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sources. iudicating that L'\'flll11ycllrrhll.a1 IUIlI'; ll1ult! 1'1,1, " ,jl'lItfil<11I1 role III pl\lvtLlltlg 1~ and P to P patula,

especially fWIIl (lrganil and cunrplcv ed StlllfU \ trom whu h 'h ..: Ilthl "hill would !lot normally IIa\(: 'KL(.'~S,

Two ecrornycorrhizal mot types were \.'ulb;teJ from a ,ilL's in which litter had ,Il\.'UlIlUI ated. I'hese were

identified using 11 combination of morphological and anatomical features. ,L~ well as chemical reactions. The

ectotnycorrnizax wen: compared with published idellfifi(<ltioJ)s and ,,,dllfs such as sporocarp occurrence and

fungal cunnections were considered. The mycorrhiza-, 'Iere l(klllilkJ ~" Scterodcrmu ntrtnum and Boletus

pinicola. The S, citrinum were \\111[\', smooth and dichotoruouxly hr;; '''hL'd with vmoorh, pale yellow,

undifferentiated rhizomorphs. The mantle W"s plectcuch , .nan IW, with ail ou er and inner layer, The inner layer

showed a ring-like arrangement of hyphal hl'lldlt:~, r'IC 'Harti!!' ner had I type A, palineni shape, The H,

pinicola mycorrhizas wen: brown with lighter coloured root (IPS, simple to dichotomously branched. The

mycorrhil.as weft! smooth with no distinct mantle. s~arst! hypha',' occurred on the root surface, The shape 1.11'

the' Hartig: net was type A, palmetri with lobed haustoria,

On the basis of this study managern ..-nr straregies an: proposed in oro::r to improve litter decomnosirion in high

altitude xites and include t I) controlled burninr . to reduce 1I.ls, 1.11nutrients through volatilil~t(i(ll, ui ) inerellslIlg

forest floor temperatures hy alterinj: the planunp d<.:nsity and (iii) application o!Jolmniti ..· lim c (() replace 1.;1ltiOllS

in order tu improve (h' acidic condition» making t,ll' litter more tavourah!e tor microbial activity



iii

accumulation of litll'1 1Ill1lgh altitude 'Ilt", Ch.lll)h·' ill liltt:! qualitv dUJln!, lb_\'IllPI'SIII<'1I wer« alsll hiphaxic

Analysis 01 litter N indicated a rapid los, 1)\ N durin!! tlI.: !irsl U weeks ,Pha:,e NI) attributable {O

mineralization, followed by an increase ill N whicl; j,\ ar:rihulahlt: 10 assinularion or inunohilizatiou (Phase N2.).

Analysis ot litter P indicated a rapid Illss \11 P during the first 1.1 week-, (Phase P II, and a continual hut more

gradual loss of P thereafter (Phase P2.), Phosphorus i, continually being mineralized.

Reduced decomposition rates in high altitude sit!.:s might he linked tu differences in microbial activity or in the

composition or the microbial population, To test (he possihility that ecromycor-hizas arc able to retard

decomposition because they are in competitiou with the decomposer microhial population, a trenching

experiment which eliminated ectumycorrhizal mots from plots wus performed. This showed that microbial

activity and biomass were not depressed ill tIlt' presence of active ectmuycorrbizal roots. Plate counts were

conducted to enumerate functional bacterial and fungal t'fllUp~ in hlllh a low and a high altitude site and no

evidence was found to suggest that these were significantly difkrent between sites, It is suggested that reduced

decomposition rates . , more likely to result from ..:hu'lgt:s in microbial activity, which an: linked to

environmental factors. such as cooler temperatures and acidic conditions in the litter layers of high altitude sites,

The cycling of nutrients was examined in a 42 year-old, high altitude P. [1l11l1/a site ill which liner hall

accumulated, Samples of tIl" vegetation, litter and soil components were collected and chemicarly analyzed tor

(oral N, total P and the maJor cations K', Ca" allli Mg". Complete nutrient budgets lor ~ and P, and cation

pool sizes wen: determined. It was evident from tlll:s\,' studies that Iaf!! t' reserve- 01 N (1442.kg ha I) and I'

t I03kg ha I) an: stored in the litter layer», with kvels of caU"", l1eiIlg low rhl.' Illdj()lily 01 the tillL' feeder

fOOlS wen: distributed in the liner layers. rhi~1Il1l1i.'dtnl a tightly c!os,'d pluntIitrerplaut nutrient \,YLk',

Approxlrnatl'ly 50',1 01111" line tccdcr ((\01' ULi.Urrul1' III thl' !iUl'r lawl' Weft l'ltllJlIYl'IlIrLil.a1. It was proposed

inorganic and ofgillllc ,\Jurces 01 I' III I/(/() ,tuJlv'.n;tlllllll'l1 till' ahIllty III e, (\JlIly,mrhll.al 1111l!'iisolall'd "0111

P {JIII/;/(/ pialltdthlll' tl) unli,«: \'1111111' !\i r.unmonuuu ,ulrh.ttl'. 1II[1;1k. HS:\, !,lut.llhilllll' .uid \ilTIIHh anuno

acid,) and P t potassium dih Vt.!1"!.'t'li phI "pitaii.', alumuuuru ph'''I'Ii:lk, ,,11\,(1, ,11Id. R!\i" and gt'<.:t:luphnsph,tll.')
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ABSTRACT

Litter accumulates on th.: torest floor in Pinus patu!« plantation» ill Mpumalanga, South Africa and as a result

nutrients become Immobilized and <ite productiviry is reduced, Studies haw correlated litter accumulation with

abiotic factors. such as high altitude siks, high rainfall soils derived from till: timehall series (shale) have thick

litter layers. This study Iocuses Oil the biotic tadors involved in litter accumulation,

TIle forest floor mass is determined oy lilt: balance between the rates of litter production and decomposition,

Litter accumulation may occur as a result of all imbalance between these processes To determine the cause of

the imbalance litter production and accumulation in au age st'ri!.:s C'i,30 years) of P. patuia compartments

growing at both low and high altitude sites was quantified ant! decomposition rates wen: measured, Litter

production was shown to increase \Ii' to a stand age of lO years, whereafter it continued to increase hut al a

slower rate, The average annual litter productiut. figure ranged from .\.64 to 5,891 ha " yr I measured over a

two-year period, No significant relationship existed between litter production .:;.u altitude hut litter

accumulation was shown to increase with increasing stand age and increasiug altitude,

One of the factors affecting litter dccompositio» is litter quality, Litter collected troru litter traps was analyzed

for total N, total P, lignin, cellulose, pulyphenolics ant! tannins. No significant relationships were evident

between any of the litter quality variables and illlre,:~ill~l altitude, To determine decornposirion rates, littel'ha!!s

were buried under the litter layer ill a compann: r each age pour, al both low and high altitudes.

Littcrbags were collected at intervals of 6 '.vl'cks, \ months. (1 m.uuh», q months and 12 l1lonths ,II1U weighed

III determine mass loss and chenucally analyzed 1<11 uual Nand P, til dcteruune changes ill liner quality,

Decomposition was shown to occur III two phasl'~ J)uruW phihC M I (0 n w(.'ck.,) there wa~ iI rapid IllS.' in litter

ma,s alter which mass continued In he Itht hut at <t ... In,\on !alt' !PhasL M2 (J:;2 wel'bl The average overall

mass Illst was 34'/; 'II' Lxaruinanon ot dl'llHnp""I(,llIl ralt' 1,1111\[.1111, (~) IIldll',llnl ...lower litter turnover ill till'

high altitude ..,ill:, (rall),c t). H t(l ,() ",-4, 1111, ,lllllillllCO with Iht' uvnd (II dl'~rl.';lSin!' dCll1llll111Siri(l(l ratl'S

Wilast' M21 Will! 11Il!l'.!si!II' ,tlrlludc' IlIdlC;llul III.I! lcdue'cd .k.;IlUlp.hllillll 1.1;,'\ 'H'i( rl'.'poJlSlhle tor Iht'
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which includes both thc amount 01 water absorbed and the rate at which watcr is absorbed (Moore, 1(86),

Water absorption is influenced by the morphological characteristu s of till: litter such as cuticle and kal thickness

(Taylor ami Parkinson. 1988;, Environmental factors also influence this initial phase, with leaching increasing

with in~reasing temperature and rainfall (Buldgen, 1(82),

The compounds released during leaching ale readily metabolised hy micro-organisms, who derive energy from

the C for the subsequent breakdown of (he litter. Leaching alters the chemical composition of the litter hy

lowering the sugar concentration (Ibrahima, Joffre & Gilion, 1995). The initial quantity of water-soluble

substances in the litter is positively related to till: decornpoxition rate; however, prolonged leaching could make

litter less readily decomposable as the energy derived from tilt: C compounds becomes deficient and the litter

can no longer sustain microbia! growth (Berg & Ekbobm, 199 I; Ibrahirna. Joffre & Gilon, 19(5), Other

chemical changes may occur depending on the species of litter e.g, cellulose and lignin concentrations and the

lignin:N ratio nUIY increase (Parson, Taylor & Parkinson. 19(0).

Litter is broken down further by the action of decomposer organisms; this biological phase of decomposition

proceeds concurrently with the leaching phase and beyond this initial phase. Litter serves tWI) functions for the

microflora, it provides energy and supplies C for the formation of new cell materials and catabolic enzyme.

