁhlng of e

o '_'."._.f._'was effectlve

'“3f4 5 7ﬁ - comcIUsIONE

_ __ff'hangeahle a.c:a.d aquivalents, H*, ac:.d equivalantsl_.;. L
B ."'_".ar:.'.s:.ng from Al’*,' as well as dﬁcreasing the rate of. 1ear‘h1ng of
BN Mgz" (Figs. 4.3, 37 4.3.4, 4. 3. 5 and 4.3.7 resper:tz,vely) Thus ’che:_ff’_'-"_- B
. use. of CaCO; to d;ecrease ftha rate of am.difa.cart:.an af the soil'_ :

3 . The m:.t:.a‘* 5041 ana.l.ysz.s showed tlze sotl to be natu;:ally acidic
'f[af(pH in KCI 4. 64), with a h;gh Al” content 1.12 cmol kgdj and jkﬁ';”“'
L low: Ca"*’ and ‘Mg®. contents (0 aa and {l 50 c:mol kg‘l respectively) .f'-_j. .

o The Caz” c"_:"tnnt BF the sc::l.l was. §o low that below. the top. loam;"_"
the L’;' cgntrat;_gn Was helow the resgluﬂlnn Qf the ms )

- -.';"'When'the'rs'ail cores were leached m.t.h art‘;if:.cial rain of varmus_:_._

-:__.._f:"-,__:_..ac:a.dit:,as; it was. faumd that the 1eachata had a sigmficantiy AR
- ‘higher H* cantent when' the "rain® hada lower pH. simila.rly the' R

.."q"._total amount -of - a;'-ld E—’Wi"alents" 3.eachet:1 ‘from -the 50-‘”.

-'greatest when the “x.ain“ had a pHZo -3.42, These results indit:'_ ter-i”‘:__ R
o that watey percclat:mg through the. so:u.l ‘could become more acidf-___' R
if the prec:u.p:.ta ‘ion’ acidifles, 'i’h:.s auuld hcave 1mpartamz. ctmse-.:'_: SRR

.:-quences “For catchmenrs in ‘the* araa. .- There was . howsver Ao

"":._'__.'respect to the dlffererit acidxt:.es of the “rain"

sigm.fmant cha:nge in the amount of Al in the 1eachate Wa.th."_'.._

" ther amannts of c:a"'* 'present in the 1eachate ware balow the_“'_'

""--’---_-"{{re:snlun.mn af the MS; and consequently it was not pnss:.ble tcx

S __-monitor the 1eachmg of Caz* Eram the sm.l cores‘ A

Wwas 1eached with “rain" havmg a pH of 3. 9.:.,, the diffsrence in P
- '_amounts ot Mgz" lost in respanse to the "rain" ' nf varicus R

-~ It was found thatf although mcre Mg’* %’-:as 1031: fmm t:he scu.,l that'_:_:::' T

g acidlties wag not aignificant The fact that the rate of" 3.aaching";ﬁ‘-._--:;-_'-'--'

" did not change with different acid "rain" regimes could be due

tm (i) the-low hasic to acidie ‘cation ratio resulting in few_'_. .
R exahange reacticns, (ii} a large portion Qf i:he Mgz+ in th o so::.l_




_:__"_j_dszmult | s may

_ result in 3.ow Mgz* 1eaching ra.tes. Qver_a langer ’penad 0__ t‘im o
'f_.'i__';-";'-:_.the increasmq amoum:s of ac:id in tha' 'recxpitatiﬁn may mcmase;'
"'_'_tha -apount’ of Hg*" lost fxom the soil,
ava:.lab;.lz.ty of Mg’-’“ for the"i'-'p_lanta anﬁ sinde” Mg“-

| ":-';'-___':_'_:ff_to tha growth of the plant.

The responsa af Méa* to the acid “rain"

e _ﬁ_'"_:_}rhe addition of cacc;-j :
" that it xesulteti :m dewaasad aﬁnoun

soil. U
R _lncreasing amounts af Ca’* bem

-.:r.m:.ght Ba he.:.d" in \_the__alay' .latt.:.ce ma ing. . exchange - a&th
'-cnr {:L:Lz.}.._ the lqw solubillty ' '

""‘Th:.s ‘would reduce the
: plays $0 many
:.napcrtant rcvlea in the plant,'”such & 1asa cnuld me'_ detrlmentéx.-'

'?treatments cbuld rmt be;_-

: -'equ:.va.lerrth, : M.’* equivaients anﬁ 'Mg?_ _b&J ng iemﬁmd *ﬁrnm the:;_"_"l'
_:&st:andably, the application - eac:o'-"" resulted dn
ﬁat. in the leanha.t.e;




s grmosvesson N
_;fj;fOne af thn symptums associated with fareqt decllne in Morthf
 f7}'ﬁmer*ca and.Europe has béﬁﬂ @ 1688 of feeder root ﬁmamass_(ﬁchuttf
o and Cowling, 1985}, “This may result: £Zom either a decre*lse”m root:.
ﬁ_fE flergth ar a reductieﬁ 1n *aat mass par nﬁlt 1eagth af*rnah. it
_the loss of feeder: root ‘biomass ig not accnmpaniﬂd by & Simhita‘f

H]};;the plant may ”ecome nutrlent~stressed

| OF ROOYS GROWTNG IWIO SOXL TEAT EAD SmmN |
.._-:-masm ’J?f& mwmmzmg mm mm- o

fiq;neaus increase in nutrient uptake rates per unmt length of reat,f'lfgf

"'7,;This damage to. the'root g;stem nf the'tree ;may reau;t frem a;f] =

'[ 7change in the soil campesitlnn._ﬁgid raln'hag'the Pﬁtential*tu_fa
..'f;;generate changes in the soil composition by ingressing the rats
LeE soil. 3¢1dlfi¢ation {Chapter 4. discussas tne effects that acm'.;

_. f5vain can have-¢n~the campas;tzan of the 3011 1 Thms chapter;

_igjfs 1 1 lllustrdtes the questmons addressed,in r“;s uhapter Thmse_
*_:factars can a¢her the ahlllty oﬁ the plant ta Extraa

' :ffffltness.__¢;;  e

':_Q[explored by'the roots Planta ara only able ta extract nutr;enmsfgjﬁf"}ff

~ With time, although ions move to the raot surface by mass Fiow
o and dlffusiun, ‘this soil can bedome nutrlent deflﬁient. T orderf*3
-~ for the plant to acquire aufficlent nutrients; Lhé raats of the

2y ut ientsf;f,

':_The extenslon of plant roats into the bulk soal is an important} ¥Q;j; f“
_physmologlcal process iﬂ that 4t datermines the valume of so;l@";j*

3¢from the soml adjacsnt te the reet suxface, din tha zhizasyhare

_[gplant need to extend. into. the bulk sail so that naw natrienth o
. resewes Ean be utilizl':".d- ._ - R N .. . A, L ] L




UHTAKE

. . e

~ROOT I
CsvsteM |

oot | [ Gmycorrnizat | [attored raot | |
{_longth || colonization || mess: |

t.mns adﬂmssaﬁ in this chapi:tar,

'-'_'._'E“ac:torb which can afféc:t ‘root elnngation incluc!a tempexat:ura,

U geil water pctantial, photﬁsynthate supply, oxygen concentration,

'___passibly growth substances, as well ag the soil enviropmeat in

:'Lﬁig 4 3. 3 Yy diagrammatm rapresantatinn o The ques-' E

erms of fechanical reaistance and io. & t;ha.t are present in the |
Coosoil o (Brew, 1979 M 1tharpe~ snd. zioorby, 1986). 'i‘heese factf- AT
,mesidea affect ing t'.h:a rate pf root el@ngation, gan datemi .n'

.'_"‘w”_marphalew of i:ha rscxt which can i.n turn influenca aut
\;jiuptake.:_.- e . ST o

- '_"'_'cnange:s ;.n thez masa pn unit langth af raot: gives an indiu.atian,--' e

. as to whet.ha“ the. murphulogy of the reota, ‘stch as thaa !:hicﬂmesa_; SRR
'r;ﬁf the roots, - cuul& be affecued by acid zain. var:a.atian in tha ﬁ_

 sorpholagy of the runts could be caused by changes in the

o -:anatumica:t. stxucture wE Ehe mot. Medifieatiuns in the anatumy__._g S
- "'-'ﬁf the roai’:a c.mzl& alt:.m: tia p\wmayf, and h@r.c:e rate of mm:amant, |



”” ”of ions frum the aoil tu thu xylum. The nass per unit 1Eﬂgth nf#”f5“*fﬁ

_;;i?root can also give an indiaat;an of the vitality of the: rants{hg;] ?
-{"in that lightar ruvta may be hignly vanuolata and. have large    , '“

" intercellular spaces: Roots of this nature would not respond well

fi_under either lnw aail water tatus a: thainal stramsas~ {Rvy

" Myunrfhiaaa hav& bﬂan found to cmnfer & number of campetitive S

SR advantages on their host. These are discussed in ‘detail in
. Sectiom 2.2,7. Most importantly, nycorrhizas assist thedr ‘hosts
Cin ehﬁaininq an adequate supply of nutrients partieularly andéyr

. 1aw uutriank candit;ans iTinker, 1934) Thera are manv ways that,j_f '3 '
- this may be ‘achieved. Flrstly, ‘the hyphae of. the mycorrhizas;*'_,_wf
afextand further intc the soil than root hairs, thus ensuring that -

"3.5 5 greater Vulume g sl i axplara& (Fugal, 1983). The hyphal_f' -

f[fnﬂtWOfk also inareaaas tha absarptive surface of the plant, 38 ' f L
U weld as: being abla té penetrate smaller snil pwra, than rant_F . |
_ ;hairs. The. pasaibility also exists that the fungi die more .
“'_effantiva at ahsurbing and/or t”aﬂﬁPnrting anﬁ storing nutriantsﬂ}fﬁff?h,

”'ifrom the soil uhan the haat'a rcats (Farke et al, 1083)._;__":-f"

757 xn thia experimant, the 1angth o? racfs graw;ng intm aail that ' -

© had been exposed to various amour s and acidities of artificial

-faaid rain, was determined. Tole would demonstrate. whether aomlj;7’4'“

 that had been avidified by acid Fain could affact oot extension

- and, cnnsaquantly, affect  the amqulsztion of nutriants by tha_ ' f :
.' up1ant. The ' nass par unit 1angth bE the roots gruwirg into this'ff f*‘*
soil was also cletarmimd in- urcier ko ascertain .dhether the -

mnrphulmgy of the rcot had heen altersd. The percart&ga o tha;

frmot length that waa a¢1¢n¢zed by myaorrhizaa was de erm;ned~~ 
;_ibeuause any nagative effact that aeid rain may have. & the degrea_?_} ,_
Cof mycnrrhizal animnxwation aan in turn atfect tne nutxlant,*i'

' ;~ﬂtatus of the plant.3,

- '5 2. Prepavation eﬁum,ima..ms

- The aail that had baen exposed to artifiaially acid*fieﬁ "rain“jf: '-5



¢__,_T{in t e micrclysimwmers ir the first experiment was xemavad frnm: ﬂf§fg&ﬁ
" each of the stainless steel tubes and dried. Subsamples of this ..
' seil were analyzed, in ortier to determine‘the PH Of the soil, the
*ﬁExchangaable acidity, as well as.. the alum;nlum (Al“}, calcmum3 Q

S (cathy,. potassium Yy anﬁ Mmounesium - ng“} content ot the sall.};f

”-f ;L(chapter & cvntaxns tna mathud and. results of theae analysea 1'557:

_:'f;Rn¢t ingrawth baga ware mad& aut cf a ‘palyprapylena ‘mesh o
i'fizsﬁﬂESE)f They were 350mm long and had’ a diametar of 45min, Thaf;f_,f}f}
... mesh bad an epening ‘of 2.4mm. The rook ingrawth hags wers placeafjf
dn the ﬂrnund at the ‘site in the. forest on Long Tom Pass..Thlefﬁ

:'The firat axperimant resulred 1n tha sa;l fram Lha cnres being;;f’i

jam&lzoratéd ‘to- different dbgrees as 8 result of tha varyingy

,:,volumea and aeiditias of the “rainw that had paased Lhrongh the ,g'n"

Cgeil maras. 5Tha valﬁme of “rain® paasing through the soil hadffi

” ff@;varied as & result of diﬁferencas ‘An the ccmpactiﬁn of the soilg{_?fl?gf
. inthe mic;alysmmaters Y Cansaquently, Y range Of BoOil cmndit;onﬁ]f}jf.
'-n;;nad raqulted as’ appased ty distinat *raatmﬁnts coxresponﬁing o o

;f:ﬁthe acydaty of nhe “rain“ that passed thrauqh the SOll caraﬂ.Jwﬂ;;E;.?h

- grcund was clearaﬁ of 1ittew, ‘and fior Faah bag,. & 36&1 gore with =

. adiameter 2mm greater tasn the bag was removed Erdhm the grqund.:5j  g ; 
ﬂfiﬁaA Tout ingrowth bag was then piaced intn eaeh hnlei Four bags_fﬁ?ijf
-I;were placed around each tree, 0 the raws of the’ ‘treas, at a?;;ggflf?

- distance of 0 ¥} Eromn tha trag stanu Fmguxa 4 2 1 1llustrataa theISV

. - way the ingrnwth nag& were Rnaitienad in the rnwa of trees in the-°f f3 ¥*
";stand The soll was put into the mesh bags, aftex whiuh 1GDmL afgg

';xgﬁlstilled water was pourad in*o the top af the bag

o . . ."{:-

Ifhftex ? 5 months, which was apgroximately tha duration af tha“gf' 'f'
B growing seagon, the bags were ramoved: fnom the grcund This was . L

_3; _dQne by kneckinq s steel tubse {with a- ?Omm diameter) Fr s “h3 7:f'fif
" ground around the bag: The bottom ‘edge of the tibe was sharpened . -

' 5¢ as to. cleanly saver the xcats ang- prevent tham ‘Erom - bﬁingy:fffff
- pu1lad ot of the bag whan tha bag wag - remavad fxnm the grauna, PR
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— “"" rows of trees in stanu L

L . ’rree sfam
L i_-.,'.“_; * root mgmwfh bug o
C) daud tme /gup in piarﬁaﬁan

mg. :a 3 3. % plan af th@ way tha ront ::.ng::aw-:;h haga wam |
= placed in t:he graund :.n the plant;at:mn, IR

-}_'*i‘ha z:aots that had grmm into the. ba.t;: tmre tximmeci closa tc t:hel-:_-' R
. suwface of the bag ‘The contents of the bag wers placed int:o:: P
.:--11 arlanmayar “flask. A soil sample of “:0ml. ‘wag remmnad ‘for
S 'f_ana.lysﬂ.s. Water (800ml) was added to the flask after whicl it was
e acad on = shakar for 30 amnutea in nrciez: to ﬁislodga tne aoiz...._ﬂ L

R ‘-



':The larga ruots wara then rembved frﬁm tne flask,and the rest af;;;}%: -
_°the aontents of the flask were placeé 111 a root alutriatnrj" o
'_"dasigned according o Smucker et aly (1982). ‘The latter. used

. water flaw and compreased airto separate the: organic matter frqm;“-ff:_ f
. the soil. The organi¢ mattar was then aaught on s 0 35mm mes&;rﬁf :_;_
s*eve.~. : : - R T

JIn arder tc preserve tne roots until the xcat data could be colnﬁy

 ' 71aeted, fhe roats wera placed in a 30% ethyl alcdhal solation,i R
S It was datammined,that 20% ‘athyl- alcohol did not aause shrinkage;jfﬁ;;z.;
*'j5=mr diatnx* n nf the raatﬂti,;qfh',-._::--a - S T R IR

l'f_gmqfara_ﬁéL =ih
==frhiza

n&-raat length, xmot mass and dagraa of my*nr4  '  ___
o : Qlaﬂ& aainn, the roots were sonicated for 30 minutes.
'f;Thiv ptar&Sa ramaved smme of thﬁ muailage surrounding the raats;jﬁ;?

as welt.as dislodging soll particles that were closely aasociated3-;;jQ 3”

'_f;with tba cam?s and the mycarrhizaa‘;,,::y ;¢£;

'.*;S 3 3 Qg,ggaﬁnaxg'nll

"“xTha " hod that: wag: uéed o determine'rout 1ength was tha samef;] 3 : 
S aat progusad by. ‘Tennant {1375y, The rocts were plaeed ina

}-snallaw, Llat bottomed white dish ontaining 30% alcohol and were

a__'vfteased out S0 Khat they 1ay across a 2l em grmd Ths ronts were;fF¥ §55
:g; +viewed with the aid af a magnifying glasa.;;__j”_;; i S

'7 The 1ength of the raot was calaulated by ccunt;ng the numbar ”ffi ' 
times the roots intarceptad one of the grids. A count of one wag

_qiuen if the ruot ﬂrasaed & line or tauchad a 1ine an Lhe grmd,:'

while a count of £WO was gzven if the curved portion ‘of root layff'7 =57'

' along the line. The fallowimg farmﬁla, fram Tennant (19?53, waa*.;;}}'

- then used to determine root length:

rant lenqth N (11/14, x number bf 1ntercepts é_?{-"f"”

"jnont 1ength, in this aase, refers to that fraction qf raatSi.” '

'”-  ;graater than Smm in length., Some aﬁ the ruat tips (both mycar—j, 7"

| ._iiirhizal and nan~mycorrhiza1) broke  off the rorts dn thef”'”"'”
L .._..elut:r:.ator. These b:cq_kean i;:s generally had 1en9‘ths :mess than“_j. :



"]ﬂbyiThe ﬁegrea of myuorrh;zal anlohiaat;nn wag 80 high that tha best;;ﬁ:: L
L way to quantify it wds to caloulate ‘che peraantage of root levgth

. volanized by mycurrhtzas wag’ calculatecl usinq the. falmmng"
- : fomulao L R . : . . S e E . o o .