Microbial cells are approximately 50% C, the source of which is tJl!' substrate being utilized. The process of

converrlng the substrate into protoplasmic C is call ..J assimilation, At the same time as C is beine v.similated

:\I and phosphorus (1'), as well as other nutrients tire required to sustain growth and reproductio., This uptake

of nutrients is lUI important means ufImmobilization, t.e. the mechanism by wl:i~h micro ...orgp.;!l~I11S reduce ,.Ie

quantity of prant avallahk nutrients in the soil (Alexander, 1977; Vogr. Grier & Yogt. 19S(J>. Decreased

availahility of Ilutriell!\, or decreased liner quality. results r 'I decreased decomposition activiry by micro-

organisms which ultimately influences the uecomposiuon ra:c. as well a.\ the chemical changes occurring during

th': decomposition process (YogI. Grier & YO!!!, 19H6),

I}



The relationship between FRP ano ahovcgruund litter production is not dear, Quantificatiou of I'RP is

problematic, with several meull Is being followed, Nadelhoffer & Raich (1992) examining published data

concluded that there was 110 correlation between FRP estimates and aboveground production. l lowever, they

stressed that the variability III the methods used to estimate FRP, may have obscured any relationship. Analysis

of forest carbon (C) ami nitrogen (N) budgets did, however, indicate that belowground production increased

with aboveground productlou, suggesting that these two components of net primary production arc linked and

are possibly limited by the same factors (Nadelhoffer & Raich 1992).

1.3.2 Nutrient outputs

~I!illiilillll

The decomposition of organic matter is an lmportaut means by which organically hound nutrients arc released,

returned to the soil, and made available for plant uptake. TIle measurement of litter decomposition is based 01\

determlnatlons of the amount of litter remaining after a period of time compared with tile initial amount of

litter. Expressions widely used for the decomposition rate are, the exponential decay constant (k) ana the annual

decay percentage (Olson, 1963).

The chemical constituents of litter can be separated into 3 groups namely, soluble substances; polymer

carbohydrates and holocellulose: and lastly, add insoluble aromatic compounds such as lignin and phenollc

products (Me Claugherry & Berg, 1987). Coniferous litter is charncterized by low concentrations of nutrients

and proteins and high levels of polyphenolic substances, factors which make pine litter resistant to

decornposluon (Berg & Staltf, 1980).

The initial phase of decomposition can he anributed mainly to the leaching (If both inorganic elements, such

as CaB, K+ and Mgl. and organic clements, such as organic al:ilb, proteins 1I1111soluble sugars (fkrg & Stauf',

1980; Ibrahima, Joffre & Gillon. 1995; Parsons, TI~Y'or& Parkinson, 1990). NOI all water-soluble compounds

are leached .11 the same rate and the quwtilY n:it'ast'u by the litter varies with species (lbraltima, Jutfre &

Gillon, !9(5). The physiochemical proces- of Icaching is intluenced by the liner's water absorption capacity,



arc reraiued for approximately 24 months. A seasonal peak ill needlefall occurs shortly alter the maximum

annual needle producuon (Morri», 1986). lactors such as climatic conditions, which delay needle production,

will, in rum, affect needle longevity. It has been suggested that pl.uu water stress is the possible proximal cue

for needlefall (Wright & Cornejo, 1990).

Studies have shown that there is 8 negative linear relati.mship between total litter production and latitude,

indicating all increase in litter production towards ,Jle equator (Bray & Gorham, 1964; Vogt, Grier & Yogt,

1986). Litter production has also been shown to be positively correlated with light availability (solar radiation)

during the b'Towing season, with equatorial regions having a longer growing season (Dickinson & Pugh, 1974).

Litter production has !Alsobeen positively correlated with temperature ami precipitation during the growing

season (Dnty & Gorham. 1964: Kirschbaum, 1995). Meenremeyer, Box & Thompson (1982) examined the

relatiollship between litter production and climate. concluding tllllI it correlated well wltn the annual actual

evapo-transpiradon which comhines mlth tile energy and the moisture available lu the ecosystem.

Litter production increases with stalld agc until canopy closure, after which the amount of lluerfall remains the

same. AWlOugh tile quantity of liw:rtlill remains COllSUUU in older plantlltiollS, changes may occur in the ratio

of needles to larger litter such IL'i cones and branches (Gholz et ai., 1985; Morris, 1986: 1(92)

jJ.Jlli>.~llll,lU lid litter iomu

Little is known abou: root death and turnover, bur dIe nutrient input from this belowground process may he as

significant us, or more siguiflcant than the ahovegrouud litterfall returns (Hendricks, Nadelhoffer & Aller,

1993). Belowground litter production is dependent Oil fine root production (FRP). Studies have sugg(.'SfC:.Jdillt

FRP may contribute up to 75 % of the annual net primary production in some ecosystems (Nadelhoffer & Raich,

1992). The abovegrouud Iitter input for PinUS svlvestris (S~OIS pine) was calculated as 71gC' 1112 yr I, compared

with the belowground inputs of 90g(' 1Il1 yr I (Persson, 1980). The litter input from the roots is closely related

to periods of drought, durin)! which the mortality of roots increases, However, dIe sellM)mllily of mot litter

production may he less pronounced (han for aboveground uncr production (Persson, 198C).
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deposition in the atturestcd !l:glnll~ nl M pumalanpa han' been calculated a .. X (, 12 l) SO,: , I l) 11.7 NO, ' I. I

2.7 NH,', 2.1-6.0 Ca.", 0.1 1.0 Mp" and 1..1 ,I 7 K' (Olbrich, lIN:; I

Forest canopies have a flltering effect on particles in the atmosphere The canopv trap .. !IIOf!: ~t:w"llis and dust

than a flat surface. due til the increased surface area Accurate meaxurerucnt-, III dry deposition an: difficult to

asst:s~, because of problems with Illl.'aSUrl.'llIClit rechniques: sorne cstiman» (k!! hi! I yr ') of tl'e: major cations and

anions contributed by dry deposition in tlIt: afforested re:gillns nl Mpumalaugu have been calculated as 0.89·24.4

SO/, 0.62-24.9 NO" 1.22-17.0 Cal', 0.1·0.8 Mgl• and ().5-1..1 K'. This SU!!gt:sts "'at wet and ury

deposition provides comparable quamities 01 nutrients fur 'llost elemental Spt:CIt:S (Olbrich, 1'1(5).

Throughtal! or canopy leaching is also regarded as a nutrient input process. Recent studies by Olbrich, Du Toil

& Van Renshurg t 1(93) huve examined tht: throughtall under P. patula in two ..ires in Mpumaiangu, This stuuy

showed tluu. in general, concentrations of SO/, NOt, ('I, Cal., M!!l' and K' ions in tlIl'Oughtitll were

enhanced relative to open (rainfall) samples, indicating tl'at till: canopy acted as a source rather than a sink ut

ions. This increase ill nutrients was particularly evident with K', indicating the ability of K' to be leached

from 1'. patu!« nct'dles. Tllt'st' dara support stuuit:.\ Ily Zamierowski (I 97.'i) which showed that considerable

more K' than Cal' or M!,l' can he extracted Irom P. />(/111/(/needles with distilled water, inukatilll.' the

leachable nature of the 'HIIllIl.

Atrnosplu-ric deposuion has Ihl' potential It, effect llil' Iong-tertu fi:rtililY llf soil. lkpllSitioli additit:s th(.' soil

through the leachill!, 01 bast: carious lrum the soil, which results ill decreased availabililY of carious and

increased heavv metals, in particular alumiuium. III thl' snil solution (Olbrich, 199~)

AllillJ:J.t[()l.ill~JjtlS; I DIlJ~lu';;lIWI

One 01 till: primarv abllvq'ftlUIiU -ourw llf 1I111m'IIh t'lItt:rin!, the !tnt"t t.'l'o'y~11.'1lI IS via till' litterfall Manv

fadms haw been ShllWII III <II It'" I liurr producnon. Tilt' t.lll!'I.'VIIV of IIl'l.'dk, IS all unportan. tucror and I,

dependetu on spl:Lit" Stlll8.: (;PWt'l (11)<)2) IlT,nrtl'd tluu needle lunpevuv wa-, 3(1 11111111lis tor I' strobus rwlnre

pincj, ·16 1II11lllh., lor I' r(,IIIIIJ\'1 (Il'd ['lilt:! and (l() 11I11I11h.,tor {'I<'I'II II/Jin (NdIW<lV sprucl.') l' {l1I11I!tIIlI.'I.'UIt's



principles and concepts applv tu the cxotr. fast I'rllwing pilll: plaiuatiou: III Mpumalanpa ThIS II<IS been

demonstrated hy Morris (llJH(,; 11)1)5)III the Swaziland I' {JU/II/II plautanon-.

Nutrient cycling involves three main cvcles: a geochemical, biological dnd a biugeochcmical cycle t Auiwill &

Adams, 1993>. i'he geochemical cycle involves inputs <)f nutrients from auuospheric deposition, weathering

and the outputs of nurrie.ns through leach iII!, , The hiological cycle involves the movement of nutrit'llt.s from

soil to plant ro soil, via the forest floor. The process includes the storape and retranslocanon 01 nutrients within

the tree. TIlt: biogeochemical process involves the movcmcnt ot nutrients between the geoxpberc. the biosphere

and the atmosphere (Attiwill & Adams, 1993; Charley & Richards, 19H:l; !It:frnisaari, t99.'iL TIt.' (leW, of Ihis

project is on the hiological pruccsses th, t control the rates of transfer within these cycle».

The functioning of the ecosystem depends largdy upon the activities of soilmiao-organisllIs found in the uppe:

layers of soil. The storage of organically bound ami exchangeable nutrients ill the forest floor and underlying

soil allows all systems to function in spill: of the fact that nutrient inputs may not be in phase with the

requirements of decomposer organisms or tilt: release of nutrlerux hy decomposers may uot be sYIll:llrouous with

plant uptake (GOSl., Likens & Bormann, 1976) The illlllwing section discusses various aspects 01 nutrient

inputs and outputs involved in tilt: nutrient cycle,

1,3,1 Nutrient inputs

Nutrients which an: dissolved ill rain and mist contribute quantities I)f nutrients tl) the suil, and arl' regarded

as inputs mtu tltt: ecosvsteru. Thes.: numeius all' derived nuunly Irum air pollutants and the quamitics 01

nurricuts !;IUI vary between rainfall events. season, and yt',trs (Parker, 1990; Probert, 1(76), Tilt' quality of

rainwater IS an unpunant 1llt:,IIIS 01 mnnitoriug air POIlUIHlIJ tll which lorests art' notably sensitive. This

senxitivitv is I!Urth'HL'U to th.: tmcst' S capacitv III ahsnrh pollutants lhc larpl' ,'IOWII volume u] Im.:st trees and

the longevity III thl' tr';l'S and nl'l'llll's IIlGl'ilSl'S tlte ahsorptlH' .surfal'l' i'lld tht' cxpoxur« rime III rlu- tm:s 11\

pollutants rOlhnch. )99S) l.stuuan-. fkp Ita I vr I) (II till' majut cations and ,1I110IlS courributcd hy we:



TIle accumulation of litter Oil the forest nom has been shown to increase with in.:n:asill!.' distance from the

equator, This can IX' illustrated by comparing P. I}(/flS/';'WT{(J (Jack pint') growing in Minnesora, USA which has

a forest floor mass of 12t ha I with the LlOt ha \ under P banskiana in Nl"W Brunswick, Canada (vogt, Grier

& Vogt, 1986). The increase in litter accumulation with increasing latitude indicates that the formation of 'mor'

layers may he influenced by abiotic factors such as temperature and rainfall. The influence of these ahiotic

factors have been confirmed by Schutz. (1990), In Schutz's (1990) study litter accumulation was positively

related to both rainfall and altitude, among other factors. Examining the biotic influences on litter accumulation

Schutz (1990) showed that accumulation could be correlated with several foliar nutrient concentrations, which

include positive relationships with B, Mg, AI and Zn ami a negative relationship with Ca.

Litter depth in managed. even aged plantations declines after clearfelliug due to disturbances, then increases

after the next rotation is plumed until canopy closure. This increase reaches a maximum about 1/3 to 2/3 of

the way through the rotation (De Ronde, 1993).

Litter accumulation may (K'CUr as a result of an imbalance ill the input of organic material intu the ecosystem

(i.e. aboveground lirterfnll) and tllt' breakdown or output of this material (i.e. decomposition). TIIC relationship

between litter accumulation and these blological processes in P, patula plantations has not previously been

examined in Mpumalnngu. If litter accumulation is a result of the imbalance between inputs and outputs, then

it must influence the nutrient cycles in these p, patula plantariou«, This would ill turn ancel tile long term

productivity of these sites as well as their sustainability during future rotations. The following section examines

the current literature pertaining to nutrient cycles in forest ecosystems.

1.3 NUl '{H~NT CYCLING

Studies on the storage and movement of nutrient" in Iurest ecosystems (i.e, nutrient cycling) have been

conducted lor IIlOTethan 100 years (Attiwill & Adams, 19(3), Although much research has been conducted

in the temperate regions anc mainly Oil natural rorestx rather (han IlUllU1l't'd plantation forests, the basic

4



Litter serves many functions: it ads as an insulating layer which protects the soil from extreme changes in

moisture and temperature; it protects the soil frum erosion and frost and it improves water infiltration (Hering,

1982; Schutz, 1(90). Biologically, litter provides energy and nutrients for heterotrophic organisms. TIle litter

is metabolised by II host of organisms, resulting in the release of the nutrients which arc then returned to the

soil for reuse by the plant (Singh & Gupta, 1(77). Litter, therefore, influences or regulates most of the

functional processes occurring throughout the forest ecosystem (Gosz, Likens & Bormann, 1976). The

conservation of essential nutrients and their efficient utilization in growth is required to sustain forest

productivity, especially as many rorest stands are located on nutrient fXKJf sites (Attiwill & Adams, 1993; Vogt,

Grier & Vogt, 1(86).

If the decompositiou or breakdown of litter slows down for any reason, litter or raw humus will accumulate

resulting in a 'mor' layer (Hering, 1982; Schutz, 19(0). Mor layers art: regarded as a threat to site

productivity, as nutrients arc immobilized in the litter, organic acids are released and moisture penetration is

altered. Practical problems also arise such as restriction of access , increased fire danger because of the increased

fuel load and lack of wind firmness in newly planted trees of subsequent rotations (Schutz, )(90).

In all extensive research project carried out in Ille late eighties in South Africa litter accumulation was shown

to he a potential problem ill P. patula plantarions in Mpumalanga, with IImaximum thickness of between 60-

65cm being recorded at Ceylon State Forest (Schutz, 1990). On average the litter thickness recorded under P.

patula is IOcrn (range of 3-35cm). Average litter thicknesses of 6cm (range of 3-13cm) have been recorded

under P. taeda and 5(,111(range of 3·14clll) under P. elliottli. The latter two species are also grown ill the

region (SChUlZ, 1990). Under P. patula, litter accumulation is manifested ill there being little breakdown of

litter, with ouly the formation of Land F layers (Schutz, 1990). III contrast to this, in the Western Cape. liner

accumulation occurring under P. pinaste has an average litter depth of 13cm. the accumulation of the 1-1 layer

being more prevalent (De Ronde. 1984; 1993).



The main silviculrural problems ill prowing P. potu/a in South Africa arc the morphology of trees; fungal

diseases such as Rhizinia undulata (root roll which causes severe mortality of planted seedlings after sla."h

burning (Germishuizen, 1984) and Sphaeropsis sapinea, which causes shoot hlight and top die hack becoming

particularly prevalent after hail damage and drought (Swart & Wingfield, 1991; Smith et al., 1996); and

nutritional problems which may be associated with litter accumulation in the pine plantations (Wormald, 1975).

TIle establishment of many pine species in Southern Africa was initially hampered by the lack of suitable

ectornycorrhizal fungi in the soil. It was only after the importation of humus and rootlets from native pine

growing areas, which were men added to nursery soils, that success was finally achieved (Wormald, 1975).

Presently, ill South Africa, there is an increased demand for land to meer the needs of rural communities and

as a result new land is no longer available for afforestation. The continued success of the industry lies in

improving the sustainability of currently utilized forestry land.

1.2 LITTER ACCUMULATION

The term litter refers to dead plant material, both above- and below ground, such as dead needles, branches,

twigs, cones and TOotS. Litter is an important characteristic which distinguishes forest soils from agricultural

or cultivated soils (Satchell, 1974). In this ulcsis the term' litter' refers to aboveground litter. unless otherwise

stated. When aboveground litter falls it lies on the soil surface until it is covered by new litter. The mineral

soil becomes permanently hidden hy a series of these organic layers. These organic or 'mull' layers are

described as;

- !lIe jitter (L) layer. which is composed of intact dead leaves;

- !lie fcrrnentauon (F) layer. which is composed of broken up organic matter thaI is still recognisable

as litter and

- the humus (II) layer, which's composed of unrecognisable dark, powdery, organic matter (Hering,

1982).
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INTRODUCTION

1.1 PORESTRY IN SOUTH AFRICA

The forestry and forest products industries aft: two ot the largt'st and Iastesr growinl,' sectors of the South

African economy. Approximately 1.4 million ha an: afforested with over 50% planted to pint' (South African

Forestry Facts, 1994). The genus Pinus, is of economic importance, with pine timber having a variety of uses

from sawlogs, for the building industry, to pulp tor paper production (Poynton, 19RO)

P, sylvestris was the first pine species III he introduced into the country. This species wax brought in by the

Dutch East India Company; however, their initial attempts at estahlishmcnt were unsuccessful. P. pinastcr and

P. pinea were Lter introduced and established by the French Huguenots towards the end of the t 7th century.

The first commercial plantation, Genadendal. was established he tween 1825-1830. Thereafter followed a rapid

introduction of many pint' species (Pllynllln, 1980).

Pinus paw/a Schlechtd, et Cham. was firs: introduced to South Africa Irmn Mexico in 1907 and has since been

widely used liS a plantation species (Pnynton. 1980). This species is also grown in Swaziland, Angola,

Mozambique, Zimbabwe. Madagascar, East Africa, Malawi, Kenya, Ta nzani a , Uganda, Rwanda and Burundi

(Wormald, 1975). The species thrives best on cool. moist sites in temperate humid regions and tilt: mist belt

of the summer rainfall regions. The species is not suited to areas with altitudes below 750m. Till: best growth

rates are obtained ill areas with all annual pft:~jriWtillll of ,1800mn!. The mean height increment during the

first tell years is 1-1.5m per annum, and canopy closure is achieved at 4-5yrs. 1'. putulu is resistant tll frost,

hut on shallow soils the species sulkrs from droughr during periods of abnorrnallv low raillfall (SclHlnau &

Fitzpatrick, 1981; Wormald, 197:;) 1'. patulu succeeds on a variety '.11soils, includinp those derived trom

dolerite. granite, dolomite, uuanzite and sandstone (Schonau & litzpatrick. 191\1).



List of plates coutinued

70~1l11.