 '5;5mm' Thﬁ?”wer@ ¢°119¢tﬁd aeparately'on:a f*me mash and‘wera faunaf;:_ff“ h

S te form & constent fraction of ‘the. calculated xoot length =
:'; fname1y 45 B5.% 7, 54“\0f the total rﬁat lenqth @his Fine fraatmonlif“ff o

© 7 pf broken tips wag not counted for each oure and hence . the = .- -
.”.fflenqths are. undeﬁestamataa, by about 45%, af the tatal 1ength. T

- that was. myaarrhizai. Tha 1ength af ront tnat was colnnized Was_Tifjf¢f 

| determined using the same ‘method as ‘above however only - mycar- 5  ﬂ

rhizal 1ntar¢epts were recordeﬁ* Tha percnntage af root that waa;f:*55'

x lﬁa

53 mycnrrhiaai roca‘t: = ,my:.' h z 1 1o :
':uatal roo 1anqth

'jéxn additian tha praaanaa, ar ahsanee, nf varmous myuarrhizalﬁff7:”:'

ﬂ:-  §.gpa¢ies was noted. The different’ spaaies were characterised en
. the baaia of- their calaur anﬂ the branching pattern axhihitaﬂ by f_r'

. tde colenized: mata‘.- The r:.alour ‘of “the: “fungus  was. “usnd e

S faifferantlata speales in spita ot the fact that the. aalaur of Qnafﬁ;*;f”"

__“;mycarrh;zal spaaiaa may unange during itfs 1i£e (Egli and aalin,f;f"f7
- 1889}, The reasan: for- the uae “of, this paramatar Jas ‘that thﬁd;:ff :ﬁ

"*'duratian nf growth uf ﬁhe runts 1nta tha root’ ingrowth baga was__**

"'f nn1y‘ane aeaaun and was’ conatant for all the ‘pags, hence, it was

 ,_{ 5 2. 5 B : rook T _ G
..:T:Tha rmots wera nvan dried and tna dry maas af tha raota whiqhh_;     
_.:axten&ed into the bags was daterm;naa fnr each uf *he haga‘ Tha'~"

| 'f;"thcught that the ﬁge of a1l tha myaarrhizas must. be relativelyf;f :

' constant and,cansequaﬂtly‘the qolour‘wauld‘hardly'vary within cnal. f]7 -
i apeciasﬂ .': L . S L ST R

_   fﬁry rost mise for each hag was divided by the root length for  ?”  f_
*{%mhwinw%rmimmwemawmwamwmmsmrmmiﬁﬁﬂ

'gflength of rnat.; R



'Tf{ls 2.6

A principal components analysis (P(ZA} was perfrzrmed uaing Canaco )
. {Terbraak, 1988) in oxder to . determine if any- relationship T
L enlisted between the sc»il characteriatics and the amoum: of raat B

| :"-'_"'_-elangatinn and mycarrhizal ‘colonization that had oacurred.

well as the mass of the rnots par unit 1ength. The data recordingi BT
'_'_'='---the prasence ‘or sbsence of ‘the ‘various mycerrhizal species’ on'f'f-."--';'_:
- xooks’ Erem the haers, was alsa subjected tn PCA in relatmn to the'_' A
'--seil character:.stics. T S S e T e

e I«lnearregress i°n$ - Wera performed using SAS/STAT releass 6.03.. -

" ) The average 1ength of rom: t.hat grew mt:ct an equivalent of__ kg“:}i, o

. of soil in one growing season i& listed in ¥able 5.3.1, as well__:f?-_;j_':_.-

| . as the dry mass per unit length of root and the perce#tmge.'f the
root that was calan:.zed by mygqrmma&’ ’J!hes .: |
Ca average r.:f all- the ingrnwth iaagss irreapeat:.va c{E the, ciegrea nf-__.

M '_ﬁ__;-_.ocr-ur:red in the ;acul x:;f each of the bags

valués are én

,wﬂidificaticn; ‘and _ consgquernt. ion. cancentrations,' tnat ha__ R

| ﬁahlm '-35:.‘:'_3__._'-.3.._'__- b The average raat length per :{g suil, dxy NASS par: i

- ‘unlt . root: ‘length, . and  percentage mycorrhizal = =
.;::_'-'colonizatmn of  the roots. which grew ints the R
Crrootlingrowth bays,;, irrespective of soil eumposi-—_;_-_ SRR
S tion; {x ¥ s, d., n = 3&} o S

root.length (m kgd) L "m_' 14, 02 5 so
‘root ‘mass’ (g m“’*) Q. 12 3 0 03 __
%_mycarrhizal colanization%;wJ31“31 : ?_51 T

'_'f'-__f'.t'he ECA analysi& pmduces a biplot of &nvironmental and; plam:
) cha.ra.cteristics which is a p.‘wt of both of these sets . ofl-'ﬂ:'

c.haracterismcs mn tha first twcf axes that have baen ext:racted: |
. by the analysis. The analyais grcups the environmantal character-—:

_J.stics with the plant characteristws that they pasaimy




f:f_"::.nfluence. and F’flames charactaristmcs 'which are negativaly?}
- origin indicaves the likelihood of the character contributing -
) .:. signl f:.cﬂﬂtll‘? tq the regrassion. 'I'ha aa.gemraluas of the analysz.s_.;;.;_;_

S E-A blplbt of the sm.l characteristics and the ::c:ot charac:temstics
_g}was canstruched using tha c:utput frcm the PCA anal?sis,_ ‘rhe_'_-:__'

_ccrrelated to. aa{:h athar as far apart a& ?GSS%MQ» The ‘dangth of o
. the arxow joining: tb.e enw.mnment:al charactaristic point ‘with th&éj:'

S z.ndicate hcw much variance has been aacaurxted for hy axis 1 anﬂ"-_{

'_?--3.'1::1‘?1:91: (F:.g'.__: 5.3.4) imi:r.cated that " a passmbla relationsﬂip-'-:’_...

'_-”'.-.-_'_’.exis e&_betweeu racat mass and br:rth the ca and ’Mg cuntenta of tﬁ "

- mot correlated, however a similar plot of soil Mg content ‘against
- root mass ;F;,g--"3‘ 5,3.2) showed that Mg cnntent nf’tha soil tended .

A pl.m: ot sm.:l. Ca cantant: verous raot mél'_-\ showed that tney were";--‘"‘-"

. to be posita.velfl correlated with the mass psi unit'. length of . - -
" root. This. relatz.onship was not. sigmificant; (Y = 8, 3303"4" "'-."_ L
T 1255»4; r= = 0, 103, now 32: P 0:0'?3@ | "

"'._:__'___'Nane :ﬁ‘ the other Soil characteristias appaared to aﬁfecﬂ; the
. rate of root growth,’ the root mass per unit 1em3t.h or tha dagme_:,;--_'j___'i

'_’_’of tntal mycarrhizal cnlonizatian.




) m@. s :a a

aipiot oF aeidifiea.soil characteristics and ey characteriatiﬂs af root qrawth ;nto {7l

tha snil ingrowth hags. imyc = tﬁtal mycorrhizal 1ength}




7 the. root. ingrowth bagy is ot aomparable with that 'of roots
'*jwjg#growing 1n the bulk soil

_giiingrawth.hags,_ln adultlon, thare was prasumably a difference 1
.the water potentials of tha_twu sails ‘which wauld affect root_,

“fIt shaald ba nated that the amaunt af graf“h that occurreﬁ"inta

: :This is due'to *he fact that the bulk
" soil i -much more comp&ﬁted aomparad w;th the soil in the root

 ff5fqrawth. Wence, “tHE - amnunt'ff gxﬁwth that occurred during thewjjﬂjf[:"

s:'~“fqrawzng sesson into the bags cannot be ised to estimate the rate - . -

TS growth in. the bulk soil, but is mereiy a parameter to compare fif3f§5ﬁ
”;1the effects that ac;d;fied sail aan have on raot grcwth L



mgssperumttength oot (gm=y |

015'-'-"._-' e o;ss 055

Mg cnrﬁem in, sr.:si ""'(cr'rsol kg"f-)

.‘*'E‘a.g. 5.3 2 ' T‘me effect uf sa:nl Mg content. on tha mass- R

{pex unit lengt.h\ of Xoot . Tha 1ine is the '
- begt - liaear <% {r - 0 1€l3, o 32,
oame.

_Seven dn.fferent type's c:f myc»rrhmal species were found to:

S -'_colons.ze thesa roats. Plates 1 to T ars.-a phatagraphic recard CI

'-r°°t5~_ Thﬁ mycorrhzzas were not character:.zed as there are m:-’ S

- existing descriptions of mycorrhizas found inthis area ang their._-?'..'-':;'_’-_'_f_'._.'_
* ' characterization would be a study on its own, consequem-ly they =

will be referred to as’ sPec:Les 1e speciea 2, and 50 fa::th Tahle
_ '_-:-5 3 3 lists the surface morphologicai eharacteristlcs uf tlm -
- varinus types of mycorrh;.zas ' S e



PLATE 1 Spédies'l mycorrhizas - short, brown, simple

'l'!—a—_nd
0.5mm

PLATE 2 Species 2 mycorrhizas - long, brown, simple

L
Tmm

89



PLATE 3 Species 3 mycorrhizas -~ short, black, simple

[
0.5mm

PLATE 4 Upecies 4 mycorrhizas — white, simple

Bomcir s ot

0.5mm

50



ﬂ'éLnEE 5:"$pecxé$;5 ﬁ&corrhizéé':~ brbwn'with,black'tipé;ﬁ'~
o - simple S S B B

Summromrraaid
. D.5min

PLATE © _sPeéiQS'G mycorrhizas ~ ghort, brown, coralléidf
frm:

01



N

BEB¥E 7 Specles 7 mycorrhizas - Qark, brown, ceralloid -




A specien 2:

- Dese
SRR -5 §
o poot
{The

S dete
-]ftion

ription of the surface morphological charac~ . " -
stics of the mycorrhizae found colonizing the - -
s that had grown intd the root iagrowth bags. -

standard deviations oi the measuremesnts were - = -
rmined frem & ndnimum af thrae detarminaw T
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| The presence or absence nf the different spevies colonizing the =
. roots. growing into each Toot ingrowth bag was. recurdaﬁ, A biplot;}_fiyi~
" of .he soil aharacteristims and the presence or absance of the -
ﬂ;'different mycnrrhiza¢ specmas waa ceﬂsnructed £rom. the resulus__-ﬁ;f
Cof the PCA analysis (Fig 5.3, 3). Tha etganvalues cf thﬁs plot ?'°i
-'are racordad in Tabla R - e e s
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S wabzm 5 3 & The aiganvaluea of the PCA analy$is af the soii
o - characteristicy and . the degree of - myccrrh:.zal
' :} culonlzatian that had occurred. z 3 e

; Mls T RS D -Ea.genvalue:

_0.323
- S
azna o
0 127

1
2
3

" '_ Thex b:.plct shaws that spaoies 4 a.a neg*at.;.vely comalated mth the._ _

.:;1;31“ content: and the acidity of the soil as. ‘both the Al” cont&nt fﬁ_z;n_ﬁ_ﬁ
o _and thé acidi y cf the soii are situatad at oppagita Slﬁes Qf the;4*3ﬁ*'*""

. in'the presence Of speczas 5

..lf af hhe smml incraased; thera was a decrease 1n the PresEﬂﬁe Qf”j'fjf;l_lx
“tf;:this myccrrhizal apeglas._wha_biplut alam ahows ‘that. species 8 .

s nagativaly corvelated. with the .pH of ths. sail”'?hé decrease H%f;.e1<_

'”spect to.an increase in‘the

'ﬁfigﬁsail pH is. illustratad in Eig, 5'3 5. Areamding ta tha andlysis”f

':fj-these are the only 8611 variableﬂ whiah aantribute signmfmcantly::
;[:ta tha ragressian.h_, Sevel T R LA o




B Biplm: of mycurrhizal spar:ies &nd o r:har-—
antariatics,._ e
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soll pH range. S

Chanqe in speciea 5 abundance mith re5pect to changzn% 3011 pﬁ. ;*j;ffﬁﬁlfi;ff°_7
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e e

The use of root ingxow*-h bags is an efficien{: means Qf malcing co-_'
_-:mparisons t}f mat grewth :mto acil that haa been adjusted The
.'__j":-_.'f-:"_reasan ‘for: th:.s is ‘that' ‘the use of matura ‘trees in the field':_j .
" _reduces the likelihoczd ‘tuat . carbon | assimilation.’ 3ra*'as, and

{'.consequently gmwth xgtes, betwaem trees - would vary =~ markedly; -

Itms s m contrast t.o seedlings in 8. 1aboratory.._ In add;ticn,,
. the. traes are ail suhject to the Samrs m.tragen sources, iron-__'

""'-'_salts ste. that are present m tha ‘nataral conditiansg campared

"'."'.':__with the pot grawn saedlings in a laboratary.-_

;h '5 4, 2 ggg Q@ﬁﬂﬁh ) - : S S .
Che. tﬂt:al .1ength cf rwt that: grew into tha ‘soil exposed tu'-_:_
R "-iart::.ficial rain of diffarant aca.ditias, was Found rot. to ‘vary :.nf-
o ._'-':-_'respanse to the range af scul auiditias that: haci resnlt:ed. .

"' ',fot 15 2

iffwult tn attampt tcr predict tha n.mpact that acidifmd_ o

J:‘.'iOJ-l may hava Qn! rgqj; growt‘n.-. The reascn fOI‘ tl‘liS iS that it is

- impossible tio separate ‘the var:l.ous mspmnses af the rout tc tha_..’__‘_

“-_':_i"_,__numemus ::hamg&s that: aeiﬁ rain nas on the soil. L BETAREE

-"IFWSM-Y aczd rain c:an cause an :anrease in the H“ : content cf the'_-_"__--
"..'sail,- tChapteJ: 4 ciiscusses this aspuc:t}._.- sm incraaae cinc H‘
-;concantratinn hag’ hean faund tu increasa tha sxteaaibility cf the

" :call walls (Rayle amﬁ cz,eland, 4.970)-- inursasa An. t"he rate_*

__.-:--mE elongation a:f eorn - xaot segmem:s occ:urred when salut:inns ‘had
- pH of 6. 4 or lass, with a maximum incxaa&e at pH 3 4 (Edwaz:da__'_.