Plat' 8.9 WITS Ot> - Cross section 01 cctumycorrhizal root; II& II; 1111 . common type A, palrnetti 'Hartig:

net; III - lobed haustoria; t . tannin cells; (' . cortical (dis (Scale bar

Plate 8.10 ~!.Ii..QQ. Longitudinal sed 1011(If cC(onJycorriJ!l.<ll mot; (J &. b: 1111. common typt' A, palmetti

'Hartig' net; III lobed haustoria: t . iannin cells: (' . cortical cells: rt root tip t Scale bar

Plate 8.11 W!ISJU· Sdorodcrma citrinum Pers. sporocarp ...; u & /J; ,111/ • dark coloured. internal. spore mass:

w - wart-like protuberances.

Plate 8.12 WITS Q6 . Boletus pinico!« Viu, sporocarps: 1/ & /I; qJ . cap: I'r . stipe: fJ . pore layer: hr

characteristic blue bruising of the port: layer.



I,1ST OF PI,ATES

Plate 7. I Ectomycorrhizal fungal i~illatl" ~!r()wIIW <lCIMM N lIIellllllll. dlld,)\ I 1/' [ron: lOll nvht i,nlatL:s WITS

lll, WITS 02, WITS 04 and WI IS ()(J,

Plate 8.1 WIISJLL - White, smooth, Jidl\ltorno1lsly hrauched t'cloCl1y\.'orrhi/~ll moh shpwing Pille yc'.

rhizomorpbs: II & /1: dhr - dichounnous btauchiug: II/ - mantle: ,. - rhizomotpl», (Scale bar 150;Hll).

Plate 8.2 WITS 01 - Autofluorescence ot l'::"lI1IY\.lIrrhi"d "lot:,: (I .NO 420nrn, enure rnycorrhiza tluort:s\.'l'S

& reen: h 450-490nm, entire mycorrhiza tlullreslls yel IIlW ,dll/" dichotumou« branching ; /II

mantic: r - rhizomorph (S':,Ih: bar

Plate 8.3 WITS 01 - Plcctcnchvmatnus mantle: 1/ ' loose outer mantle, no di-unct pattern: h - inlier mantic,
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it involves the utilizatiou Ilf ol['ani.' al;d~ in the (I~sm' and the dark fixation .>1 CO: H'.ltlr the j'lut;JlIlalt:

dehydrogenase and the glutamine synthetase pathways have been identified ill mycurrluzas (France & Reid,

1983). The absorption of phosphates result« ill its ~l)II"crsion to nudl',Hidcs and sugar phosphates, fullowed

by the accumulntlon of inorganic orthopbosphates, organic phosphates and polyphospharcs (Cox rt al., 1(80)

Studies in temperate regions have shown that F.eM dominate in environments in which nutrient supplies arc

seasonal, therefore, the storage of .rutricnts in the mycorrhizal structures decreases !lIC loss of nutrients through

leaching during periods of greater nutrient availability, A substantia! amount of N has been shown to he cycled

through the mycorrhizal system, Vogt et al., ([983) found that mycorrhizal fruiting bou;"s returned twice as

much N to the soil when compared with the aboveground littcrfali in Abies amabilis forests, In a Pseudotsuga

forest ecosystem mycorrhizas were reported to he responsible f,lr 1()ll' ofjhe total N throughput (Fogel & Hunt,

1983).

The nutrients absorbed into the symbiotic system can be ston ..'\! and recycled within the system, Furthermore,

the presence of mycorrhizal hyphal linkages, along which both nutrients and C can pass from one host planl

to another, lind can result in a dose cycling of nutrients within the ecosyxtcrn (Harley, 1989; Newman, [(88).

The presence of mycorrhizal linknges may he less important in ectotrophic commercial plantatiolls where host

plants arc grown in uniform stands and mycohiont» show sonu: dtgrc:c of specificity. In tllis l·;I.~C il would he

unl;kc1:-, th~t: nutrients would he transferred from the plantation trees to understorey plant.~ such as Solanum

trauritianum (hug weed), and A('(J('/a fIIl'flrtlsh (Wallie) members of the Solanaceae and Fahaccac tlllllilies,

respectively, which lin: known to haw endomyconhizas (Harley & Harley, 1987).

fu;1!.!l!~!lmLlvll;_l!ukhlJ!l\1li);;)l1i\.ll!

Several studies have shown that some reM fungi lire able to solubilize complex compounds such as organit:ally

bOllno Nand P. Initially, it was thought that ectornycorrhizal fungi lacked the enzymes necessary to t:xploi!

complex orpnuk sources of N and that they were dependcu: on simpl« organic forms 01 N such a.~amlno adds,

urea and glutillllk acid (Marks & «o/Jllwski 197:11. /11 111m expcrirneut« haw dt'1l1011Mrutl'dtha: SOIllL'spli'it'S

of ectomycorrhiza! fungi are ,a:'uhk III using proteins as II sole N source It has nt't'u L'onlinned Ihal rTM

10



1.5.3 Hctomycorrhizas ami the cycling of nutr icnts

C.YI:Ul1L:__QL ..:arD\'J\

Mycorrhizal funri obtain their C directly (rom the h('~t plant and thereby have a constant supply of usable

carbohydrate, allow! Ill! them to CI)Il1Pl't<.:wi th IIUIl mycorrhi I.al mit: ((l (li !'ilnislIls for inOfI'illlil' nu: rienrs (Harley,

1(89). Many studies have examined the ellcct of mycorrluzas on carbon allol.'ation aBO have shown that

mycorthizal plants have increased ratl's of photosynthesis and subsequently illl.:n:ased biomass as a result of the

increased flow of nutrients to photosyntlictirally arrive 1c.IVCS (Rrid, Kidd & l-kwebelam, 1(83). Under certain

conditions mycorrhizas call drain host (' because of thl' increased rate of respiration and tht: potential loss of

soluble carbohydrates from the roots, Conversely, the loss of these soluble carbohydrates from the mots may

provide a substrate for other soil nucrobe-, involved in nutrient transformations (Vogt, Publicover & Vogt,

19(1),

The activitles of the mycorrhizas and other soil microbes result ill the release of COl into the atmosphere. The

amount of (,Ol respired can exceed (by 50·200 o/c) the amount of C made available to the soil throu!~h the

dcconvxisition of both above- and below unuud liut.!r (Marks & Kozlowski, 1973) The pho(()syntlll'tic C

diverted through rhlzosnhere alit! mycorrhizal OI'ganislIIs probably accounts for much of the respired (,Ol

(Brundreu, 1991: Harley, 1989), More: tllHn 10 'It of the: C photosymhcsized by the: host may he diverted

through the mycorrhizal fungi and ill one study hy F01'l'l & l lunt (1981) 50% of the total annual throughput

of C in 11 Pseutlotsuva forest was respired by thl' mycorrhizal fungi. Studies in Abies amabilts (Pacific silver

tir) forests estimate the C allocated to myrorrhiznl Iungi to be 15 % (vO!'t I't (1/" I (83), It is evident from these

studies than ECM [ungi play an important mil! in the C cycle.

~i!ll' of IlutU.l:!illi

It is wel! accepted that ruycorrhizas enhance the uptake of nurricnr« from the soi], by absorhing 1l11lricnts !II a

disranci- and then tfUIlSlol:a(illt' them 10 (Iil' r01l1 (Hrundrctt, 199 L Harley, 1989) El'lOIll,l'OI'l hizas uhsorb

inorganic phospliates Hnd anunoniuru ('"om[lou'ld\ Irnm :,olb 01 hi/'ll phenolic ~\lI11~'lIt where nitrates ure

dt'lieicllt. The IIll'c1li1l1islIl of l'J (Ipfahl' 1\",1111.\ III till' lapid accumul.uion ot pill( (Illillt' in the IUIl!'al hyphae, and

It)



1989). A number of ectomycorrhizas an: smooth with lew hyphal connections capable III exploltmg nutrients

from the soil. Evidence suggl!sts that diese fungi produce diffusible enzymes Which provide tht: host plan! with

access to sources of N (Read, Leake & Laugdale, 1989).

TIIC formation of a fuugal slt<:ath around the roots ~(lntrihutl's siguilkamly to the IlIllIlUUI of fUll!'al ti.~sue

involved in mycorrhizal symbiosis as well as increasing the diameter of the root. Several studies have shown

that the fungal sheath may account for as much as 39~f of the ECM mot mass (I!arll'y, 1989). This figure

excludes the contribution of fungal tissue made hy the hyphal network ami fruiting bodies, The sheath also has

an accumulatory function and acts as lin organ for the storage of nutrients and carbohydrates (Harley, 1989).

Most trees lind shrubs initially develop tllP roots in the seedling stage, which will later form the main axes, the

apex of which will grow to extend the root system. From tile main axes branches lin: formed, namely, long

roots with unlimited growth and short roots with restricted growth lind life-span. In the genus Pinus the short

roots are sharply differentiated from the axes which hears them (Schenck. 1982). When iute'HI by an ReM

fungus, these short roots corninue to grow slowly, branch dichotomously and form mycorrhizal systems. The

dichotomous form of branching, typical of PIfIU.I ECM, is rare or ahseru iu other plant genera (Agerer, 1987·

1995; Hurley & Smith, 1983) 111is increased root brnnching increases the mot surface url:a available for

absorpuon of nutrients.

Mycorrhiz.al infection 01 the mot system i., permanenr, although dIe longcviry of mycorrhiza» themselves may

vary. It has been estimated that the Iungevity of Pinus mycorrhizal roouets nUIYhe from several months (0 II

year, although longer estimates have been Illude. Longevity depends on the climatic conditions as well as the

position of roots ill the soil horizon: fur example. mot prowth may lease in surface layers during the coldest

periods, This would result in a conxiderahle 1Tl1ll tality of mots, which ultimately would affect root turnover

(Marks & Kozlowski, 1973; Harley & Smith, 1')8.1) Annther characteristic of ECM IS their ability III grow

apically, producing new active region», while their proximal region ages ami dies. During senescence thc

hypllll!:' 1I1i1y remain active afll:r lilt' cells ht.'!~illto ul't'CIlCrilll: (Harley. 1(89)
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III L'l;t()InlphiL' fun:sh many tYIlt:'> OIIllYL'1l011lIU, lIlC:y occi.r. S'Illlbi(),i .. I' !',l'll!:r,llly llhligatu',y and the mvcohiunt

is often specific to one or <lilly a few ho-r species. 'I he hllst~. tht'fllSl'lvrs may form a',,,,<><.:iallollswith a wide

range of mycnbionts, often simultaneously, It is .houpht that these diverse as~\)\;;:\(ions alleviate the direct

competition between individuals gmwing side by side (Malloch, Pirozynski & Raver, 1980; Yog(, Puhlicover

& Vogt, 1991). Zak (1973) estimated that more than 100 fungal species have 'lIe potential to form ECM with

Pseudotsuga menziesii (Douglas fir) some of which appeal tll be host specific while others are not. Trappe

(1977) suggested that this was an under-csrimation and that 2000 fungal species an! potential mycobionts of this

host.

Host plants may also be associated with differelll mycobionts ar different times during their development, or

depending Oil ecological conditions and climatic tluctuatlons, The mycobionts 011 seedlings are usually replaced

as !lIe plant matures, resultlng ill a succession of ectornycorrhizal types (Malloch, Pirozynskl & Raven, 1980;

Mason et al, 1981).

LS.2 The role of ectomycorrhlzas in ecosystems

The effectiveness of rnycorrhizas in ecosystems is influenced by a number of imeractlng factors regulated by

the host plant, the mycorrhizal fungus, soil conditions and environmental factors (Brundrett 1991; Miller, Koo

& Molina, 1991; Vogt, Publicover & Vogt, 1991). It has been well established that mycorrhizal fungi benefit

their hosts hy enhancing nnneral uptake from the soil and thus contribute to cycling of nutrients in lIlt:

ecosystem, The enhanced mineral uptake ahility of mycorrhiza! routs is related mainly to the increased surface

area effective in ion ubsorption (Brundrett, 1991; Harley & Smith, 1983).

Most HeM have It considerable network of hyphae or hypha I stl'UUUSwhich have long been regarded as

extensions of the absorbing surface which serve It, exploit the soil and translocate absorbed nutrients to the root.

However, nutrient deficiency zones, especially of poorly mobile nutrients e.g. P, will develop around the hyphal

network, Another function 1)1' these hyphal exteuslons il; to provide new ahsorhing surf!l~es to cross lhe

deficleucy znnes: the growth of hyphill' is less expensive in material terms than tht: 1'mwlh 01 rools (lI:nky,
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ANGIOSPERM

TRANSVERSE SEC nON

Pigure 1.1 A diagram iIlusuad'lg the anatomy of an ectornycorrhizal root (Brundrett, Melville & Petersen,

1994).

Ectomycorrhizal hosts are generally forest species occurring in the northern and southem temperate and sub-

arctic regions and includes the genus Pinus. TIle genus Eucalyptus, a temperate and subtropical species from

Australasia, is also ectomycorrluzal (Harley & Smith, 1983' These two genera are the main commercial forest

species in South Africa. Tropical IIl1dSUbtropical n .~.' :.Ilay also be ectomycorrhlzal e.g. Casuarina and

Allocasuarina species. members of the Casuarinaceae and some members of the Caesalplnoideae (Hartey &

Smith. 1983; Thoen. Soygoufara & Dommergues, 19(0).
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_______ extraradicel hyphae

ANGIOSPERM

TRANSVERSE SECTION

Figure 1.1 A diagram illustrating the anatomy of an ectornycorrhlzal root (Brundrett, Melville & Petersen,

1994).

Ectomycorrhizal hosts are generally forest species occurring in the northern and southern temperate and sub-

arctic regions and includes the genus Pinus. 111<'genus Eucalyptus, a temperate and subtropical species from

Australasia, is also ectomycorrhizal (Harley & Smith, 1983). 'T11CSC two genera are the main commercial forest

species in South Africa, Tropical and subtropical trees may also be ectomycorrhlzal e.g. Casuarina and

Allocasuarina species, members of the Casuarinaceae and SOUlemembers of the Cacsalpinoideae (Harley &

Smith, 1983; Thoen, Soygoufara & Dornmergucs, 19c)O).
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1.5 ECTOMYCORRHl:t,AS

1.5.1 Introduction

Symbiotic relationships between fungi and plant roots art: ubiquitous in nature. Mycorrhizal associations arc

categorized according to their morphological characteristics. From these characteristics three main groups can

be distinguished, the ectomycorrhiza (EeM), tile endomycorrhiza and tile ectendomycorrhiza (Harley & Harley,

1987).

Ectomycorrhizal associations are prevalent in Pinus as well as other forest ecosystems being identified by tile

presence of an extenal fungal sheath or mantle which encloses the roots of host plants in ft.ngal tissue. Hyphae

penetrate between the epidermal and cortical root cells forming a 'Hartig' net (Harley & Smith, 1983). A

diagram illustrating the anatomy of an ectomycorrhiza is presented in figure 1.1 (Brundrett, Melville &

Petersen, 1994). There is a considerable amount of variation be .ween EeM ill the development of tile sheath,

tile development of the Hartig net, the extent of intercellular penetration and in the fungal connections between

the sheath and the soil. It is these characteristics which have been used in the identi fication of ectornycorrhizas

(Agerer, 1986; Zak, 1973).

TIle my! oblorus associated with ECM include families of the Basidiomycota, Ascotnycota, sterile Fungi

lmperrecti and occasionally till! Zygomycota (Hark) & Harley, 1987). Field observarions, such as the

cr nsistent association of fruiting bodies with a pam, ular tree species and/or tile presence of fungal hyphal

auachments between fmiring bodies and the mycorrhi-al root, have aided in the identification of the mycoblout,

Pure culture isolations made from fruiting bodies, where possible, have been used to inoculate potential host

seedlings under axenic conditions, the formation of I .C'I(I roots confirming the symbiotic relationship (Harley

& Smith, 1983).
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t .4.2 Fire

Slash burning after harvesting IS no longer standard managemem practise in South African forests: however.

forest wildfires still occur and It has been estimated that ,6430ha of plantations are burnt annually (van Wilgeu

& Scholes, cited In Olbrich, 1995). Burning is known to have a marked effect on nutrient cycling in

ecosystems (Goh & Phillips. 1(91). The temperatures attained Juring burning an: determined by the organic

matter content, its hulk density and moisture content. III P. {low/a compartlllt'llts tilt: forest floor is ln-rerogenous

in nature due to disturbances caused by thinning and pruning operations. changes in the microtopography and

bushpig activity (Schutz, 1(90); this results in hot spots occurring during forest tires. Suhstaruial quantities

of Nand P are lost uuring burning with a loss of up to 66 o/c and 35 %, respectively. being recorded in New

Zealand forests that have been clearfelled prior to burning (Goh & Phillips, 19(1). Most of the N is lost as

a result of volatilization (Nl), althoug' . portion would he contained in the fly ash. Most of the P and cations

an: lost as particulate matter in the convection column, although volatilization of P has been reported to occur

during fires of high intensity (Goh & Phillips, 199]).

1.4.3 Leaching

The leaching of nutrients from the soil prnfile represents II loss of nutrients from the ecosystem. This is 01

particular interest in areas wen: add rain is prevalent, as in the escarpment areas of Mpurnalanga. Studies hy

Carlson (1992) concluded that water percolating through the soil may become more acidic as the pH of rain

decreases. Acidic precipitation could increase till: amounts III Mgl' and Ca' leached from the soil, reducing

their availahility (0 che plant and r(.'sulting ill low hasif.' cation f.'ollcelHl'ations ill the soil.

1·1



1.3.4 Retranslocation

Before senescence of needles, nutrients are withdrawn and internally redistributed to support new growth (Proe

& Millard, 199:i). It is not clear whether this retranslocation occurs in response to site quality or environmental

factors or whether the response is genotypic (Vogt et al .• (995). In a 12p study conducted by Proe & Millard

(1995) no evidence was found to suggest that the amount of P remobilized was affected by current P scpply:

however. the timing and rate of Nand P remobilization may differ. The phloem transport rate together with

the rate of phloem loading and unloading which is partially a function of an osmotic gradient from source to

sink. controls retranslocation. Almost no retranslocation takes place in ~he xylem \C~~;lin III & Kedrowski,

1983; Nambiar & Fife, 1991). This process of retranslocation is beneficial for tIle nutrLI( economy of dIe tree

(Berg et al .• 1980).

1.4 NUTRIENT LOSSES

t .4.1 Harvesting

Under natural conditions forest trees would maintain the cycling of nutrients through the process of

decomposition and subsequent return of nutrienrs to the forest soil followed hy uptake. However. this is not

the case when logs art: harvested for commercial usc. This represents a net Joss of nutrients from the forest

ecosystem, as nutrients contained in the logs art: exported from the site. The potential annual export of nutrients

(kg ha I) from P. patula sites range from between iO.2-IS.1 N, 0.5-2.8 p. 4.1-9.4 K+, 6.5-9.2 Cal+ and 2.2-

3.9 Mgl+ (Morris, 1986; 1992). Apart from the direct effect of harvesting on nutrient loss, me process also

modifies many soil processes which subsequcmly affcc: nutrient availability (Goh & Phillips, 1991).



faeces which modifies the chemistry uf the substrate. rendering it more available to rnicrnhial degradation:

comminution, which breaks down litter into smaller pieces; and translocation which results in the redistribution

of substrates, nutrients and micro ..organisms (Setilla ct .1/., 1991; Shaw ct (/1., 1(91).