- -_-'_and Sc.ott, 1974). '1':3 explain th:c.s effect, 5.1: was pmnasad that.{":__

":':'--:it.he - c.m:ld exert ‘& ph&?sa.ca.l effact on the ‘wally - such as the

f'f'_aleavagé oF acidulabiie hanas which might rasult in t:he lunaening{_*
. oF the. cell. wall, - On t:.ha athe:: hand, _¢he ' effect wmight be a

B cnemical one  where the » o stimulates enzyme hydrnlysis e call |
' f'wall pmlyaat:c:ham.des allowing ext:ensian to occu;;_ ,_(Ec_is;raxt_i__s and- 5 '_
-_-_Scmtt. 1974; o S P



af P.mua $ylvesf:ris seedim’a‘sf the ac:.d ‘rain’ had s ‘.'3:'... frect’ ‘m. t

'-":13“91'-1“1 of £ine roots  (less ‘ghan lmm in diameterl but. ‘the " caarst-:—
| roots tgreater than Amm in diameter) t.ended o be J.onger :.n‘ “the .

o :F;-ac:ida“fmd modl (m.ghtan ‘and Skeffmgtun, 19873'

« o (1989) - found that rainfall pI-l had no effem cn---_.5‘éither coarse ox':'f_'_f_;
”.-fme re:at 1angth B AL EE U S SR T

on the other hand it has baen reported that hzgh ﬁ" c:onczéntra«"'f-:__

t:_ons {pH ‘4, G} can suppresa rnot growth (Laneragan, 19'?9) N *he._‘."f"

L H were thaught to ‘suppress t:ell d:.vis..::n in the rooc mern.stems
Deans €t al, " (1%0) “found that acid rain signz.fiaantly reducedf_'_

'::*the proeluation Cof coarse zoors 'cf ?icaa Eubeng buﬁ that' the;:___:_:

L pH of 3. e, comparad with a pH qf eithe:r: 2.5 ax s. u. __ =

f’Sahrer '{1%’?) faund that there was a 36% dacraase m the iangth_'_._;\:_f;:

o 757_*gk:eatest £ine ::r:mt Producetinn oacurred when ‘the auid mst had B

af th.e Pmmary z:‘oats of. Piteh pine whe.n wateracl with _artifivial =
__'aaid rain of. pH 3 comparad mth pH 4. After J.nitiatian, el-:mga-m'__-
-'_..-.__-.__tim nf '&he lai:az:al racts was also n.nhibited by ra.’m af p!i 3 L

Cni ---__*;_Theae canfls.ct i.ng raports momernmq tne respnﬁse uf roots: fo i-I*‘

."aoncentratians suggest - thrashnld affact :Eo:r ciiffeﬁrent _' roat-_ﬁ'ff-_

'_ f-'}“_t:ypes and different plant specles ‘which appears tu ‘be zela.i;ed e
_-'._"_{jbmih thve buff@r:mg x:apaca.t:y of ‘the soil enva.ranment Cand . the
: . plant’s ab:.lity b changa ‘the  acidity of its énvironment. :cf ‘the "
© plant is growing ‘in an’ renviranment that A% well huffered ‘an¢ the"‘___'.-_
 plant only mildly aaidifies ‘the rhizosphere, thén- an imrease dn o

‘the B’ content of the soil” as a result of _acid rain may “be

" ’:z-a:ivam:ageous to- the plant._ ziwaver, i the ‘soil. hasl a- poorl‘__f} _ﬁ_

'__'buffering ‘capacity and the plant dacraases “Ehe of .the -
o xhiznsphere ccnsi:lerably, than o sligm: increase in tha acidity‘
' of the scil as a result af acid rain may causa the pH of the" soil'_’ff_.f

 to drop below a ph of 3.4, which will damage the  cell, membranes.

__f:.f’-ﬂ'his will influene:a bcth root alongatian and nutrient acqu«wi“i{.'-'?_
| tibn.,ﬁfg-~- IR PR e T

-"'-It:"_ - .h_éé “been found that - acid rain can cause _ihb;ﬁg&niﬁ? LA to :' he i

Smmons and ' I{elly



__.'released fv-am t.he SO:Ll partielesr' thUS traﬁsformmg" the _ﬁla"-"' B
A seluble fDmr tsee Chapter 4), Alummum is h:.ghly taxic and'f'

'--has been fcnmd tc affec:t roat: growt:h nagat:.vely, _ Godbuld et al,_

'_.:';--(1988) reportad that: ‘the rate of. roct elonqatiw Gf ‘Picea abias
_ ._.-.':SEEdllBQ'S: expasecl t(;: Al’* 'at BOU f::r 12{}0 ;.Lmal dm”"‘ was. inhibited_f .
. by 63-73%. This résponse is thought to result from the substitus

tlon of C:a"*:by Al"” On the cell wall A decrease in Ca‘* on . the_-:'_"'f:'-

L cell ‘wall could alter bat:h eell ci:.v:.sicn ‘and cell eiongaticn in"-

j‘__' -_".--'_the raats because Ca plays such vital r:olas in these pmcasses

""-’":.'_;.-'I'he Preaence cf mﬁ‘ can- affect the branching caf f:.na mnts wh:.ch'.’""'

_results in the rerts becoming . "stubby and - “spatulate" < (Foy, . |

':"__'197410: V Muminium can inhimt root grcwth by b:mding to k he - DNA:'_---_:':..’

'-:of Foot merzstematm r:.e.'tls (Blask:., 1989), or by decreasing ‘the

L ,extens:.bility :af c:e.ll walls baz crass 1mkmg ‘?:he Pec"—iﬂs -’m tha__'-__'_..';-;

”-é-_-;xemuld e:zpe:ct: raot:—-:f-:__-_"__' g
nte:nt aax & result_l_'"_i,.gi

: - Hence - n'e-='
'e,}.ongatmn tn decpease asrith increaaing Al"*

uf inc:reaﬁng ac:.dity J.n the rain. Howaver the roat zaiomass per’_:;;_--.f'

i_unit. lang*th of rocﬁ: may mcreasa a's & reeult cf sa:s.l acxdifica—-;;___-_-;-'.s‘;
B '-'ticm if ths dluminium c!id mv:rease the “stubbiness" t)f t.he roots..

_""The depe:sit:.on caf m.tragen in the ac:.d ra:m can alsa affer*t roct"f

© growth. Tt ‘hag" been - suggested that  the energy that is utilzzed-f--_i__ :
"to c:omrart Ckhe . increasing amnunts ef nitrogen m prate:.n can.; e

. -'deplete t,he.- carbohydrata rasarves ~thus xeducing suhstn:ate
o availabil:.ty for raot: grawth (Deam m‘: a.i 1993) Co

'_..'_-The requixement of raats ta av!a""f‘:a’* in their :.mmediate envimw-f;
ment- ‘in order to grow (Loneragaﬂ, _ 9'?9) 15 anmt:her means by w‘;ich“-:_._--
© aeid rain can a.ffect the rate mat elongatmm Tn".-if-‘&?-sop_ for'
‘this is that acid rain cas decrease ‘the Ca® contett in the soil

i _"as a’ result _of ‘increased cation. léat:hing {discussed in Chapter E

4) IE tme amount of Ca’* . :m the soil should decrease helow ‘the -
"’fc:rit:.cal coneentrat:.on s & result of acid x-a;r.n, thia would have_:_-{_"_‘
negative affﬂct on the r:ata af raot alam;ai:mn. o SR

'-_'_I-n th:s.s :.nvast;gatwn the confli ta.ng effects af s.neraasing H*,-_'f-,_j_-"-f'
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'- ._":AL‘** and nitrageﬁ concentratwns, “as well $' the - very low .

-concantrations of Ca‘* m “the soil; mght: nave resulted in: thare;_"fj.:f
-_being llt:tle changa in - root -elongation - irxto so:z,l that l-mw bezenf
B axposed to art:.fmial rain c:f variaus aca.d::.tz.es.- B PR

sas gest ptemmes o
" Root biamass producta.on was’ rmt affected wzth respect t:c:L the'.__'_--'__
. qudlt}? of . the so:x.l that; mas ax.pused, t:.o axt:;fica.al ac:.d rain.._.__;_.__
-_Artlficial r:ain af pH 3 has baen fmund to decrease ths.z reot dry'-;_.
i weight ‘of Pitch pine (Schrv'r:, 1987}" on the other hand, art:.ft-—-
- cial raln of pﬁ, 3.8 was fau.nd to have no, e:.fec:t an e:.ther marse

m: fine root biomass of loblnlly pine (Simmcns and ‘Kelly, 19_39.)_:,.

Increasmg ‘amounts Al* have “been found to’ s,ign;ﬁ_iqéntif_"_
"_'-_'reduce the rwt m-:y weight of Pwea ab.ies s&edhngs,_-.. R A

o -'.I-n th:..; mvastigatmn, the root ‘biomass did c:nang& Mth WSPQW':’:
o te the Mg’*‘*"cnntent m‘: the sml‘ Thexe appeared ‘to be an :;,narease';_-_
‘Ln h:.bmass per unit langt:h uf mat with respec* to an increasey-ﬁf
0 dn o sedl Mq”’ content (Fig. 5. 3.2). " This. dould be a result . of
mcreasﬂd activit'-Y in. the cells af ‘the wmt bec:amsa Mgz*-is such','_'
_ in ;._mport.ant gofacuor of many ennymest 'i‘h:l.s trend was ‘net however::_-:_

'---_'-:--'statistically signif:.cant:. o

----Em‘he general lack of rnot: respanse t:c:» tha soi". conditians aould

. be due ‘either to the range of ccmdit:..cms being t00. narzow. to -
S elivit. a detectable respnnsa; ory has “been suggest‘éd by
"".'_simmcms . amd Kelly (1939}; he dua t:.Q genatm control of rout'_._._"

growth - beirxg greater than the treatments impose:d. She:uld the
_.'_.1attrar ba the case, then if the roots wa::e expes&d ta the treat*j
-'ments for coupla of years instead mf nne grawing saason they'-'_-".
'might respand ta the cont.inued stress :L.I'l a differert mannar. R

at - o

"__'":_-'a i 2& Mg&n&iagl nglagar.

B - The symhiotic - velabionship hetween planta aml mycorrhizas confers_'

-_-_'a numbar af advantages on the rmst. ?rabably the most importam:.j_f "
© of . pese is the acquisition of mineral nutrients by the - fungus |

S '_-:'f_which are then macia available to the host. - -

1'0_-1_ -



affemt tms relaticnshn.r in the fola.owinq ways. es:.l acid:.fa.

 : :.:_praeluctmn by t:h.e hast or: resc:ux.c.a allocation of - phﬁtasynthatt
.':tn ‘the  root" caused by aaiﬁ : ra:m could altez: the level
_myca*rb:.zal culanization. Nitrugen m ‘tiie acid’ rain~ can act a.

'-'-'-_'___:_:This coﬁld influence the e .af myc:c*rrhizal colonizatmn txﬁ

."--'.aquilihrium status that g exists between deletemous microfim:a:

__'__'scil arganiams for nutrients may be altered {vagt et: al, 19"’1) ;

‘8 d:.ffemnc.e :Ln the c}ptimal 'pd . for' mycelial growth ar ma'
"_fopt:.mal m’ _.‘.or mycmrrh:.zal colam.zation {E:cland and sadersf:rm,

' "-"_'Re:.csh et al, (1985} proposed that acid rain’ has Lhe pctentia-'"'"':

ca .ion o al’cered rhizmpheze candn.tions can’ a*“fect the growth.,
iniectivity of . the mycnrrhizas._ Cnangea “da carbohydrat@

B a . fextilizer which ' wauld : change the-“ amcunt- of : mycurrbiza.
_ -'bean found t.a raduce . mycorrhizal aclam; aticm slightly, whilh
""'m.trata ha.cl rm raffec:t _tm' mycorrhizal .1evelvpment (Jentsc:hke f-..---'-

-19911}) -

'- gIﬁ additioﬁ; the‘~:' . | ~'iity of the soil, as’ well ag

- ssscoisted Zactors. | ‘anges in 3&13* concentraticn*s; i
. -_-_-cmly affect th@ rat& growt:h hut also t;he garmir*at;n, ?’ﬂ
. potential of the funga. . ‘'Dighton and Skeffington, 1987

Q-_omcu::s,_-_ S

It has alaa _ been 5uggetsted that ac::.d rain could affeﬁt wie_

- (whigh paist in. ._-.'a_ll | osalsy and the mycczrhizas {perrin ihd
_.'Estivalat:, 1989) Surh & change in rhe equilibmum balanca co:jild
© alter the survvml cf i:ha mycorr’;,izaq in- the aoil‘-. Mt&ruatiw:ly
tbe abil:.t:,z of the mycorrhxza to successfully ccmpata m.th m,r{e:c

; .

:r.t rhould alsa be notaci that an :Lm:reaae :m the H*‘ concentratwn'

 in ‘the soil as a rasult of acid rain cauld ‘enhance mycorrhiahl-
formatwn . benause ectomycoxruizas ganarally acidaphil x.c
(s‘xafar et al, 1985, Hung and Trappa,. 1983). There may ala pa_,-._*-_-

1990) *-n in c:rder fa:r the mycorrhizas to benafit: the plant, t
pH ‘ot t:he acul shsuld be iu auch a range as t;th inclur.ie bath the Y
:_bpta.ma. D : oo .

oz



;_:_i"‘"iis' mvasm:gation '_ shcawed that ‘the ptaraentage o myr:.orrhizal
' 'colonizacinn by all speciea n1d ﬁoL vary with respect tc the

”'dlﬁfgrsnt uail campa itians whioh rasulted frmm axposure at the:;

o soedl to. _Elf:id rain.  However, tiw speeies” cempaaitinn of  the
. mycorrhizal c:.r:urmm.mJ.t.,qI -i';s:a_sl-“ raapmnuwe Cto . the ciiffe:_rent; La0il
'."camp:qs'itiom._ in the _present study - seven diifwent spacles of

nycorrhizas: 'cc:uld B2 distinguished colanj.z.:.ng ‘the reots that bhad

" geawn into the root ingrowth ba.gss. ~These differsnt types are o
"'illustratad in plate.., 1 Lo T oL |

-""-._cheaz: expariments ‘show t.l*iat' the response of mycorrhizas ta acid

* rain can be highly : variable. Redek et  al, (1988) ohowed that the

o 'jpercentaga of mc&t:s iufec‘t@& by mycmrrhi as «mmca sad in éa iiné«az‘”-' '

" fashion  with incroasing acidity of the rain in nildly seldie

.:__.;sails (p& 6 3} Homvar t:he mspmme in Etx'ongly agidic_. &mils (pﬁ.

4.1y - 8, quadratic: mlationahs.p with LA maximum mycm:rhiza‘-

""-..'respanse nc:curring when tha raln. had a pIi af a, Thay auﬁgaamd”"_
that the ‘effgct of the acidity on’ the mycawrhiaaa wag. highly'-'_
'_ﬁ_;-ciependem; on- the pH of the soil: whoen the rain - wan far ‘more
. acidic that “the | scil, the eﬁﬁac:t of '*’hﬁ" ‘acid ram an t;he-_ .
- . mycmxrhizaa wnuld ba g::aai:eat. . - : S

LIt is more 1:1,wa.y that - m Lype r:f aail rai-hm: than the acid,i.t:.y_
S nf the. a@il is .'meart:ant in detaxmining £he dcgs:% of myr:arrhiaal i ;

infection wr:lt:h ‘respect to  the vanpiag, anidity of “the rain, The
-_raasnn fr}r th:i.s is that t,ha amil. type w&.l‘l a:‘.’ftac,t: tha buﬁ‘fming

__capacity af tﬁﬂ asi&, the ian caﬂt9nt ﬁf tha sai aa_w&%; ag many .
'.ether aspects.-\: : : e A

._=-'Shaff~r et a.l, (1935) :.tsc ﬁﬁund t.hm: the mspﬁmf*m @f mymrrhmau
“to - simulated acid rain fitted ry quadmtic mlat:i.anahip. Howevm

o Sdinc this c:asa _the peraent ec:t:c:mycorrhizal nalmn&zaﬂian was lanet
- - when the z:ain haci a pH of 4 am.i grezmast:. aﬁ PH 2, 4.- Meic:»r &t aJ.,' .
'“'_"{1989) found that the. tataa. Aumber of aatamyaﬂrrhmal ti.pq tendad’_}

_'_:_Lo a.ncrease “with inrreaqing avidmy nf ::ai,n.. simmms am:i Kell;'
{1989y  found that when £he  sim uiated mirz h;acl 4 low: p!i, : jchaj--"

o dem:n& r.:f mycorrhiaal mlmniaat*imn uas gmatcas:t. R
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-'\'Althmzqh the parcentaga e the root 1angth calonizad by t:he
different mycarrhizal species ramained constant in tt:i.s study,'

: ".'_"Zrhe indivxdual tvpes clid respond da.fferam:ly t:o “ghe c:hange

2 :swil c:ompa&iticn g a rasult af ‘the acid ‘rain, Speaias 4 was'-'_

 found £o be senuitiwa to the AL® cmntant o the soil (z‘ig._

5.3, 4),.while species 5 was found to Bo. sansit:.-m o the pH of-"’
© the soil mg. 5 3. 5)..- | S

The variatimx in suaﬂi@s res;pmu is similar f_:c" the "'fi'ridings"' off: i
- Mejer et al, (lﬁﬁqh - Sinmons and’ Kelly '(1989" and I:Jightﬁn and
- Skeffington (1987) who all found that certa;.n mycmr.rhizal species

" respond ci.sfferently t.o the daposi*ion of aci&ic rain, Simlarlyff

-'Er.lami ad- Séderstrim (LSQG) found that .‘Liming and t:he cansequent

"-"ciiétnga in smil pH ini:.luenced the d&grea of averall mymnrrhhal.

_ :i.nfeet;mn as well as the relative fxequemies cf t.he dz,fsfeuremt

-'rh'is 'variat:idr iz"z ~species  response - may - be "éacaunted for by'

-_diffammes in physimugical attr:i.butes c:f the - da.ffer@rm speuies,
. thus enabling t:h@,m o talczrat;a diffemnt: snil acidities anc& :i.an"__:
'f-aanaanmat*nns. [ - - S L :

_’Tha nutriant a:t.atua c;f t.he Lreas may smill bex altergd aven. i:hauqh'
‘the ovarall degrea off ymrrhiaal :Lnf@ction has 'rlﬂ‘_t: boen.
affected. “The  repson for. this ig t;hat; the changa in’ the soil

..'_._'Gﬁmpasttion as a msult OF tha arid rain, -can modify the distance

._that the mynoxrhizal hyphaﬁ erxtand into the bul&c ‘goil,  as well
- as the abil:it;y ai:‘ t.;hw hyphae Lo s}.\xtract nutriants frum the sail.' _
= Thus, although the percentage of  mycorriizal golonizatlon is
"tzh'rhanged, the ahilii:y of" i;lm myaarmhizas ta supply thfa hcsst m.th
-'aﬁequat:a nutm.emm r:aﬂ m 5.11 be af"emted. . : : :

__‘rhe:s. pm:ezztially a»:lvemes effﬂact; af aca.d rain an. hyphal el@ngatian
. ean  have anothexr n@gat:iva impl:.catian for  plant growkh., The
: 'rhizomor;:ah tiasue. of fungl cumza,ins hogh cmncan..rations of caz*
_nitraqau, phoaphnrua, at:dium and - zinc:. Thue the fungal hyphae;--
. -_':ac:t. Lag a a;.i.nl: :Ear natriem:a ~ {Smith, 1980) It has also be:en
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 _ f0und that rhi?omoxph tisSua ahie fuo hald GQ,Q“ 0f thef

-f?elements medsuced ‘against’ a 1aaching ferce “equivalent o ung -
'“yaars pracipitation {smlth;g 1980) . Hénce af Lh@ hyphal netwmxk o

s damaged s & ‘result of acid rain,_'¢arge amounts ot nutz;entsf &0

'“[_fcauid be Jost as a rewult ok 1eaching.__:  e=--

IZ:SQli that ham bean acidifaed «th. varmaus ammunts and acidaties';ufi
 _of artif;rial rain was foand not Lo aignifiaantly aiﬁmct raot_f _
growth, dry xaan biqmasa pﬂr unit length or the ﬂegree af o

myccrrhlzal caloniuatiﬂn., Thare dceq however app@ar e ha

. pos itiva rmla aéﬁﬁhip, althaugh ‘not’ iaignlfieant, batwoen ro@t'_
. mags | per “uhit langth and ehe Mg” eantenﬁ of the aa*l. Since Mg -

 iea cofactor of - many @nzymas, an- ingrease in the saml mg”'}”=f

: ﬁ7f1avala cauld zesulh in increapad biamasa pr&duction.' 'ﬁ'

e rhange i“ eoil Pﬁ ‘and aaidity,' as’ wall FrE tna mhangin§ ':?

E cungentrahimna of &1”'. Ca“"'Mg“ and R in Lhe scilr resulting_;ﬂf

"'_frnm tha agpliaatibn, of aﬁtifiaial a»id gain, ag‘ aecnmpanigd‘ by{}:;
& ‘change in  the myaarrhixax species cumpasition praa@na an the
© zoete. This i3 in spité of the fact that the ‘overall dogrea of

-myﬁerrhizal colaniza&aen ﬂas Found nuL tu vary wmt any - of _hha

sedl- paramah@rs examined. “One sp&cae& wa* found ‘to be nﬁgﬂtiVﬁLYJi"ff
. corrolated with the Al“‘ mﬁntant of the soil, -while anmther wag ..

Ij negativaly dorrelated ‘with the pi of tha” soi;. The ﬂhangm in7 f;
- species composition could have importggtﬂugpnaequenges to the 
| h"nutriamt stahua aﬁ the traea. - T e R e
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- _planta ruquira rmlativaly fixed amnunts mf nutrianta in nrﬁar to=T“gl,’il

:"“grow. &lthamgh seme notrients may be tranaferrmd o the grawxng__ :“

- region from olﬁer sanesaing parte of the plant, an’ inareas& in,,’;”” o
;f"planﬁ size  generally requires. ‘that  the ‘plant. ‘obtains. thelu_f.'--
Lo apprqpriaﬁe qmant;tieq of nutrianrﬁ fram an. axternal scuzce._The_.:'
minoxal elements immediately available to the planta are preaant;_' .z
in tho seil solution, vhich is in turn in equilibrium with innﬁ o

fwhiah are: adaorbed onto the soil enahangm murfaces._| 'j_-

"'_Plants absmrb ﬁans ﬁnly frnm the rhizmsphere,-i 8. tha smil' }7’""'

 _$mmediately adjaaeﬁL Lo the root surfaca. Aa A result of tha=
;upLake process, as well as ‘the prasanca of axudatas and wells

}slaughed from the roat, che acil in the rhiaasphare has & diﬁferw _3'}-';’&

x enr cmwpositicn fram the bulk scil.-F;;=

-*rn is generally thnught that nutriaun acquisitiﬁn muat ba a';

;Qupredaminantly secive” prncess {evidence for this aasumptinn i _'___
disguzsed in sectinn 2,4.1) . One paasible excepﬁimn to this =

':generali*atiun, pert;nent to thiq atudy, ig the uptakﬁ of aalcium-

-7£Ca) calcium i$ thaugbt to. @ntar the cﬁlls paasivaly and be-- ;”
" actively extruded from the cells €Clarksun ‘and Hanson, 1989;}~_,__
. Kubowloz et -al,’ 1982, poovaiah and Reddy, 1987;. Haynea,_lBQO}.;d
~ Sugh & mechanism of passive Ca influx. and active efflux, is

;-thaughm to ocour in eatomycorrhizaa ‘as wel" (hapeyrim andfﬂ-
Bruch&t, 1986). : S . : , S

 Enargy ratuirnnq “marrier“ mal 3u1es, embedded in ﬁh@ piasmaw;'
membrane, are invelved in the movemens of ions £rom one side of

& salacnivaly'permeahle wembrane to the other. Carriers and thedr

"“}functioning hdve baern defineﬁ by Eystaan (19723 Y subunata of_-*

the mambrane [which} bind tha" ion ‘at the exteznal ‘face of th&'f"
' membrana, forming' a aarrxer~inn cumplax. This complex then
. transverses ~the membrane, ratatea within the mambrwna,.;a”-
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e fm: the Passwe mmrement c:«f ions~_".'-

"undergc-as same other sPat.ial rearrangement wit..hin the membrane'_"""-'
as a result of which, the :u:m is brought to the inner side of the '

. membrane. .Aleng m.t:h, _ m:‘ after, this changa ‘the carrier»ion "

complex breaks down a3 & result of a change in molecular = .

-c.onf:.guratiﬁn of the carrier 80 that the ion a.s released int.m the
“inner" spac:e“ The salectw:.ty with which. ions. am taken up can-

be cietermined by di;ffarent:.al affinit:.es of act:ive carrie: sites

. for different ions {Epstein; 19?6) The: ﬂiffemnt aff:.m.ties rza,n e
result from- ccnfarmatmnal changes in the structure at‘ the T
© menbrane or ion carxiars (Maas at al, 196&) . The term Lon carrier =

is used in the same" sense as ion pumps, i.e. 5 i:ransgarters of .
lens. thai: ut:i.lize energy, as appm,arl tn inn channels which allcwl S

o Tha kinaﬁics cf ian t:z:anspart are nsua.lly dem:z:z.bed :Ln taarma af'_ E

__-_cancapts that: were &evelaped :i.n enzymology, This 15 A a‘ zasuit:. e
" of a number of parallels betwaen the twe processes, Firstly, both -

| _;proceessas undexga the formatiat; af :a tranaa.tory :ubstram-ranxyma--.-;-,_f S
- or substmte-narrier c:omplax, and secondiy, with graded substram-f'.-____'._-.'--_ o

_“mnmntratimna hoth ghow saturatiun kinetios. Thay ﬁifmr im-that -

‘generally - enzymes hxing about the . chemic:al transfarmatmn of ‘the S
substrate molecule, while carriara marely transport. an icm acro,ns___- D

'"__a memhrane (Epst;ein, 3.9'72). a

| ..'Nutrient acquiaiticm 3.5 dapaudent on th-.e extexnal ipn twnt::emra“

_-~,_'"t".ian and energy supply, ‘a8 well as the characteristics of t.he__-:-_.._.-_'
" carriesr. Examples of the 1attfar ﬁactor .s.m:luda the :thib;l.twn, Co

- ’nr atimulation, of thﬁe carrier by another malecula, ox ::ompc.«t;i-_. S

 tien fer the carrier site by anot:har molecule or’ icm. Theae'._.”

- concepts are similar to those in enzymology when the rate of the |
© - enzyme reaction is altered as a zesult of the presence of a'_
malacul@- cher t:han ‘rhe aubat;rate malecule, SR

'.-J:f ac:;i.d rain nan effean a change in tl'm actmn m‘: the :Lan- |
“carriers in the rovts of P.inu,s patula, this could result ina -
dac:masea in the rm;e of ion uptaiw. 'x'his experiment aimed to

_investigmte t:he upta]cez kine:tics nf maqmaimn {Mg) and Ca by .P o

_1'07_'



“'_L___Pag:u.za anfi i'.o determine wnether acid rain has th& pm:antial tc

L affect the acquisitian nf thpae nutrients. (E'ag. 6 X R RIS

D wuteient |
| e |

{ upmxs
pnocaswss I

| ":'H”'ig a T 1 o d:.agramatia repxesentatiun c;f Tha aim el
) S U this experiment in relata.on o t;he rast c:f
tha invaats.gatian‘ R o .

_ ”“':;"I'he methm:l t:hat was usad ixwolved canstructing a plana.r DR
o 'Jrhizasphem for aeedlinga 'rhis rhizaaphere which wag. para.‘t
to-the root snrface, wag then ser:tianad and . analyzaﬁ, in arder o

"1_'-'--1:@ duatarmine the fon csncentrati@ns of the soll adjacent to. t:he;. .

i root. surface an:i t:hraughnut the rhizc-sphere. By varying tha

| goncent s atmns of the ions in the bulk sail ireferred 1;:: a8

'_ Itreatments in this discussian) ¥ _t:he uptalce ki netics of the ions
can be 1nvestigatad It should be noted that alt:hough the Lerm

.. wghizas phere" - is  used, __.-it_' is act_:ually ER "_myccrrhi_zal_w" ;'

- rhi zosphere“

_:!:i: the' uptake of fons by plant tﬁats ia slowé:- than the rﬁte"ét_ -
: whic:h the long. are transpnrmd to the root suxface then the ians._
__w:l.l.l aceumulate at the surface of tha ram’;. This has kmen fourd

A T occur in soma. scils for r::a ang Mg {Dunham and Nye, 19‘?6,-';-‘-_
' .-._-r«zarschnar, 19861. wnversely, the rate of ion uma}ce may ba
;-_greamr than the rate ag- wh:x.ch the icans are supplied tm the raat o

- -_surfaee which reault:s in the soil adﬂacam to thy roct zr__far_:a_'



f'f,having a 1nwer aanin cenmantratiun than the bulk soil ?his has |

. been shown to veour for putasgium uptake {Dunham and Nye, Ig?ﬁ; L
- Kughenbuch and Jungk,_lﬁsz}‘ Fiqure 5 1. 2 iliustxatas theae two
':“'_saanarios.' . R oL _

: '_ B dlsfqnea
6. - fromrcai .

e distengs s o )

- Blg. 6.1:2 0 0 Ion uptake oaEn ocour at & greater rate com-
00w L opared to the rate at which dens are transpor-
©. ted to the ropt surface (A), or they c¢an be
-+ taken up at slower than the rate at whiah_}j-'
"'thay arrive at the rnat surface tB}.;-

) Figure 5, 1 3; Whi¢h shows & szmplifiad:bnx diagram of nha prucesa ;' _
K '°f:*“Frient uptake, helps to illustrate the processes invalved._:'”__
;;‘¢n ﬁhésa'two'saenafiﬁs;[xt should be noted that R in the diagram -

Caws



'.:cansists af & cnntinumus series nf compartm&nta (Eg, Eh, g%,';;:_;g

 ,5.,,33} ‘where B is adjacsnt ta the root surface and mﬁ has an ion'?

" _concentratien equalling that of B ’r:.he bulk sodl, The rate at

. which ions are transferred from B to R is @ and the icms mmm"i_;'

*f}{'ffrom ﬁy tn E¢ at rata Eh, frcm E@ to. Eg at rate m@, and 80 f' e

bent | [Rwmee | [ B

F

LA

s |
i

o Rlg. 61,3 0 3 -fdiagram of ion movement from the bulk so0il
- be  the ‘rnizospherd, and thmugh tha

_ rhizogphere to the. ramt surfaca. wymbc:la

':_-amplainad in t;emt.} . TR ,

_-'-'I‘ha fact:urs whi.ch influence t:he upt:ake process but. which wers

"-'_'-_'--'c:ontrollad or - mainta:.nc-zd at @ constant ‘value during t:his””_. 3

'expewmant. sta thai: their influenca an the upta!:e prncassas that'_'_
. were being, examined could be minimizad, are. mentionad i nhe_

ansuing descriptiﬂh of tha u@tzaka prneess.._:__

-'-_’rha rate at which ions mre taken up hy the plant roots is

-'"ﬁ»asignated B and is dependent t:m & numbsr of fac:ta:s. E‘irstly,

B the conc:antretxon Yl ft the roat surfac:a, a” affsacts e 'rhe]_. .

o '_'_-_.__z:eaaon fnr this ia that as the :Lan cnncentrati.an at n; imreaae\m o



_;-fsa tao will the number of fill@d carrzers on the roat aurfacef }7f
;=;inareasa. This ucwura up o the pn;nt when a1l tha carraers are
“full, aftexr which - any increabe dn inn anncentratimn at B will

f_have no eftuct on tha rate af ien transpart. When tna carriars '

| are full the satucation kinetics that are often observed in

Vnutrient uptake studies wauld be abtained (Marachner, 19863._;*-‘”

7,Secandly, w can vary as a result uf the characteristics of thej'

nzfﬂ&rﬂl@f&._FQﬁ example, the presance of an inhibitnry or stimula*ﬁ_f'

. pory ion at fha rogt aurface aan alber the rate of actian v the

'°[*carriers and hence. the rate of ion: uptaka by the plant {Epstein,"”“

'fiiB?Z}. In additmon, any ian that compates fmr the active sita on, f“r

[]the aarrier, can alsa have a negativu effect on u.__ -

_“The metabolic anergy requirement nf tha ian uarrier naeded tof |

- ‘drive the nutriant uptake progess can also influence u (Epatein . g

' f1972). If 1n$ufficiant enargy is: availahie, u will dawraasa evenf. _i
AE all the other £acta:$ c@ntxalling ion uptaka are optimal This;if

.]afactmr was assumed not to vary in the @xperimant in this study,

_szinca all khe treatmants wexa eapased o the. same ﬂnviranmantal7
' cond1tians- _ff’ | sh T

 ' The rate at Which Lnna mava “grom the bulk sail intm the, f_
. rhizospherw, where they ara available ta the plant, iz denmued, :.
by#. It is actually rha sum of two: #rnceaaes, namely diffusion ='

_ ¢and masg fluw (Nye and Tank@r, 1977} The relativa imparbanae of
 these two. t@rmq vari@s with raapeat tm rhe so0i1 typa. soxl wator

potential and. the dancenﬁratimn of ions in the seil. In this
| ;:exper*men? it wag: thought that mnas flnw-was the mare 1mpnrtant,-'g
‘:,;1n thatJdiffus;on would take placa varw slﬂwly ammpared withumass--'

”flaw‘ Tha reasen for this- is ‘that evaparation from the aailj

"-aurface, an well as a wat@z defficit rasulting From transpirat;nn}ff?

| would aausa water o move thxough the soil ralativaly rapidly.;f}

:;-Ln rhia way 1oma disanlvad in the sail watar are supp&ied ’n th -

'.]xroots.