1.3.3 Nutrient uptake

Terrestrial higher plants obtain the nutrients required for growth from the soil. These nutrients are marnly

dissolved in the soil solution and solutes of low molecular weight are transported to the roots hy diffusion or

mass flow. This process is a non ..metabolic, passive process dependant on availability of nutrients in !lIC soil

solution and UIC formation of root hairs (JcIL~~n& Petterson, 1980; Marschner, 1995). Cell membranes act as

a barrier, preventing tilt' transport of nutrients against a coucentrarkm gradient, The movement of nutrients

across the membrane involves specific binding sites or 'carriers' which fucilitate the process. This is 1I11 act" u

process and requires energy derived from ATP, the main source of which is respiration. Factors affecting

respiration would therefore affect nutrient uptake. Some of these factors include:

- O2 coucerurations: a decrease in 02 results in decreased uptake, particularly of K+ and P;

- temperature: chemical reactions arc temperature dependant, increasing temperatures would therefore

enhance nutrient uptake;

.. cart ohydrates: this provides tIle substrate for respiration. There is a close lnrcrrelationship between

light availability, cerbohydrate supply to the roots, root respiration and nutrieru uptake;

.. pH: as H + concentrations increase pH decreases and cation uptake is generally inhibited at low pHs

(Nye & Tinker, 1977; Marschner, 1995).

The size and distribution of the root system, us well IIi> di fferent physiological ages of individual roots art:

important ill dererrnining the magnitude of nutrient uptake (Jensen & Petterson, 1980).

Ectomycorrhizal tEeM) roots play an important role in the cycling of nutrients by increasing the surface area

effective in ion absorption. In ECM this benefit is anributed til byphal and mycelial strand formation, sheath

formation, increased root branching. increased root diameter, and increased mot longevity (Coleman, Reid &

Cole, 1983).
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Temperature has also been shown to he positively correlated with decomposition with increased temperatures

stimulating microbial activity (Kirschbaum, 1995; Nicolardot, Fauvet & Cheneby, 1994). This relationship

would only occur to an optimal limit as the microbial enzymes, such as cellulase, amylase, protease and

phosphatase, to mention a few, which are responsible for decomposition would become inactive after a threshold

temperature has been reached (Kshattriya, Sharma & Mishra, 1992; Sinsabaugh, Antibus & Linkins, 1991).

These enzymes are also sensitive to pH, and microbial activity is enhanced under neutral to alkaline conditions

(Alexander, 1977; Kthartriya, Sharma & Mishra, 1992). However, it must be remembered that microbial

activity does not result only from the addition of simple effects, but is also influenced hy interactions between

the individual environmental factors (Nicolardot, Fauver & Cheneby, 1994).

Microbial colonization of decomposing organic matter involves a number of species representing both the

bacterial and fungal functional groups. During the initia' phase of decomposition microbial communities able

to degrade cellulose and presumably lignin are prevalent. As decomposition progresses changes in the microbial

composition occur (Scheu & Parkinson, 1995). Changes in the microbial community OCC II " as a result of

chemical changes in the litter, notably the changes ill the C to nutrient ratios. It is generally accepted 111alN

is the element which becomes limiting during the early stages of decomposition, while C becomes limiting

during the later stages (Enriquez, Duarte & Sand-Jensen, 1993). Coniferous forest litter is acidic and most

studies have assumed that fungi are the main decomposer organisms. However, studies applying more direct

methods of enumeration have suggested that bacteria may be more important in coniferous forests l1uU1

previously thought (Persson et al., 1980).

Soil fauna play an important role in th~ decomposition process and the cycling of nutrients. Soil fauna

commonly distributed in coniferous forests include Nematoda (nematodes), Enchytraeida (potworms),

Collembola (spriugtails), Acari (mites). Oligochaetes (earthworms) and Diplopoda (millipedes) (Shaw et al.,

1991). Soil fauna do not possess tilt: range of enzymes required (0 breakdown organic matter and. the refore ,

do not influence decomposition directly. However, soil tauna can influence the mobilization and immobilization

of nutrients through indirect methods. These methods include grazing on other micro-organisms, in particular

fungi; predation, which I.'IIll alter the balance between tungivores and bacterivores: conversion of litter inn.

II



Litter that decomposes slowly has been shown to have high C:N ratios, with N becoming limiting for microbial

growth (Witkamp, 1966; Melillo, Aber & Muratore. 1982). The immobilization of N is generally considered

to occur when the C:N ratio of litter is ~30 (Parnas, 1975). Litter with high lignin and polyphenolic

concentrations have also been shown to retard the decomposition rate (Fogel & Crornack , 1977; Me Claugherty

& Berg, 1987; Palm & Sanchez, 1991; Vanlauwe, et 01 .• 1995). The phenolic compounds generated by the

oxidative degradation of lignin are known 10 have an inhibitory effect on the enzymes involved in degradation

by micro-organisms (Kshattriya, Sharma & Mishra, 1992; Tian, Kang & Brussaard, (992). Polymer

carbohydrates decompose more rapidly, but because lignin and polymer carbohydrates are both physically and

chemically linked, neither group of compounds decomposes independently of the other (Me Claugherty & Berg,

1987),

Many studies have used ratios involving N, lignin and polyphenolics to predict the decomposition rate of

various types of litter. Examples of these ratios are those of Hgniu.Iignocellulose, lignin.N and polyphenol.N

(Aber, Melillo & Me Claugherty, J990; Melillo, Aber & Muratore, 1982; Palm & Sanchez, 1991; Stump &

Binkley, 1993; Upadhyay, Singh & Meenteu •eyer, 1989). However, other studies have not been able to show

correlations between litter quality ratios and the rate of decomposition (Me Claugherty, et al., 1985; M<KJre,

1986). This can probably be attributed to differences in litter chemistry, particularly lignin and N, winch varies

widely among species (Aber & Melillo, 1980) and which may vary within species for stands of differing site

quality and nutrient status (Lamb, 1976),

Rainfall not only influences the decomposition process during the initial leaching phase, but also influences the

biological phase by maintaining tne moisture content of litter at a level which sustains microbial activity. The

number of rainfall events, rather than the total amount of rainfall, has been shown to be better correlated with

decomposition. This indicates that regular moderate rainfall, which malnzains the litter's nu isture content. is

more favourable t.han a small number of heavy rainfall events, which may lead :0 temporary litter dryness (Post

et al., 1985; Vanlauwe et al., 1995). As the tntal amount of rainfall increases, anaerobic conditions may

develop in the litter/microbial environment, retarding their activity. This relarionsl ip would presumably be

affected by soil properties such as drainage.
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Hypothesis I; Litter production increases with increasing altitude (FIg, 2,1; chapter 2)

This chapter will examine litter production and accumulation in several P. patula compartments of various stand

ages, at both low and high altitude sites. The relationships of these variables with stand age and altitude will

be discussed.

4,2 MiHHODS

4.2.1 Study sites

A field study was establlshed in March ami April 1992, ((i monitor litter production in P. paw/a stands,

Initially, thirty five P pam/a compartments of stand ages t':tween 5 and 30 years were selected from both low

alld high altitude plantations in Mpumalanga (Table 3,2; chapter 3), Compartments situated below an altitude

of I200m were designated as low altitude compartments, while those above this altitude were designated as higb

altitude compan meats. At tile beginning of the field study the quantlty of organic matter on Ilu.! forest floor,

from all tilC compartments (Table 3,2; chapter 3), was assessed, Due 10 vandalism and the felling of drought

uamaged trees, a totnl of 15 compartments remained at the end of the first year of the study (Phase I, emlill!l

March 1993), Several compartments were re-cstnblished in JUIlC 1993 to give R total of24 compartments, two

compartments in each age group at both low and high altitude sites (Table 3,2, compartments marked *) were

selected. By the cud of Phase 2 OUIIC 1994) 22 compartments remained, two compartmeuts being lost as II

result of fire (Table 3.2; chapter 3),

4.2.2 Lltterfall collection ond Q,.'ltntificnlioDl

Three litter Imps (3111 1I 3m) were erected in each cornpartrueut. Traps were initially constructed from 40 %

shadeeloth and wen- suspended 1m above till' forest floor betwccu groups if {our P [lam/a trees. Linertall,

comprising mairly needles, branches ;mj occasinnally cones, ....l'Ms collected frum thc traps arid quantified every



4 LITTER PRODUCTiON AND ACCUMULATION

4.1 INTRODUCTION

Liller production is a collective term encompassing both the above- and belowground litter produced in an

ecosystem. In this study the term litter production refers only to that contributed by the aboveground liuerfall.

Liller Is an important source of nutrients and energy and is therefore l' fundamental part of the nutrient cycling

process (Meentemeyer, 1(78), Litter production provides 1I mitior illr~i of nutrients into the ecosystem, This

input is hal anced by the decomposition process or OU'llllt of nutrients, Any disturbance of this balance could

result ill die litter accumulation observed under Pinus flotilla growing in high altitude sites. ill t1leMpumalanga

plantntions. Litter accumulation has been hJcnti fled as a potential threat to long term site productivity. as

nutrients may become immoblllzed in the litter layer resulting in nutrient limitations (Schutz, 19(0).