'*I¢n7mbvemanh;ﬁy'massfchW;frgm!thésbuikﬁﬁnil'té £ha,rhizasph§éég _'”'

BETEREE



-'_.is d&pendant on bcth tha cnncentratinn bf ions in th.e bulk so;l,f, .
- ginge t:he adaarbacl ians axe i.n aquilibrium with the sodl .
soimtion, and on the rate mf waker rovement to the root surfacp S
_ {Marschner, 1986}, . In thia experiment, the rate czf wai_ar moveme.m.'. o
. was c:arfstant thruughaut the range of concantratwn values for B,

" 50 th.l,s campanent pan be ignomd. chevex: the concentratimn of

iona in B was made 0 vary c&uring the experiment Thua @ c:arz hea "

_thcught 4-2 he a functian of B that iss

R f(ﬁ) o 61

| '.-_'_The rate nf movement af ians through the rhiaaaphere cnmpaxtm@nts"f o

} oceurs - }:ay mass flcw. The r&tez of mwament from Ry to B is | |
. designated m, while the rate of movement from Ry £0 Ry is Wy, and
&w forth. Ii: f‘wum be—z nmted that m m:c:urs indepandantly uf n

.'_.'_.@&ny changa in thea c-nncentratmn of i.ons s.n &-:%. :t.*s thua the""

i.'_differenee betwean thasa transported fmm E at-. a rate m, ane&_' o

---f-thmm ta]r.en up by & at: a rai;a n, t:hai: is-

o whax:e ﬁ is tha time perind invalved.

Wh@n IS i&r th@n a ache 6f dapleticn fums againat t.hes mot:_. .

"aurface*, that: is. :

o '.dependent on the rate at whinh Lhﬁa nutriex‘i.s ara tmnsported to

- " the root surfaca tI\Iyea, 19“?'7)

_on th@ ot:hez' hand, ; :Lf n < @, then tha jons temd o accumulat:e:"’
o &gaimt tha roc:t: surface, implying that:";-' R D o
’ . . . . &' )‘ Rn } & >“."}% K G 4 :

| T mem<mcaen o s3
L In tha.a situanibn the rat.a of uptal@ by tne. plant would be o

"-'-.In this case' the rcrr@ of ‘lop upta}:@ i’ detarmned by t;ha_:__"_:_‘

:_r-haractaristics of t.he r:zarriaxs cm tha rom: aurface.

R ) many sails ca and Mg tend. ta accumulate at the surfaea of thca' o

- poot as a rasult of the uptalca cf t:ht«:aa :Lans .ba:i.ng slnwex' tHan.

"1-._'r;he rat:e of aupply (Dunham and Nye, 19‘?6, Mamchner, _19_86__}_ o
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."Haweveer, 5;1““3 th* 501‘-13 be:mg examinad in this study ara sa':‘-':"""”' |

[T nutr:iant deficient, (aee Chaptex 4), it was: unknmwn whethar hase e

ions waulﬁ aacumulate, as is. c:ammonly fc.tund, or Whethﬁr Zones nf“’_'_': o

'-deplatian t-muld fox'm as'a cansaquance of the Low im‘n concentras

- tions reﬁultmg an only. small ‘amounts uf imns haing trans rarted

-'-_tﬁ the xook . mmface p resultinq in tha rata of uptalca baing'_

SR greai:ar ﬁhan tha rate af supply, A S L

 ;}Tna aaneentraaian'prcfiiea'uf'm;=ana*Ca*in'the“ihizasphére give
infnrmatiun ghout ‘the uptake kinetics of these ions by P. patul 2

. These profiles wers used to determine the possible effacts that

aaid rain could have on t;he upt:ake uf Ca and Mg. L

" The experimntai deait}!n was based on tha‘c bY Kuchenhwh and J‘ungk';_' e

| (1982) =nd punham and Nye (197€¢), but was mpdifiad 50 that' the"-‘

' upt.aka ::ai:‘ nutriﬂnts by a trae :ould be. munitnrad. T

o _;_mo Pinus patula saeﬁa were plant:ed in pcata annﬁaining ggil..
:. . L Gh‘i:aihad "p"x‘gm thea $itﬁv- If both qaads ger“dnﬁ‘hﬂd, Dne ﬁeﬁdliﬂg;
- "was waaded aut. Myﬂtﬁrrhizal solonization vcourred autamatically. -

as a msult of fungal spares and hyphal fragmenta in the am.:.. = =

CIn mrder to nompam the rata mf uptake of mycmr 1izal rc:ots, as'.___' _
. apposed to roots withc:ut myces r:hizal cc:lanizatian some saeﬂlings; S

- -'-___-_.wera grwn in stearil.iaed scil. ('l‘he sail had been autoc‘:laved_

_twive during a six wesk peric»d I However thess trae.s ssuffered'

-'frcm acute phoaphurua daficiancy {the needxas nn the trees turnec‘i L
" a deesp purple c:alour! and died when thay wers six months old, -
_ ‘Inspoction of the ropts showed them to be complately free of
- mycorrhizas, The siqnificance af 'mis finding win be disc:ussed_i'_ T

Qin Chapter ‘?. S

_...fmaa aeedlings ware. grwn in tha Phytcstron, (day 1ength- 14 hours_ o

o -_"_-light, 10 haurs; dark, temperatum. 3300, 1&"0; relati\re humidity-_-;_;__

: .13‘3: :



s '.ia,ci-i*ahﬁ? fluxdensity ;-a_gm; | mzs-l) C

'ﬂiThe pots th? trees grew ;n, had a Sﬁmm diameter and were ?ﬂmm7f !;” L

- high with 2:40lim aperture. pnlyathylene mesh base (40" PSE}._Thaf; '7

ﬂ_ seed1¢ngs ware watared with Long Asbton Nutrzent solutien, (see"”_
_:"-Appendix 8. 1) ‘The. experimants were conducted when the trers were |
L months nldg at whlﬁh stage the roots had fazmed a mat along B

- the mesh base of the pot This nas the p‘anar rhizasphere

' 1A diagrammatic represantation of the axperimental procedure isf ff*&f 
_..gzv&n in. Fzg. s 2.1 The- pots cmnﬁaining the txaes were placeﬂ ;',-:
on tap of a pot of sievad snil.,{The soil had.been passed thrnu@h};,.g -

& 0.50mm sieve,) This pot had the same diameter as the pot . -

_'_cantaxnang the *ree ‘but was cnly 250nmthigh The soil in the aail;ﬁ;*;555”:
pots. was adjustad £6 various ion cuncentratians in tha falluwing?"fi1__.
way.  goil - that had been "-ied and 33.@1:&:9. was placcd in a LT

_ -f;pnlythana bag wﬂth a solut on cnntain,ng the appropriate ioq} 7%ﬂf{;
. concentration in oder o, giwa the aail a 40% moisture. cantent. R

. The bag was regularly shaken duripg 810 day period in srder tc_fff,”fQ*

'-*r*yansure that the cuntants ot ﬁhﬁ bagﬁ were wall mlxad After this

time the aoml was packed inta the pots at ‘a dry bulk uensity offﬂ ﬁ_;* =

_:'_:_:O 51? r::m”“'

'*When the traamcantain:ng pot was 91a¢ed nnto the smil pot; thap'f '

f  process of root growth into sodl that had hot pravaausly bean f j-4

.-_ :5xposed to uptake processes by the plant waa simulated. The twe
pots were placed onto a sanﬁ tray. The water cantant of theifj'” -

. 1attar was ma;ntainad at a constant lev&l in ordex Lo minimize'

_ the downward watex mavement in the soil pot. As a result of
 evaporation Erom tha top’of the pots and transpiration by thaf -
ftrees, water mcved up through the soil pota, thus supplysng Lhe'*

o vaats wmth watexr and nutrienx'. This s;mulated the mavem&nt of

“4.'uptahe of waterg_“ﬁ= e

" ions in solution to the root surface. Such movements ‘of water o

the saml uccur as a xesult of precipitatian aventa—and gradientsfg:;ljf

aurfacﬁ

set up by water d@ficits £33 the r'ﬁt’

ST

'4hich arise from thaﬁff i?; Ff



f with tres o

of free poi'

thick extruded

B __’_imrﬁ;zihic#__d'ils:c'-sf 'us_éd G
[t extruda Tmm of 'soil e 7

mesh t we

. sail qecﬂor'r 1mm .

- for sectioning |

o _-_-'At t:ha end c-f 15 days l:hvs pnt wit:h tha trae was remnved fmm the_ .
o .-.':sou pot.. Tha sail in 'c:ha aoil pnt was aactimed in laye:s of :l.mm o R
.. thick. The sec:t:.ona.ng was done hy placing a lmm thic:k disc unciar ey
R the anil in the pot. and, hy pushing ‘the pot down, extruczing 1mm.

: _:o:E aoil from the top af t:he pot.

CFIETRETT .ifag“bﬁtliné7o§rnhe{expa:iméptalfﬁrobedura"-:;a

This mm soil section was -

: 3ca:aped off and callected '.Ehe pxocaaa was repeatad by placing



"55 ;anothar ﬂisn undar ?&e pat apd’ extruding the next Imm'mf:301l .f]-._

:ﬂ’A total nf 8 sectinns {ae,-amm af snil} waa obtaineé fr_w

ﬁﬁipat. The. sail from each 1nterva1 Was then analyzed and ‘the coﬁﬁ'-i;fl_
f“centratlons of tha ion detarminaﬁ fur eahh interval.;f_,zﬁ* SRR

_' ﬁhen th& 1p+ahe a& Mg“ %aa determined, the sczl was adjusted tof”*ff; 
V:aﬁpraximately 1. times the. criginal. Mg“' concentratlan Ano

"°]ad3ustment), 1.5 timas tha o riginal Mg“ canuentratian, 2 tmmesf_ﬁl'f

~the eriginal. Mg”“ concantratlnn, 3 times- the: original Mg”f”'
Lifcanﬁentratibn and 5 times the origina¢ Mg“ conaentratinn.,*[_gi

- ;f5Magnesium sulphate was uged ta amand the. soil This” was ther5f_j 
1 27 Sgreatest xauge ‘of - conaantrationa ‘that cauld be used. If tha: _; “
. concentration of My® in’the bulk soll was greater. ‘than_ this;fﬁffff
i[jijthen the arount taken up was too smail ta e detaCtahle agajnstffff;fj
o . thig- large amount € Mg? in the bulk soil.. These treatments aref;;f;}}
E ffiraferred to as 3, B, G, D and B respec tvely in the results o

'*f=To determine the affecfs of inereased aluminium 1t 1“} nonaentra—f e

.'fytu avproximately 1 tinies th@ nrigxnul c#“f’oncentration {no‘"

_ ;'t1ans ‘on the uptake Qf Mg*:_the aaﬁ contanr ot the_ubil Waﬁf*ﬂ”T
- inoreased hy’24 %ﬁ &8 5 ei af-alumxuium.sulphataj
(.N-a (sou ) - T e L

* When the upLake nf Ga“ waﬁ investigated, tha ssil waa ad*ustad_f

‘adjustment); 2 times the or;ginal ca® cancantraticn; 5 tings the

_:  ‘orig;nal Ca“ ccncentratian, 10 times the original Ca- conceanfha.
tration an& 15 times the. original Ca?t ccncentratian. Calcium;ﬁﬁjf}

_ su1phate wayg uaed Lo nmena the Soil. These canaentrxdaans were;f -
_chosen £o nbtain ‘a wide range of concantrations in the bulk snil.~f§%jfi
Far all mf these conditians the amaunt taken up, relative to the ... .

 amounz of Lon in the bulk soil, was large enough to " » datactahle” 5fff

o 'whére'-' w‘ere-; 7 r@s‘léfmw sox __ %ﬁh ftramént* in oh '._em:fiméme

" urdexr all these. ccnﬂitiqna ‘These increased o ncentrations arej;}g?'f
:referred ta as‘a. E, G, ﬂ, ard E.in the 1esu1ns ana discusaian.ﬁjﬁfjj.




L sa 2 ;;E;y hoda oF eoil analvais - B D T AN

L The. concentratﬁan af cat;ons in the soil wae detarmined‘uSlng the_ffTV'””"i

":ﬂ[{fiollQW1nq method based on that of 3uys (1980). A mass of L.2g of =~
”g sail was waighed aut and.placed inta a 190mi palyethylene csntr¢ -

" fuge tube. e thls 1aml Ry amman:um auetate wag added hefT.”

 {stopper was. placed on the tuba and the tube was shaken far 30

”-wf*mlnutesp after which the tuba was cantrifuged for: 10 minutes atj~”55f""

.7 2500 rpm.in a Beckman oded TT 6. centrifuge,_The superﬂatant was

'_'?7¢ollected i 10ml 1M ammonium acetate added to the pellet,. Thej’f:  L
1Cgstauper wus 5ePlacﬂd and- the tube was shakan for a further 30

____'3mznutes. mhe tube was- aqain aentriﬁmged far 10, minutea at 2506“"“"”"'"
" ”fer and_the Suparnatant was added to rest nf tha exﬁract*_.i-rf

f.“_;rrom tnis extract; a Zml sample waa takﬂb tn which lﬂml °f 0 1%;fﬁ'ﬁifﬁﬁi
,A;_lanthanum chloride and 8ml ‘gistilled watex ‘were addad, The“~ j;_f |
E?absarbanceS‘ware read mn an atnmlc absarban#e spertrophutemater o

'ﬂ'5fﬁf5 2 3 gg; al i T R TR R Y
"“SASISTAT ralﬂase 6 03 waa ﬂsed tn fit & rectangular hyperbala to}

 ;;?the data of- tue ion uPtak& rats at the various icn concantratinns&f}ﬁf
'fmn th& bulk am;l Tha same’ cqmputer package was used e performff

L a hombgeneity qf slopes test to detarmine whether the. addltian “ﬂ--”4”
' ~;H4f-of Al“ caused a sagnificant change in the rate of MgZ+ uptake, .

' The amounts of Mg present. - the- saii; as & funﬁtiﬁn of the.

&_' distance fram the root surfaca, with raspect to the differenu J{:f :
- MgHt connantratians in the buall SOll are . illustrated in Plg,

.6,3.1. When no Mg® had been added to the soil, (Fig. €:3.1a),

}f{;fthe rata of Mg2+ uptake must hava been approximataly eqpal\tn tnefT;gJ»  -
;_3Jrate at which the ions were transferred to tha root surface byf'gi'”'
.. _means of mass flaw. This is evident in that Mg neither accumu*;f"

*ff?ated nor- shcwaq dﬁp*etmon shella at the oot surfacet T

': JF;gu:es_§,§;1B ta;ﬁfanw'phat*with ind#eaéing'gpncsnt:aﬁibné;éf “'.:H

o




"f”jdeﬁletman‘wnmch farmed‘in.the rhizosphere. These deplatiﬂn Sh9113f;? ;

*Jﬁfﬁare evmdent ir Lhe first 2 to Bmm of the rhlzas here.;,.‘ﬁﬁay

_ ,T;The uptake'nf Mg* in the presence ‘of. aa increased amount of saxi:fﬂ]?fifff
“'*fAlm'waa also, invastigated. An’ equ:valent amnunt of 6 82mmo1 kgﬂi,j;[ 

_'.f---.24 98 ¢ B2 %  of. the original anount present”":m the soil

.U AI in the form sf AL/(B0,), had’ beer added to the soil. This. - g
’VEincreasad the soluble exchangeable A1 content of ‘the $°ilbe _

'J.The uytake af Mg“’by tha traaé at the va*ious Mg“‘acnmentrationsfﬁ =

T g the soil; as: depigted. by ‘the. cnncentratian prafilea in’ theyﬁ
' 6.3.1Cto B-with Fig, 6.3,2C to E, 1t can'be seen that the amount;jg

o of Mgz*

o .-radu‘:ed'

;:rhizaaphere,_is illustrated in Fig. §.3.90 By campazing Flg.