Because of the role litter pnxiuction I1UIY play in the accumulation of litter, this input process was quantified

to determine whether increased litter production WIIS responsible for the observed accumulation. Many studies

IUlVequantified litter production in forest ecosystems and global estimates have also been made to quantify

annual organic matter production (Bray & Gorham. 1964; Singh & Gupta, 1977; Vogt, Grier & Vogt, 1986),

However, in P. patula plantanons in Mpumalanga, litter production has 1101 been previously measured, In this

study t1le annua I litter produeuou in P. patula compartrnents of various stand ages \ l 'luRlllified and seasonal

trends were monitored.

Studies hy Schutz (1990) showed that litter sccumulauon was COITelUleUwith several abiotic factors, (lilt: of

which was altitude, Litter nccumulatiou appeared to show IIU increase with increasing altitude, Keeping this

relauonshlp with utritude in mind as well as die importance of litter production ill the ecosystem us one of the

prinCipal nutrien: input proCl'SSCS.the lolll)will~! hypotlll'lIis WII.~ tested;
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Plantation Compartment Age Altitude Rotation Comment
(yrs) (m)

l.ongtom R.J 'i D7·1 ~

29A 9 1771 2 ..
6B 25 lM7

Bronklands CI 5 IORl

EI5 5 13:13 2 .. II

A42 10 161-1 2 .. II

C258 10 IOR7 2.

A2RB 15 DO.! 2

BI1 20 127R 2

BI4A 20 115.'; 2
'" "

B9 21 IJ IS 2 ..
D.J9 26 U51 *" (>

F2 42 1150 nutrient eye! IOgl
trench 109 experiment

Berlin ED"I 25 1520 2 ..
B4 I.~ 1476 2 .. /I

DIS :10 I·ID 2 .. II

[) I(, 10 117H .2 ..
Comparuncnts used for; .. litter produco '11 study ,Plwsl' 2),1/ line: dccomposuiou and ~ microbial ponulation study



Table 3,2 Compartments used as study sites in several Mpumalanga plantations,

Plantation Compartment Age Altitude Rotation Comment
(yrs) (Ill)

Witklip A4 5 1023 2

B42 5 1060 2 ~ /I

334 9 1032 2 ...

839 9 1041 2 ... II

B40A 9 1075 2

A2 15 1017 2

D56A 25 1401

855 30 1088

Rcsehaugh B5 15 1085 2 '" II
C3 20 1029 2 of< /I

F.5 21 !161 2 ...

f6A 21 1180 2

E2A 25 992 2 ... } lost in fire

E3B 25 1011 2 ~, II ¢ } lost in fire

C10 30 1099 2 '" II
Mnriti C38 5 1000 2 '"

048 30 1069 '"
Swnrtfuntein

1
0168 15 950 2

Companmems lISl.'O tor: " liner production silldy (Phase 2), II liner .lccomposiuun and <> nucrohiul population study:
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Figure 3.2 Location of study areas within the Mpumalanga plantations.
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~ timber industry began around UICmining town of Sable, owing to the demand for mine pit props. It

became apparent that die soils. climate and rainfall made ule escarpment an ideal area for plantation forestry.

The government forestry department followed ;ttt' lead of the mining companies and large plantations of pines

and gum trees were begun after the Anglo-Boer war (Poynton, 1980).

Approximately 17 OOOhacontribute to the forestry zone in Mpumalanga, 21 % of the total afforested area in

South Africa (South African Forestry Facts. 1994).

3.2 STUDY SITES

Study sites included several P. panda plantations in the province namely. Witklip. Roschaugb, Mariti.

Swartfontein, Longtcm, Brooklands and Berlin (Fig. 3.2). These plantations, previously managed by the

Department of Forestry. have now been privatized to form the South African Forestry Company Ltd.

(SAFCOL).

A total of 35. P. patula compartments were selected from the plantations. Criteria for selection included stand

age, '\luon and altitude. Compartnent information is presented in Table ~.2. Several problems were

experienced during the field studies. Illest: included removal of drought damaged trees, vandalism and fire. As

a result not all the compartments were used throughout the study period; those relevant to a particular section

are indicated on ilie mble and further information Is provided in the relevant sections, Field ",udies commenced

in March 1992 and condnued until July 1994.
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Mpumalanga is a summer rainfall region, precipitation occurring mainly in the form of thunderstorms. The

mean annual rainfall varies from 350mlll in the NE to 16001111llon the escarpment. The region's proximity to

the Tropic of Capricorn and the warm Mozambique current of till: Indian ocean results in a subropical. frost-

free climate in the low lying areas of the Lowveld, Cold winters with heavy frosts and occassional snowfalls

are experienced on the escarpment, which is often cloaked in mist (Schul . 1972).

Climate statistics, for the Sabie region, are presented fur the D. R 'et weather station, situated to the east

of Sabie (Table 3.1) (Weather Bureau, 1986). Data from this station is provided as an indication of the average

long-term climatic conditions prevailing in this forestry region.

Table 3.1 Climate statistics for the D.R. De Wet station. latitude 25" O6'S. longitude 30" 28'E. situated at

an altitude of 91Sm (Weather Bureau. 1986).

Climate statistics n R. Dc Wet

Station

Temperature

Min. (OC) 12.2

Max. (UC) 23.9

Range ("(') 11.7

Precipitation

Rainfall (111m) 120D

No. of days with

~ () lmm rainfall 114.1

No. l,f days with

mist



3 STUDY AREA AND SITES

3.1 STUDY AREA

The province of Mpumalanga is situated in the eastern part of southern Africa (Fig. 3.1). The Drakcnsberg

escarpment runs roughly north to south through the province and the plateau or Highveld stretches westward

to the province of Gauteng. The land drops sharply from the mountains to the foothills. with the steep slopes

gradually levelling off to form the low lying bushveld plains which constitutes the Lowveld.

Figure 3. I Map of South Africa iudicanng the major forestry regions. C1'· Cape Town; PE - Port Elizabeth;

DBN· Durban: 1118• Johannesburg; NtS . Nelspruit and I''nJ . Pietersburg.
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LITTER ACCUMULATION IN Pinus patula PLANTATIONS AND TilE ROLB
OF BCTOMYCORRHI::AL. FUNGI IN A FOREST ECOSYSTEM

I
Why docs llllcr accuUlulDIC7

INPUTS
Liller producuon Increases with
lncreasiug altitude. (I)

OUTPUTS
Liller decornposuion decreases with
increasing altitude. (4)

___ 1

.) Faclors ,ffcclin:! Ibe decomposition of lluer

I
Liller qualily

Liller 4uali1y decreases with
increasing stand age. (2)

b) Nutrient dynamlcs or a aile In which lluer
bas accumulated

P. patula acquires Ule majoriry of ilS
N and P from the lilter layers. (6)

Liller qualilY dCClUSCS with
increasing altllude, (3)

The fine feeder roots are mainly
distributed in the huer layers. (7)

c) Function or microbial JXlpulalioo.! In Ibe (occst ecosystem NUTRIENT CYCLES

Microbial activlry
Tbe presence of actlve mycorrhlozal
roots decreases microbial activity. (5)

I

EClomycorrhiw
Eclomycorrhlzal fungi can utillz.c
organic and InorganiC N compouods
lIS a N source. (8)

Microbial popuinllon.I
• composition differences
between low & higb Qtuludes

Ablollc factors
• pH
• rainfall
• temperature

Ectomycorrhizal fungi can utillze
organic and complexed inorganic P
compounds lIS n P SOUI\.'C, (9)

Flgure 2.1 Flow diagram illustrating the links between the study objectives. Numbers in brackets represent hypotheses tested.
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Hypothesis 5: '111(:presence of active mycorrhizal roots in the litter decreases microbial activity.

Hypothesis 6: The fine feeder roots of P. patula are distributed mainly within tile litter layer.

Hypothesis 7: P. patula acquires the majority of its N and P from the litter layer,

Hypothesis 8: Ectomycorrhizal fungal isolates of P. patula can utilize some organic N, as well as, inorganic

N compounds as their sole source of N.

Hypothesis 9: Ectomycorrhizal fungal isolates of P. paw/a can utilize some orgarucally hound or complexed

P compounds as weir sole source of P.

TIle relevance of these hypotheses and their relationship !O the main objective will be expanded on in the

introduction of the various chapters. An outline of the thesis layout is presented in the following section.

2.2 THESIS OUTLINE

In the Introductlon (chapter I) a brief literature review is given, covering aspects related to litter accumulation,

decomposition, nutrient cycling and ectomycorrhlzas. The chapters that follow address these aspects separately.

Chapter 3 provides information regarding the study shes used ill the Mpumalanga plantatlons. Liller production

(nutrienr inputs) and accumulation in the study sites are examined ill Chapter 4. Aspects of litter decomposition

are addressed in Chapter 5. TIle cycling of nutrients, particularly Nand P, within a site in which litter has

accumulated, are discussed i.i Chapter 6. Chapter 7 examines the role of ECM fungal isolates within the forest

ecosystem. The charncterization of ECM roots, collected from a site in which litter has accumulated, is the

subject of Chapter 8. 1\11the chapters are presented in standard scientific format having an introduction,

methods, results, discussion snd conclusions section. As Ille specific subjects discussed are often inter-related,

cross referencing within the individual chapters is provided. Chapter 9 synthesises 'he project conclusions as

iI whole aOOputs forward recommendations regarding the management of sites ill which litter has accumulated.

Areas which require further research arc also highlighted.