@éken;up;mnﬁt:have«beaﬂdePrQSaadkin“thaa?reﬂﬂﬁce*bfiliff
© increased. AL conaentratians because the zones of aaplefion ing;rﬁ
;Quplg._ﬁ 3 2; i e, in the prasence of increaaed Al“ are ”reatly_y};f~

'"5f;illuetratad in Fig. 5 3 3 AL 1aw Ca” cancentratiﬂns, siﬁ#lax talf:jfﬁfii

" those -found in the soil (Fig. §.3.34), the Ca® tended to Accumu= .
“ late at the. surfaee of the root, while at- high ca“ cancentrawﬁy“ﬂf'“'

.n:;tians (Fig. 6,3.3D and B), the Ca™ was taken up by the roots at = -

A faster: xata, which resultad 1n zones of depletion occurxing atj_aflﬁf---

' the raot surface. wha deplatznn shell éx*end@d §nr 3 to ﬁmm 1ntmf'f:f;f*”

" ﬂ; {Vth3 rhmznsphare;




 concentration Mg™ in soii {emot kgt } o

A m mjuehmnt
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e w ajpramdsatoly. 2 o¥igEnal’ gt s

Ct:m:em;ration pmfilas Gf wgaq- i th&

| _*'rhizosphere whén the concentration of Mg‘* hag
- - besn.varied: , (Eack curye represents the . ..
. profile of" orxe tree, The bold . line mﬁicatas?_-éj P

_ tha mean fo:r: ea.ch treatmant )
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L ': _' Fig 3'-'3"._5? ""mzospherm Hg‘* cancaﬁf,rata.on praf&les when o

- eoncentration Mg?

o Aaan adjustmm B '
CU o ppprawimatedy ). S, uel.ginul inq*‘l
o ST T B Mppronisiataly 2u oviginel (st -
S Dl I Tl T e B e oopprostmatoly Sx arlginal (Mgt

b d l'sicmca f rum rnoisurfc:ce( m m) - el

" the goil AL™ content had been increased and

‘the Mg®™ pontent was varisd. (Each curve shows
a-profile for-ong tree.’ *fhe b«old J.:.na m the.,

o _._meaw for eaah treatmem }
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o -2 ﬂm:ﬂatmtulu 13 w‘tﬁinal et MR TR

) _-_.__ccncentratzun prcfiles of caa* in the A
‘rhizospheze when ‘the concentration of Ca® had

. béen varied. {Bach curve  represents  the .-

- profile of one iee, The bold ling: indiuatas

E ___.-:'t:he mearx .:m: each tr&atment } - : -
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" - The ratas af mn uptaka were calﬂulated for each plant in one of
tuo vays. aapendmg on whether s zone of depletion had formed ‘or

R mathods uf calculation are described belmw. - _; L

' uhether the ion had . acoumulated at the rnnt surface. | 'I'hesa"-:-__'._-'-_._':

When a zcme :rf d.eple‘t;ion in tha rhizmspﬁ*n e haf‘ aceux:red,

B {'a peak in coneentration in the rhxzospham generuliy formed: tha o

den anncantratim had increased as -the: distam:a awa 7 from: tha'_”f:f' "'_ “
“rout. surfﬁces had :mc!reased, until a peak. was reac:hed, after-} R
‘which, tha don conaantration aften decreased aqain._ Tt was

o _'--::":-"ﬁhaught thet this peak had resulted frbm o pracassea ocaurring-ﬂ' L

S simultaneously. ‘These processes were i) the uptake process,

_resulting in.a decmaae in. the aon canc:entratmns, causing the_-_-.___?f.'..

= ‘-_'_'f__-_aepletmn shell and. :r.i) the g ocess of :a.mi *ranspcrt to. ‘the root : :
) "_:__aurfaca as a result of miss f.mw, whiah result.ad in ions: acaumuw:'--_f:--_-.-.'ff-"-*‘-:'_-_' E
o lating at: the. mat surfacer Thuf.—:, when theae twa prac:asses{ SR

T uacuxred aimnltanam;fsly‘: -3 paak in the :Lan mnaantratmn in the-._'

'-:'_""rhizass?hex‘e resnlted. Thia i viz-:-ualme& in Fig. 6.3.4. The peakl | o
. demarcated the edge of tha rhizosphere, l.e. the maximum distance
- into the so;!.l that had haaen adjusted by 'tha presezwe of tha Plﬁn‘h‘:--?-e'i:-’:-'

o _raats. S

R When calc:ulatj.ng 'th& amaun‘t of ions tha:t haﬂ been ta}cen up, thﬂ-l'.:“_"_.l-
R _amount af ions transportea to the raut surfac.-a by masa flow was :

) _aﬂaumed o be zero. 'I'hls wa.s ciuu to the fact that 't:ha amaunt of_'-_'_'_ :
“ions. transpartacl to’ thé root surface by mass :Elaw coula n;:»t be .

' ”"_.'_'c‘ietarma.neﬁ, ‘because the rate of mass flow was. dependent on the."-.____';'

. rates of transpiration and water pvamratian from the tup of the'_- A
pcﬁ: anrl thasa rattas u-.rere unknown. o T -'

o '_."I'he amaun't of icms 't:aken up was determinad bY extrapolatinq the'_'.'

: -'.._'_paak on‘ha ths y axw sa that the maximum amoun'c of iame in tha-'

. "_._sm:ul could be determined. *.l‘he amount ‘of dion- ‘taken up s-:as then -
':'_3"---cal¢u1ate«d by embtractmg tha amount of ion remaining in the T
~“soil, after the uptake process hag raache& eguilibrius, from thaf

maximum amaunt nf ion ‘L:hat was ealauiated to he in i:"‘e acail, S
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accumutaﬁan resuihng

Yf‘r"”fmm mass fiaw

\ .

. s -

e o - 7 depletion shell -

. The process of lon uptake (which resultsina. .~ .
zong of depletion at the root surface) aceur« . - .-

" ring simpltaneously with mass flow (causdng - . .
" an accumulation of ilons), results in-a peak o o

7 in the don cnnqentrat;qn in the rhizosphere.

| f'-'--"It sheuld be not.ed that t '3 amount ‘that was calculated to ve S
. talken up is much smaller than the actual amount taken up. The -
. reason for this is that the calculatisn does not take inte . =~
__"_'an*c:ount the ‘anount  of icms that ‘were constantly tranaported to
- the ‘root surface, by mass flow, throughout the time perfod.. Im ..~
oo _---?nrdar for a zone of depletion to be maim.as.ned, these ions wex:e 8
Lt 'constantly heing taken up. R | B

< © F P D

- distance from root surface {mm) .




B, o When the dong ccumul;itm a tzhe' roq surface_ | partxaved by__ .:
. _"audecraase in ion ‘concentfation as the dmstanee frofi the reo
| surfage increased, . the - amount taken up 45 caléulated in a

.fiﬁdipferent manner Tha ion canvent:atlon at the root surfaaa &
’ny-subtracteﬂ frum the lowest ion concentratioﬁ deﬁermined“'”'_ﬁ
fzﬁgfpresant in: the_rhizosphere Th;s gava rlse,bo a nega?lvaiv‘ ue,
' f- wh1ch is smallér thén the actual amaunt taken ap beghuge”it dqag
ﬁéff?nct take inta accaunt lans that nght have been taken up at &
,_'fslawer rata than. their arrival "{Vthe raat sumfaae The. szgni :
L merely in&;cates tha <he lons were aecumulating at the root -
 L5;;S“rfa°af rather’ than a nﬁgﬁtiva“uptake rate. In wther wordép'the:
‘75rate aﬁ uptake was=iﬁss than the rate“at which tbﬂ {one . we
snpplmad tm the roat aurfaca fgf~ . :

“gfffAfter dﬂtexminlng the amnunt t an u?;_ﬁﬁé:ﬁéﬁékgf_”

_;[ 'jmhe'raﬁes °f'M§“V T; uptake, w;th _espect to the aancemtraf';
'”f;“tzon of that icn in. therulk snil, are illﬁatrated in Fig» 5'3{5
o and 6 3.7 respebtively The rate’ af Mg“ uptake in tha presencef L?;,
 \"f:oL an: increased amount of Al” is shawn 1n Flg,:ﬁ 3, 6 E




(mmol day” ' poofs g

Lt Rates aﬁ M@f“ uptake when the-:- Mgz‘ cbntent of_
sthe bulk soil was varisd. The ﬁurve showg & -
g.rectangulaz hyperbcla that: wa,a -'ﬁ:.i:téd__tn the

'-idm;a {r - 3‘595)\-- TR T BRI




R u*e nfupi ak e T

) :

'_Mg m’ bufk wfl (cmal k

"ie--'.'_Ratas of Mga uptake whan th,e Al’* J.n the suil‘f
. was incréased by 25% and the Ng* content was

RTINS “wraried, The. ::urve shows. a rec:tangula:: hypar-' Lo
| S guég'}fltt&d t‘i'a) tb’.ﬁ Pc‘ﬁltlv& dat:a pﬁ;_nts (rz =




y Reetangular hyperbaias were fittad te all the data ssts-__ Tha_-_._-:_
: i}yre1evant eqnatmcns and.the ca;bulafaﬁ'variables, valuas, ¥ and_
. P.values ave listed in 'I‘abla 6.3,1, In ﬁetaminmg the- equation

_‘-_,H.:_
ECUNE -

A0 R

mmiot da

Races of ca”'uptase when the cancantratlan of
‘Ca¥ . in-the bulk s0il was varied. The curve
-ghoys & re~tanguldr h%perbola that was fitted |
cto the da ='palnts tt 0 591);; :

o for Mg” uPtake in’ the presence of" increased kl” ‘the negati?ﬂﬂ - =
© 7 wdlues were lgnﬁred in- that thaY prevantad t%e criterla farﬁﬁf ' ,fJf§

'Tflconvergance frcm.beinq met The fisgative values wers not huwevﬁn]ﬁ3ifi

| :1that active extrus;cn mag ba responsible fer thasa values. asi

ignored when fittlng uhe curve for Ca™ hecausa 1t is. possibleff579*¥-°i”

”7.Q7reau1t of the downward vertical shift of this graph,_a canstant[5ff ¢ff;[ ﬁ

' 5iwas subtracted.frnm the recﬁangular hyparbala. o




Tﬁhlﬁanﬁgl _-_-._"5.'3ummc oy of ’"’Mi;m ;_:-ar?metars f@r t‘ne "uptaké af

'ii.‘he maased Al?‘* cantef
| of tbe rate of Iﬂgz"‘ uptake, This can bs seen by comparing Pigures
. 8.3.5 and 6.3.6. A
| '._.:_:".-"uptaica ratas ,far chﬁ"‘ in the prasencé \t*'i‘:‘ normaz. auncantraticns nf_

L _."_-Jtea'i; ) 2& immc:genmt af slnpes tast using the transfarméﬂ: aataf;,.___

6.4 pr 8¢ gggxom -
"I'iﬁ-‘ﬂ i- MQ.@ AT S : Ll
o Inthe. past most studles cm nutrient uptaka l*ave been candtmted'-_ﬁ-' '

o meRh gz"' with incveased condentrations of A1%*
SRR and c.'a 1% month  old - sbedlings of - Pinug o
= 'i.paﬁula. Et‘ha canstant is *:r.e:r:med" x Jin t.be thir&'
'-'.-Tﬂequai;ion. RN T
_-"-Equauonfnr kemia - § Vmax :'b:%.t;s.'-:j' -Kiu*s.e constant

u=m PN 3494*173(' 6.935
Um m | : 2274 6.132 -
o Km v € :&0.368 L -_.,*sxm R

§ SO I{m+3 "-&4.‘?‘!9 N *14595 - :ma O AT £ R Eae

nf the Sﬁ.‘il rasulted in a uppreaaion"

-l.z.neat' trar;sfamation vas perfame&_'m _i:he;

}.3"‘ and incz_'easad amm'ﬁts of 313_'?'. (‘:{.'he negative values. uhtaine__
uptake: in tle. presence of ‘A1 were included

.. showed that A1 s:.qm.ficantly deamased ‘i‘-hﬂ rate °£ qu upt.ak&;'l'--
('5'[3 ss] = 24. aa, p<o Gﬂﬂlb PR

'-'_using either plants grwing in’ sulutimn o “excised ‘yoots, ag-'__ﬁifﬁ-_"' R

- cppmed tn whola plants grawing .’m a soi‘I environmnh._ 'l‘hesa. ]

| leak put threugh the cm’c and injurad cells, which can g-s.ve rise
- to underestimaticns of ‘the amaunt tal:en up._ m adzﬁition, tha:

"_Z_-;'methaas are iriddequate in that plan{:s growing in soi tien do not

take into account ion interactions with the soil pari.-les, Soil-
:f“‘_fion mteraaﬁions effectively redupe the don cohcentration in the _: S

R scu.l {P:Ltman, 19?5a} and thus- shauld b:s takarx :Lnta amaunt.”- N

_'When e:mise'i ruuts ara usecz ‘“ iona wha.eh havg been tal'en up c:an"- o

S growth af the plant and icnn transport tn the. shaat are :;.mportant




_z-pracesses whmh can alter mn uptake (Leggett and Gilbert, 1969} v
'and ara factom nut taken into accaunt when using exc:sad ::ootu

'*_jIn addmtlun, the uptake rate at 1ow concentratland in wﬁalel"

':plants tends to be 1ower t:han thosa of exg.ised Toots (Pitmar,.-'-' o _
e 19?6&} ‘z‘h:.s is: thcnght to. he a result oF the Low cnnc:entratwns-_-} T

1mpa:l,r;1.ng the growth of" the whc«le plant, which in taen: décreaces

W _'_that has cccuvrad. o

‘the amount of dom taken up. The ‘water content of the soil will :"-_ o
o -_--'_:’change the rate of :Lon supply tn the root. surface, wh:.ch will in LA
B ___'._-'-_turn aff:.ct the amaunt of :.ons taken up b_f the plant. SR

Hawevar many Prcblama a.r.:.se when ex&miming tha uptake uf ians;_.-.-_'.'ll R
_'_'_'3_"-by whola Flantgf frem '*he SOil‘ _"'hese diffl{:ult:.es .:Lm:‘.lude_l':_
g _:'?".':fasseasmg ‘the rate uf.* “uptake . by roats that ‘are’ continuall! S

-_”'_'.extend:.ng into the. sail In adciition the rhizosphere: fmm where o
' tne ions are extracted by the - rgc‘gs, extends  only & fow
 millimetres ‘into the bulk seil and it is this small amount of = -

U setl that has to ‘.be analyzed to determme the degraﬂ of; uptak.e_ R

K This experiment qvemamla th&sa problams by creating & planar_-_'_-_- .
f.-rha.zosphere. This method increases the surface area of the'.-'_'_.-a" .

rhizosphere s that. the uptake uf nutriem:s from the so::.l can I

B 'easily ba”determined. UL

1t was fmmd that fungal hypnae often formed on’ the interfage. S

. "-'.'.":between tl's.e mesh and the 50il. If these hyphae wera not from the
R ectomycorrhizal fungi cnlnmzing tha pme raots, they cauld have B
o -'heen detwmantal to the aaperment in that the- nen—mycorrh:.zal.-_
I fungd would b8 oktaining nui:rients from the soil pot in a similar o

'ljmanner to the myﬂarrha.zal fungi, wh:.ch wauld result in an overlap S

_.:...:-;_:.._.Qf the zones at deplet% on._;_ o

.'_.'In orda:r: ﬂ:o examma whet.haa tne :E’ungal hyphae were from a memberf-.'-' B

_-of the Basidiomycetes, the hyphae ware ‘stained with Cotton Blue

S in 1% Lactophencl. In addition to staining some 0f the hypaae_'_"f

- rom the bottom of the pots, soil from around the pins tvee roots




" -'i--'_-}-'_ﬁithut had ectomyccrrhizas, were alsa staa.ned. It was thoug“t: that_'.f:_:{__: :

" if ‘the lLyphae contained clamp ‘connections. and ‘septa then the:-____
fungus would prc:bab1y be d Basid:.omycete,_ (Ectumycurrhl?as fcrrm___f

i -'_f-"__'-largely from fung:i. wh:.ch are members of tne Bas:.diomy:zetns_}

.\-:_f_;'_._'_:cmzas penetrating tne,» mesh« R

_Mthough clamp cnnnectinna were rarely observed in both prepa,z:a-_'. S
. tion; septa wele ‘observed. Rhizomorphs were also detécted. Thase .

stmct;ures am gemarally assoc::l.ated with mycorrhizal :Bas:.a*a—_.;.z-_'_ﬂ_-_'-"-’"-

_' mycetes. In-additien the hyphae from under the pot were wvery
simla;. s.n etructure Lo the hyphae. i‘mund in the so:.l from around'__'_' :
: .'-'the pine Toots. Heme, :Lt is thaugﬁt ‘that  the’ ‘fungal hyphae

observed under the pits were prabably hyphae fram the ectomycnrw-_:__;".f;

--:_s 4; 9 Mg it

BT i:he sm.l at - sany

o -'.f_--.:At lbw Mg”* ccnc:ﬁ*ntrat:ions, (Fmg. N 3 LAY, smmilar tz: those found_ Eee
g, the uptake of Mg-" tendac: to- equal ‘the~ .
.ra‘{:".P at. wnich the mns were t:ransported o the rac:t: surface,"_=;:""_
' -'gresultmg in neither acc:umulat:.an nmr depletion EL the'_roct-‘-._=

U surfac:e Thus in terms caf Fig. ‘6.1, 3, u was. equal to mo T

___".'Howevar, as F:Lg._ 6 3. lB to E indicate, th:i.s trend was not__3="_'._
-_'-_.'__consistent. As the’ Mgz* aoncentral;mn dn the bulk sm.l, (’ﬁ) I

" increased, so the rats of uptake increasedf such that zones of .

B f'depletmn farmed ai: the roat surface Thus w became greater than_._;"'__ R

_It was +hought that ir u had been- grea.t:er than m, resultmg in

‘. zones of depletion: form:.x;g, then. any increase in: B would rasult__-__':"'i-":;"_
"-:in t:he amaunt. of Jons’ bemg transfarxed ta R, _as al result of m,'=_'

J.ne:rr-\asing an inczrease in » would result as the amount af ions Y
. at the rong: surface increases; until ‘all the carriers beqame-.._'_'_;
saturated, at this' pcaint u becames canstant “An- a.ncrease in. B

o "5wou1d. by equat:.cm g. 3y result in an mcreasa in m._ Eventually;ﬁ

.. since u i gonstant, buﬁ Wis cont:.nually increaging, m will tend_: .

s to be qreater than u, resulting in ions at:cumulating on the root: .

surface. Thus, he concentration prafllev for Mg“ uptake wauld T




"V'flnitially show zunes af depiation, but as’ B inCreasad, the ﬂgz*'

7*~nguld tend to accnmulate at the root, surfane._,;3q-;_.ﬁ_ﬁ_:.;,

o 1atmn Wlll be pmpartiunal to B‘ S

'-'-'._'-_,_:r.n othar wcrda, frnm equation 6 1, J.t oan be aeen that 'm'f_:is__: SR

_ "";-=__-'thnugh'h o be: praparticmal ta a, From eq::atmn 5.2, B will-}:'_
..__..",_'_"----._'incraasa as ® increases, 'rhs.s will ~asm.1t in u inc:reasing as a iq
. result of more carriers being filled, until m is cperating at a

- maxdmum velocity. Thus until saturstion kinetics are achiaved,_}.f e

f-:iu is propertional to B. After saturati cn, the degree cf ageumu~-

o -Hawe.ver t}xa :Eim%z.ng that “in. responaa ta an :.nm:*ease n Mgz'” L

- contant af tha bulk soil, tha rate cf uptaka varied (initially R

5 ;.jbemq agual t:o the amount. cf Mgz* arrivmg at i:ha romi: surface, _' -
S tal ralatively rapid- wm.ch raaulted ir & zana af deplatz.on_' S

_-_._-fﬁrmingl r\‘Wékﬁ rmt expeatﬁd

_:'_'_It was thaught tha‘l; if ng“‘ nai'c.her acaumulated agains.t the roat-'__;fi_ e

. __"surfaae por & Zoné of de p:l.etinn :Earmed, (Fig: 6.3, m), then e o
.Z-:'-__--I:__wc:uld have baen equal tu a. '.Ehis ac:s:ording o Nye. {197‘?}, ia_{_' o
indwai:iva :bf ‘thﬂ p,:.anh controliing the uptake uf ‘tha icm, as

_'_'-_'oppaseﬁ to the rate of s:rxil transpart restrmting the. Lptake of. L
-___the nutriem:s. Thus ii:. was thaught that i.he uptake pracesss wa..-. SR
- in the tranait:.on hetwean '8 being qmater than », to u. being R

| ”'_-.__.',.ama.llar ‘than m, and thus, with eny increase in B, the Mgz‘* was | '

- expectsd to start aucumulating at’ %he root e.urﬁac:e. Hawever tlus
_-xc'ud not happan. “Ag B irsc:reasad, - increased faa’tar than m,'- |
L raaulting in zcnas of. ds..plation forminq (Fig. 6.3, :LB tc: E).

L "!f.'ha unaxpeated raaul‘b i:hax_ w waﬁ qreater than woat’ very 1ow__,-"___-"_.'_ EEN
K aoncantratwna, resultiﬁg in an aacumulation, but as B incraased

s E ﬁ_'u becane. greater than By zasultinq in sones af cleplation fominc;, N w ]
L tends to indieama that the inerease in u with respect to B wag
net proyortional.- Rathar, since . 1m..reased faster than za, as B' "

__1ncrsaased, there mn.ghi: ba an axponant* 1 relata.onshxp hé‘-twe en 3  .;._- .
and u at 1m-x cnneeni:ratmns c:f B. e S . c




¥ _;-73n inltial expunential increasﬂ in u m;th respect to an anraaseE ?7’v7-'
7 dn B will yesult in an uptake zurve being szgmaidal rather than
oA rectangu*ar hyperbola, that is usually racordad when determin*

"””f 1ng uptake kmnatlcs tMarswhner, 1956) Figure 6 4 1 1llustratesf;:fi ”H3'
- these curves with respact to the rate at which ions are trams- . |

 §pQrted to the raat sazface by mass flnw..xn this study, tha-j ﬁ, 
f Va1iati°n in uptake rates by the trees makes it aqifficult to see -
~ sucha- trend in. the data (Fig.. 8. J,&) In- :parficulay tha';_}5; o

 ”standard exror. on. the calculated Km values (Tabla 6.3.1) is very;j'f_

. largw as a result of the variation in uptake rates. A.rectangularfff ;{ f_V
: 'Zhyparbola which was £ tted ta the data only had an. rz'va Je. af“ﬁha *-f~

. 0.585, which could indimate that ES smgmomdal curve may fit the =

: ji}fdata. The loW'rzvaluea that were obtamned when fiLting'Equatlans i%iff  _
' to these curves can also be due to the variation in uptake rates .

. OF. the different trees 1n a $Dll env:ranment. Thls var1atianf**”i '

_ a”ﬁ'between seedlings is'a natural gocurrence. The large standard:,[;j”quW
.- errors: ‘that were obtained when fitting Miahaeli,~menten type: . -
“equatians to'these data sets (Table 6. 3 1) shnuld alsa be viewad 0

'fflin terma of the fact that thsse calculatmuns are usuallyTi ".- RS
 performed “in ‘enzyme ~studies where the experiments have beem 1

__jy;fconduated under preciae candat*ons. This carefully contrclled [ ji'_L_
"[fexperimental anvironment is dif icult to emulate for nutrient

:'fj{uptake stuazas partmcularly far plants ln 2 sail anvironm&nt.5 ;f-'“'”

"fPOne can: speculate that a sigmoxdal curve cauld lndicata thatii:g”V'

3_! ?eithax there is substrate activation of the uptaka prnaess, i e'ff _-  o
© the presenae of increasing amounts of Mg“ stimulated the uptake

* prcceas rasulting in mncraased xates of uPtake which is possxble;j.?i-' "

IG°-sinee Mq“ can atimulata AfEase activ;ty {Leonard and Hndges,;:f”'~'7

 71973 ». OF that At low Mg concentrations, the uptake process, v
7 may have been ;nhib;tad As the cancentratian af’B increaﬁed’nhis  g f:;'*f

' 751nhib1tian was overcome.;;e_ﬁ

'f f5Fram Chapter 4 it can be seen that the 30113 that wer# examinedf_

| in this study are acid (pH in KCl of 4.64) and have-a high AL




____.'......n.-u-._..... _'

; ‘?%Jat:iangutar_ N
hyparbcfa 1.

mf&ofmn upiqk‘a ! e
_ rate of ion transport fo root oo

- Cvnc amraﬂeﬂ ’“buiksbii (r;mol kg“‘ ) N

L PAg. 8.4.% Du.a.grama.tw reprasentation af -t:ha differem:e‘- S e
LT petwesn 4 sigmoidal and a rectangular hyper~ .

~ .. bolic uptake curve in relation to the xate at -
1. which lons' are. transparted ta the rocai: sur-___

. 'fﬂce by mess flcm. RN

o {' gated.

The rasults indicata t:hat t,ha up*‘a}re of Mgzv, in ‘l‘:ha PrQSﬁnce afl :_:__ -
;_,ncraased amounts ﬁf ﬁlh -was depressed cgig, 6. 3. 5}‘1 _'ii'ha_"' S

S R i e b A L o R W T L g i

_.___._cantant (1 12 r:mnl eq. kg-a) ._In additiﬂm aw.rl rain can increase-_' T
"i.ltha smluble, axchangeable M’* contant of the s611 during the
. _aaidificatmn pmceas. In. crder tu Lest the h}‘putheSia ‘that 2%.1.3*
_'c_;;uld be. ::as;mns:.hle for the inhibit:.nn of Mg “Ptake, the 2&13*
content of the sail was mﬁreased and the uptake of: Mgz,, imreat i-




rhiaasphem cnnaentration pmf:-.ms inﬁieate that Iﬂg”* tendad to
| accumulate tu a mut:h greatar axtent at the maﬁ surface in £hs -
" presence of inereased A1’ ‘This would +end to indmate that 313* oo
3 __""ccmld be reaponm.ble for: an mhibitwn ‘of Mgz“' upta]@a The Vmax
- values that were ‘determined when fitting eguations to the uptake =
T curves, {T@able 6e3.1) indicatea that m_a-z- inhzhited the uptaka of

S Mg® dn that this paramatar ﬁa.c:raasat‘ when the uptake of Mqa"’ was*_ :

"_'datﬁmzm& in the presence of MP"‘ A homoger:e:.ty of mlopss test

- on linear transtermation of the Mgz"‘ uptake rates in the presence = -

_:__:_-'_'Almnimum has baen f:;und ta decsrease ""hﬁ uptake of s::a2+ and rvfg e
..'_:__j"*".;as well - aa other cations in uumerous stuaies (Gndhc:ld et alt
- l9ssy Roﬁ‘iwsky anci Baerner, 1989, Rangel and Robmson, 1983',

L of "narmal'“ &13"' conaentratiom and inarease& Ala* wncantratwna' L e
o -*shawed that the sappressim of I«Igz"' uptaka t-:as siqnificam:. o

L S

anc‘i Berggmn, 1990, Jentsehke at al, 1991a; ¥ Et‘hexe are & mzmbar-

o '_af ways that Ala"' bmuld brmg ah&ut this inhibitian. SRR o

'-.j.f';.'rhe excess pmtons {H*) "ar .:&133" RO
o syatem) at the rmt surface, cuulﬂ :mhibit tl‘te fumt.ianing of the .

(resulting 'fm -_an' aaiﬂ&.f:.eﬁ_"-

A carrier. .The rate of Mg**._ sptake has been found to. increa&aj.-"_',.:__

._fmarkedly aa'; tha pH of the envimmaent uf excised moi:.s inc:reased._- a e o
- from pH 3 to 5t above p!i 5 the’ uptake was m&epanﬁani: of the BY 7

L -__Wnﬂam:ratian gmaas and Qg#i‘:a, 1971), As ma mnwentrai:iun ﬁf-ﬂ'ff,f S
e Bg2: im:raasas, the rat:ios Bf Mgz"‘im:** or Mgg‘";i{* inm E&Ses, SR I P
-_wh:.ch reaalts m mss mhihititm acc:urriﬂg. T e

':":"'_"'Alummium has baan faund tca mhibit caimodulin-st:.mulated M.’Pasa IR

_.-”activity (Siagel and Haug. 1933), Be weil ag tha membram—: 1.1nkad.
o g«.stimulated M‘Pase {Rengel and Robinsan, 1989} . @he 134;45%
- M:‘Pases are csi:‘ten invalved in ism uptake, a g. the upi:al:a of K“ R

Helwe it .15 pusslble that the ,&13*' ean aisa affant i:he m?tg*_:_f”'-_g
_-_carrmr, thus reduc:ing the amnunt g:;f xgd t-akan up. ST

. alumim.um can alsca raﬁuae the amnunt ﬂf A’l‘}’ PrESent :m ‘ﬁh&_;_ =
_'__._'1"__:":_-tissua, posa:.bly by aamplexing mth i:he M‘P (?feffer dbal, .
1"_'_1985)- Th:.s uuuid alan decre&se the ra‘te af uptake in thaf' thes'




':J:1 'cancentrationfdacreasas, R

m :}frate of aetion af the wation carrlers wauid be reduced a$ tha ATP*¢J-F;iE

":&iumanium ha$ been faund to alter Lhe prapertieq of b;alugical_?if”'

T”'“;membranes._whis has: led to the suggestian that Al% can: affect? :ELW; 

" the architecture of the membrane lipids (iiyasaka et al, 1989/. .
__,i“fﬁsp and Berggreﬁ, 1890y . Such a change in the structure of the = .
_ Hg5p1asmalemma oen dlstu:b the ‘structure and- functlenzng Qf thaifTﬂ_ﬁg.qﬂﬁ

- m a“dditim' if MS* biz’ds to. the nagati%'ly charged sites of the'_""._ R
ILV'Plasm&memhraﬂﬂf in Place of Ca2+ B the permeabxllty cf tna :5fT
.;ﬂ; 'gf ians aamuss the mamhrana {Asp at al, 1953)

o :  ?It has also heen'prapnsad thatAl3+ can reduae the. umtake af bath:f-lif?i
,;i;licam anﬁ Mgm by occupylng lncreasing ﬁumbers nf the roqt aatl°nff~'ff':
_.;;;;1988; Asp et al, 1935; JEntschka et ai, 1991&)‘ Slnce ﬁlu has a _;; ._i.

”i jhigher valenﬁy than hnth.ca” and Mg“‘ it would.bin& nove. t;ghtly,ff,  o
-V;ft° the nvgative binding sites on” tha root surface. This would--uv*>'

"5-'fl;1988>, and pa&sihly decrease tha rate of. base catzmn aptaka.

:1 3:Alth0ugh it has been faund that tha presance of mycarrhizas aan,“ﬁu'

J_f3_i(1991atb) shaw that ‘the prasence of a fungal sheath, resulting j  ff "
ix  ;;prevant tbe alﬂ £ram xeaching the cortax aall walls Thus it ia,_f_j;; -

. possible . far Al“ o affaat tha aarriers directly as well as-:; y  '

a”fﬁ_satarating the uptaka ait&s. ;H3ﬂ~27;3?51'- iﬁ;,__;ﬁ_ﬁ_f_.__ﬂ~ S T

. ﬂ;&ny such inhibition accurring an the surface of the Pinus,patu1a _Zg.r jfg@

._carrlers._Thls wauld reduce tha rate af Mg“ uptake‘ L

distumb the cation balance at. the rOOt surface {Bengtsson at al,_T; 1{fy_q

. to-some degres, prevent symptoms of A1¥ toxicity from davelopingg_ “H "  
- (Comming and Wainstein, 19903;' atudies by Jentschke et gl

-
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 from the ﬂﬁtomyﬁﬁrrhizal ‘colonization around the' raats, did not

"-;raots would resulb in uptake kinatims similax to. those whmch.warei;ﬁ“




| _fﬂThus the results‘indxcate that an. increase in the Al“ content ofj{
 ;;the sail can interfere with the uptake of Mg”-iﬁcnsequently,V'f
_:_Ti301d rain has thﬁ pﬂtential to graatly reduce the Mg cantent oﬁj‘”;
- plants growing in & nutrient deficient environment, such #s the .
o ong exam;nad in thls rtudy, becauae aciﬂ rain aan lncreasa thef: h;ff;jlﬁ
: _'_'-'_'aﬂlﬁble Alx‘* Qﬁn‘l‘l&nt‘. Of the SOJ..J.. L D o LT e T

'”'-'g“In addition, since the velacity of Mq” ugtake from sail With theFVl'ﬁ*"‘ﬁ 

“_ianic compasltion that is aurrently found: in the plantatlun iaf?““' o

ﬁfFlgura 6. 3 2 shows that the Ca” concentratian Pmofmles ink the”f“ e

'fg%far from maximum; any. ‘loss- of Mg“ fram the aazl systam &S aﬁ':"
_J_;;fresult of ;ncreased leaching xn responsa A~ acmd razn, can re&ult- R
 ;:;in the uptake prncess ¢ccurr1ng A canditlﬂns which are evenﬁf};}; Cod
- “5ffurt1,x below saturation, where the effects of the AL® will =
L:j*%fbecome increasingly significant Th;s will result in tha plants?;n;{ﬁ,
n'fﬁ_*?becoming incxeas;ngl? nutriant stressed.ﬂ_ - R

H f;rhizQSPhere Are. similar o thnsa observed for Mg“ in E;q. B 3 1.;{53777_'

"'f7A1“ in tha soil.-._

__'fg_The rate of Ca“ uptake with respecﬁ to the changmnq canaentra,;:} ?:ii:w,
“*j~tion of Ca“'ln the snil ia illustrated in Fig 6. 3. 6.-“-¢‘” SR

| _ '7If Ca“'is activalv takan up by the rnnts, then tha same eaplana~'“§ ; .
R ticn as given fer Mg” applies. In addmtlan, AL will possihly.:~s

e tamn 1

“f Hawever as Fig..ﬁ 3 28 and B 1ndtcate, ﬁa“ accumnlated At the¢}ﬁffﬁﬁvf”

o rosts surface to a mumh greater sxtent. than Mg®. As the caFFEnvf~ff o

;”3 ;tration qf Ca“ 1nare&sed in the hulk sai&, the Ca2+ wag: taken apf}»ej f “

. at a faster vate and, as a result, zones. of depletion- formed, - -

. f'(Fig 6.3, Rc tq E)..Due to the similarity in tha canaentratioﬂff 7:

-:7.f~prof11es of CA¥ and Hgh- in the rhizosphere, the uptake of ca*
- was not investigated with respect £o incraasad cancentrations ufg*”'"”

 ’f:similar “1asses“ or negativa uptake rates hava bean nbserved xngf}_;";i'
. othex studies, when the conaentration af the Ca”’in the external[ j;;;ﬂ'
"jfenV1ranmant is law (Mao:a et al, 1951) S R

e et g g e i
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affect the uptake of Caz* in-. the same way as it affacted Mg"**
©.uptake. Thus acid rain has the potential to decrease the- rate of.
Caz* uptake a,r'..t cansequerm.r.y can mduce nutrient st.ress. SR

'-_-'_"__'If, on the othe,r hand, Caz*‘ is mt active.ly taken up, but. e.nt.ers._' S
- the cell passively and is actively transported out of the cell . -~ '
-~ then the. results illustratad in Fig. 6.3.2'tend to indi»:.ate ‘chatf"’ e
“ “the increase in Cca® concentration has interfered with the
"--;-__'nroc:esa of (:at""+ 'export from ‘the c.'all It has been hypothes:.zed_"""
;; ‘that there’ ar:e ‘a numbar af M‘P pumps whic:h remove Ca®* from ‘the' o |
e .-"-:_cell ona. such carzier’ is a nH“/Ca’* antlpart system. ‘I.‘he systami._:_;_.-' RO
o -.wc:uld ut:.lize the u* mot:.ve force bu:xlt up by & I~1*-pumpi'1g ATPase o
o drive Ca® tyamsport. ‘Another possible puap is a calmodulin~ - =~~~
._-aci.ivatad Ca® traneport ATPase (Rasi-Caldogno et al, 1987). When
. the'co  stration of Ca™ in the #oil is relatively low then the oo
pump ac:t.s in rhe nerntal way exi:rudmg Caz“ fram the cell A
- exchange for H* 'l’ha ext:mded Caz* in. add:,twn to that transportad.l._- ) L
© to the root surface by mass flaw, accumulates at the xéot .
: '_"'_-.__'-_"_;'surface._A rap:;.d increase in the j:\g cantent of ‘the soil, as. a s
. result of the acid rain, céwld however interfers. ‘with thisj[*ifgff?
' ‘process. of achive extrusion Qf Ca¥ from the cells. If a high B = -
':::'concent'r ation were pre;ecnt in tha soil cnn&urrantly mth a lcwi o f_ L
‘f_'_'_‘ca”' concenhratianp a s:u.tuation whic:h cqum ‘arise as a result af
S acid rain; then the rate of excha.nge of ca? ins:..da the cells f’cr_'
B in the $oil ‘may increase.-__ 'l'his cauld reault in Caz* defiw__---'_"-"

. -__-c:.enca.es :I.n tm-z plant: tlsaue. SR I

e When t:lme concentration of Ca"“* in tha soil :I.m::reasaes,r and t:he.-_"-
- coneentration of Mgd remaing low, t:hen Ca¥ hay be transportedf o
" into the ¢ell by mesns of another ion carrier not uswally -~
- involived in Ca‘“ uptake-' such a. carrier ‘could be the Mg** trans-?_f .
 porter since Ca® and Mg* have the same- valam:ies._ This would -
- “zesult in a zone of deplet:.on foming, simlar to that. which was_."_
"WHL;{ahtainad for Mg“'ﬁ-i' S Tl e

'-”Other studies have ahown that; Ca*’“‘ c’:an markedly depress the-
L upt:aka of Mg’*‘* (Moore et: al, 1961, Lagget.t and Gilbert:, 1969)

eyt o o e e Sy o




'_ Lf fS1m11arly increasing amounta ﬁf Hg“ dacraase fhe “Q“”antratimn o
" of Ca® in the roots {Leggett and Gilbert, 1969), which gives

L -':_'_'_Maas et al, 1969 and. piman, 1976b3

 .cred&nce to the above hypothesxs that at h*gh concentratians caﬂ-;;;ﬁj“,Lg

. might be taken. ‘up- on ‘the Mg¥ transporter, ir place of Mg¥. .
.. However, it has also been hypothesized thet Ca®, instead of
_“ :_f,competing for the same bindlng site,_may change the structural_ __ o
:_ffffcanflguratien ‘Of-the . surface “groups of the carrier such that
.. theiz - ‘physical ‘and/or chemical - properties ~are altered, thus . .

*fmodifying the uptake of: Mg® by the carrier (Maora et al,_“aﬁl,jfffffiffT

= Q'If tne explanatian that Ca“ and Mg“ compete far‘the binding siteff;=33;5't

' “on the carrier holds, then these results show that liming with

‘~i”56 5 s L S, oo
::fffThe uptake of Mg* resulteﬂ in neither accumulatian nor 26086 of I-fff.._
__f“fdeplecion fmrming at thﬁ root surfaca when the' Mg“ content ofﬁ[3;:' e
._;-;_the soll was: low, su&h as’ those condmtzons occurrlng in the sail':' L

.at the time of sampllng. This is-a.result of the rate of don’

_ ff“icacc, ir sat’ thé simultananus addition of Mg“ dould resulb in{_h{;u
f[jan imbalance zn the nutrient.uptake of the plants._u--ﬁy_;;-ggﬁff'”“

Mgmsxnm

"fﬁfhuptake being'equal to the rate at #hich the ions were transgorteaﬁ-'__ﬁ_ 5
ko the root surfate. As tre Mg® contentration in the soil -
_l'-mcreased, so too did £he rate of Mg¥ uptake. The rate of upta.ke}__f:'-_-_.._.'_.'_“.,_
. tended to 1ncrease faster than the rate at- which the lans wera@r3 L

” 5 3supplied to the root surface whiah resultad in d3pletman zoneskj  ;~¥ff

: ~forming at the root surface

 _jff_The lnitial slaw xate af inn uptaka ralativa ta the rate at whlch,f f'f_f
“fleans were, transpurted to ‘the. root:- surface. was thought tobe s o

N result of elther substrate activation of the uptaka process by  [ff;lf_
- Mg® in the ‘6911, or inhibition of the uptake process caused By
_ the acidity of the soil or the high AL® content of the Soil. The
"uptake oF. My@*in the presenae of increased amgunts of‘&l“ in the;*]_:?r%;

. seil, (by almest 25%), was found to be smgn;facantly reduned,:a{ﬁ:'

'7{fnumbex of’machanisms whareby the 31“ could inhlhmt ‘the. uatake of;gﬁfflf_f




"ann th& rat_'a"mg“ uptak:: tha  ac;d ;ain'has the pctential.__L
N fdecrease the' raﬁe—cf Mg* uprake by increaainq the - amauht of ALY
':=; Prasant in the sa_ S o L -

_ iZ:The uptake af ca“ tended to follow a;smmilar pattern,
"':'"-‘-'-'f_init:r.ally the ‘CaZ* 'accumulated ‘&t the root surface, but as’ the
_ '*Ca”'cancentratian 1néxea ed, faster:rates“af-uptake reaultad'inwf
_‘-'--,znnes af depletinn forming, . B RE

jjg;}If Ca”‘fms autxvely taken up) .than the sam»ZEmglanatlons asf;;;jj
'_-;anstulated Ffax Mg*”ﬁptake wculd hmld fﬁr Qa“. I adamtian;;AL“- .
fﬁﬁd‘ﬂdlﬁ ra;n ar_ expected ta hava tha sama effact nn tha uptake',

lthe plant";:° :




abliéTha experiments undertakan 1n this mnvestigatiaﬁ hav% shawn that;f?

Smﬂzszs m_ C@N@U&I@NS

ﬁjﬂffaczd raln has the putentzal tavincrLaSE the rata of aaiﬁifiﬁation-;: -
» . of the. soil and, consequently, affEEt tra nutr:ent status of the;gff;

__N:;’piants gvowzng on thxs sail CIt was shown that the leachate of=5ij}}fff{

.. 'the . soil expasad ta the mnst acidic rain? had the highﬂst acidffffflgf'“
© content' ‘and, ‘after being leached. wirn this ®rain®, the soil was =~ = |
;"jfanclined to have higher acid and aluminium (A%} contents._5ame?j{7fﬁfffi*

L oF the. mycorrhizal species colonizing the roots were sensitive -~ - -
U tga decreasa in thé soil pH and an incréase in the AL cnnuentf} ;3"~1f¢

"ﬂ'?;af the soil Tha uptake of both calclum (Ca) and magnesium (Meg)

IWthhesa impliaatzoﬁs whlch w;ll nuw be considared

*ijrom the soil were fax balow OPt‘mum and the uptake of Mg was”if””°
‘shown . ta be atfected by the ‘Al¥ content of “the sail., 'rhe-_f'i'--;f
-1mp1icatinns of these fznﬁings nave been axamlned 1n dgtail AR

_,.ffthe discussions af eaah experzment, however tha results have : *
'Lfgraater inplications Whan viewed in terms of each other._ -

fffyf;The analyais of*the scilfitftha time cf sampling'showed that”the*Tﬁﬁ
: :;j}soil waS: acidic and had a 1DW'nutrient status. Tha marpholagy aff SR
- the rool 3ystem of plants growing .in such soils nust be such thatﬁ;_”“““*""”

.~ €jffthe plant wnll be able o utilzze the sparse nutrmant reservasfﬂ* ;;; 'f
7 “in the upper soil layers, in particular mycorrhizal cmlanlzarianﬁ -;fjj" -
o ff?may be' advantageaus t6 plants grcwing on these so;ls ueuausef’ﬁ  jjﬁ“
"ff;”mycorrhlzal ¥oots are ‘thought to be. ‘able [to scavenge ‘the S o T
V[avazlable nutrlents more effzciently from tha aail than ron—f;fﬁ?ﬁ

"”{mycorrhizal roots (Linderman, 1988}. chsequently the preaen¢e,ffgd'}?=*"

and’ actlvity cf the ectQMycbrrhizas on the Pihug patula raots_gf..~

2_1”{ﬂ{1could.he essent;al An ensurxng that the‘trees reaeive.an adequate affff;j*:f
'ff; =nutviant aupplyn;;;v-- a D e

*3ngdnus.patu1a seedl;ngs were grown in- sterzlized sail in nrder taE,f*f”“':”

" compare the rates of Ca and My uptake by mycarrhizal tree xaatsjfjﬁ:?;i;:
L with non—mycarxhizal tree roots. The  seedliiys growing in. the ' v
:;_* ;sterilized 8oLl alx showed signa af phosphoxus deflcxancy an&]j  f:_:__
:ffff_dled,_tbis was in spxte of the fact ‘that they were watered with fJ“;‘i=f”




1 & nutriant salutinn* It was ea: ﬁﬁé hat th  mycarrhzzas nni

gf;gcnxy assist the host in nbtamning nutrients when tha soil szy_:;;fff
o nutrient panr, but that they are an 1nhegra1 part of tne ruotj”“”' i

-wbgﬁaaffact tha mycarrhizas ara gonszderad ta hava tha patential tu5f7;_ﬂ}f'

.:~3{iaffést the plant as & whale.

_ﬁ"; flﬁTha 1eaching' aﬁ the soil aaras shawed ‘that 'thars 'ware no;ﬁ;;fzi.;[
' “{_smgnificant ahangas in the soml compa51tion in responsa to. the;gﬁ:ﬁf[:@

©acid rain «xeatments ‘over “the.* me’ pariad examined. ﬂnweverf{ﬁ97

“.laltnough mathamafinalky nansignificant Que: to: 1arge amaunts ofjJ}}fffl“

. variation In the soil _system; these. bbserVad ‘trends may B T

”-[baalagically sxgnificant in that the plants may Tespond to” theg ;¢L _ff

""]jabaarved trends. The' Jadk’ of signiflmant changes may alsa he'”"”

© . ¥esult of the time period being too short to elicit a response.
' This was compounded by the fact that if there were preﬁefinedi
*{water'channgls

._ ;?ffand:having‘very 11tt1a unlfarmpaontaﬁt'wibh the ert;re-saxl wnre.;js”
':ffﬂonversely, when 16 sugh channels existed in the sqil aara,.thaﬁ_g;,J

g 'in,the so’l, the—“ramn"’tended‘ta pass along thaseff5; 5-'f
| paths, intaractxng'nnly with the soxl adjacent 40 these channels

_!?awater tosk along ‘¥ime to. leach through the core, thus allowing
,ﬂ¥yﬂn1Y Emall valumes of "rain“ to intaraat with the sail 1n theseg; ¢ﬂ;;'
z.acnres. R cLL | e S

.__Although ac;d ra;n did not causa a s;gnificant increase in the gﬁ<.

”;   -frate of base catien lenching in response to an increase in the ..
',  ;azid1ty of the “razn" the ‘amount of ‘Mg®* lost ‘when the “rain"f%,ﬁﬁf“"
~ bad a lower pH was’ greatest. over a longer per;ad of tima this .

-ftzend could.hecame-slgnlficant IR shnuld also be remembered that .],f';q 

. in the'field. situation, not all of the ct:ions that are fresd in- -

" the. exchange will be lost in the drainage water as some will be

:?ftaken.up‘by the vegetatxan, thus aiding the growth of the plants SRR

?;;;prever the- growth o the plants can be: stzmnlatad nnly far ?fff:ﬁ  “
:“,fshart.parmad hecause th$ amqnmt of . ¢atluns that can be 1ibarataﬁfi_.”fj ;
o dsoEinite’ anﬂ it 15 aouhtful whether the rate of waathering T EEE

-f:_tha soil partlcles can be fast enough tﬁ ensure that tha amnuntw.iﬁlﬂ;

"“'{cf ions in tha aoal remalns adequate.:g B




.:-'2’15 the ian cancantra+1un
. _-.._-_tca be an mc:reaaa in czompetitmn &mong the Plants tc esoee the

.i.n the rnot ta shcat ratio. 'rhs.s :‘Ls an: mertant: wnszderatmn
S hiomaas, "
© o lest dn t:he leachate in response ‘to the acidity of the “rain®, =~
'.-_'--there d:n.d a.ppear to be" increasinq amounts ofa1dt in. tha soil as‘_ R
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