2 OBJECTIVES AND THESIS OUTLINE

2.1 OBJECTIVES

Litter accumulation may occur as a result of an imbalance between the incur of organic material (i.e.

aboveground litter production) into the ecosystem and the rate of breakdown (or output) of this material (i.e.

decomposition). TIle relationships of litter accumulation with these biological processes in P pam/a plantations

have not been previously examined in Mpumalanga. If litter accumulation is a result of an imbalance between

inputs and outputs. then it must influence the cycling of nutrients within these P. pam/a plantations. Th.

would in turn affect the long term productivity of these sites, as well as. their sustainabiliry over future

rotations. The main objective of this study was to determine !lie factors responsible for litter accurnular'on

under P. pam/a. This required an understanding of;

a) how these factors affect the decomposition of litter;

b) the nutrient dynamics of a site in which litter had accumulated and

c) the functioning of the mlrrobial population, ill particular the ectornycorrhizal fungi. occurring in a sit,: in

which litter had accumulated.

To achieve the main objective various hypotheses were tested covering aspects of litter production, litter

decomposition. nutrient cycling and the role of ectnmycorrhizal fungi in the forest ecosystem. Hypotheses are

numbered and their relationship to other aspects of tile project are presented in a flow diagram (Fig. 2.1).

Till! hypotheses addressed were as follows;

Hypothesis 1: Litter production increases with increasing altitude.

Hypothesis 2: Litter quality decreases with increasing stand age.

Hypothesis 3: Litter quality decreases with increasing altitude.

Hypothesis 4: The litter decomposition rate decreases with increasing altitude.
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produce external acid proreases thai breakdown protein l(l amino acids and short chain peptides (Abuzinadah

& Read, 1985; Abuzinadah, Finlay & Read, 1986).

Mycorrhizal fungi have abo been shown to produce surface phosphatases capable of hydrolysing phytates,

Mycorrhizas have been shown to have the ahility to decompose organically bound P as II result of this

phosphatase ac.' ity (Haussling & Marschner. 1989; Vogt, Publicover, Vogt, 1991). In forest soils, 50% of

the phosphorus can be in an organic form, which is generally regarded as being unavailable for plant uptake.

Soil minerals are weathered by microbial activity as well as physical processes, Mycorrhizal hyphae have i-een

shown to aid weathering by the prodi.ction of calcium oxalate resulting in the solubilization of mineral P

(Lapeyrie, 1988).

Some ECM fungi express pectinolytic activity. as is evident by the breakdown of pectins in the middle lamella

of the host during mycorrhizal formation. II has also been shown that some ECM fungi can decompose lignin.

holocellulose and lignocellulose (Maijala, Fagerstedt & Raudaskoski, 1991).

If ectomycorrhizal fungi are capable of utilizing organically bound Nand P compounds in the field, they would

be capable of successfully competing with the decomposer micro-organisms for nutrients. 111is would result

in decreased decomposer activity. Studies by Gadgil & Gadgil (1975) have suggested that forest soils permeated

with ECM fungi show reduced rates in litter decomposition, as measured by mass loss, and accumulation of

litter. Whether Ibis .Iose cycling of nutrients has an adverse effect on the nutrients dynamics of a forest

ecosystem are unknown (Harley, 1989; Newmann, 1988; Vogt, Puhlicover & Vogt. 1991).
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4.3.3 Prediction of litter depth

A multiple regression model using stepwise, forward variable selection, was used to determine which of the

variables; stand age, altitude and litter production, could best predict litter depth. TIlt: variables altitude and

litter production entered the model, accounting for 41 % of the variability observed ill litter depth (Table 4.2).

However, this model showed no improvement on the relationship between litter depth and altitude (R1 0.41),

indicating that altitude accounted for 41 % of the variability in the litter depth observed.

Table 4.2 Model predicting litter depth, using multiple regression analysis, with stepwise variable

selection.

Independent Regression Std. error t-value {J

variables coefficient

Constant -34.21 25.35 -1.35 0.19

Altitude 0.44 0.Q2 2.40 0.03

Litter

production 9.47 3.45 2.75 0.01

R'0.41 S.E 1867 MAl' 14 A5

4.4 DISCUSSION

4.4.1 Litter production

A full two year period of datu collection would have been preferable for the quantification of litter production.

Studies in the literature recommend a minimum of three years in order to overcome annual variations and obtain

a precise estimate (Bray & Gorham. 1964; Btrk & Simpson, 1(80). Annual variability was evident on
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contributing overall to between 2050% of the litter '.HI the forest floor The F layer contributed between 30-

40%, being highest in 5 and 10 year old stands, thereafter declining 111c contribution of WI. was variable

between 2Q4() %, being highest in 5 year old stands. 111econtribution made by NP Iiner was between 1-10 %,

the highest occurring al 5 and 15 years

Simple regression models were used ttl determine the relationships between (i) litter depth and stand age, (ii)

!iller depth and altitude, (iii) litter mass and stand age (iv) liner mass and altitude, and (v) litter mass and litter

depth. Analyses of relationships with stand age used pooled data. irrespective of altitude. Analyses ot

relationships with altitude usc pooled data. irrespective of stand age.

Analysis of (i) and (ii) revealed significant but weak positive linear relationships, in.dic.'\ting that litter depth

increased with stand age (Fig. 4.9) lind with altitude (Fig. 4.10). Analysis of (iii) and (iv) also showed litter

mass to increase with Maud age () "'23.54 + 1.13x, FI 29= 11.17, p::;0.OO2, R' ",0.28), and with altitude

(y=17.S8+0.06.x, F,l'I= 18.31, p:S;O.OOO2,Rl ~0.39). Analysis of (v) showed a Hgh positive relationship with

the result that litter depth can be used as a predictor variable for litter mass (Fig. 4.11).
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Figure 4.9 Linear regression of litter depth and stand age. y=47.13 + l.02.t; FI1O~4. 28; p:::;0.05; Rl ",u.12.
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'fable 4,1 Litter depths under P. patula at various stand ages for low and high altitude sites. Mean values,

standard deviations and number of replicates are presented.

5

30

Low altitude High altitude

Litter depth Litter depth

(nun) (mm)

43±18 66±36

1l""60 ~ ,30

51±24 91±38

n=60 n",,30

39±24 60±28

n=>45 n=30

71 ±29 81±30

n""45 n=45

53±14 121 ±50

n~45 n=45

42± 17 69±19

11=>45 n",,30

Stand age

(yrs)

10

15

20

25

15 years where the L layer made up 56% of the litter. The F layer contributed 30·35%, wlth values of

approximately 20% being recorded for 15 nnd 25 year old stands. The contribution made by WL was between

20·50 %. WiUI the highest percentage occurring at 25 years and lowest lit 15 years. The contribution made by

NP litter was low (1-5 %). occurring mostly in 5 year old stands and declining as the stand ages, In hlgh

altitude sites (Fig.4.S) the L layer increased up to a stand age of 10 years and then remained constant
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Figure 4.5 Seasonal trends in litter production (1992-1994) in low altitude sites, Bars represent the mean

litter production of all stand ages collected at 3-4 month intervals. Standard deviations ( +) shown on bars.

Line graph represents mean monthly temperatures recorded at the D.R. De Wet station.
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Line graph represents mean monthly temperatures recorded at Makobulaan station.
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year-old stands, high altitude lr year-old stands etc.) (F11 '>4 =4,03; pSO,OOO3), Multiple comparison revealed

that these differences were attributed to significantly (p $ 0,05) lower litter production in 5 year old stands,

when compared with the other age groups. There was a significant increase in litter production in low altitude

20 and 30 year old stands, when compared with the corresponding high altitude stands, and a significant

increase in litter production in tile high altitude 25 year old stands, when compared with the corresponding low

altitude stands

Seasonal trends in litter production for ooth me low (Fig .l,5) and high (Fig, 4,6) altitude sites were obtained

by comoin.ng all me data regardless of age groups, Line graphs of the average monthly temperatures (1992-

1994) are provided as lID Indication of seasonal changes, Temperature data were obtained from the D. R, De

Wet IIDdMakobulaan stations, for the low and high altitude sites, respectively (Porestek, Climatic Group). In

both low and high altitude sites (Figs, 4.5 & 4,6) litter production increased from March to September, with

the highest litterfall being measured in September, during me early spring SI'<lSQn,However, me mid-winter

(June) collections of 1994 showed the highest levels for bodr low and high altirudc sites,

4.3.2 Utter eccumnlation

11lC average litter depths recorded under P. patula, in stands of various ages, at low and high alritudes, are

presented in Table 4,1. The variability around the means as indicated by tile s!and:''(j deviations might be

attributed to the heterogenous nature of t.:'! litter and changes in the micro-topography The table does indicate

IIweak trend of increasing litter depth with stand age, as well as thicker litter layers in me high altitude sites.

TIle maximum litter depths recorded in low and hig~ altitude sites were ill 20 and 2:'i year-old stands,

respectively,

Histograms, for lew (Fig, 4,7) and lugh altitude (Fig, 4,8) sites are presented to illustrate the composition of

litter on the forest floor, It is evident that !lIe accumulated litter mass in the low altitude site', was lower than

til&! in me high altitude sites, which conflrms the trends shown in Table 4, I. In low altitude sites (Fig, 4,7)

the L layer contributed between 24-3:~% of the forest floor at all stand ages, tile exception being ill stands of
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fairly constant at 20 and 25 years W.Jl a decline at 30 years. At high altitudes, litter increased in production

up to 15 years, followed by a decline at 20 years, and a dramatic increase ~t 25 years, declining again at 30

years. Litter production in 5, 10 and 20 year-old, low altitude sites was hgher than the corresponding high

altitude sites. At 25 and 30 years high altitude sites produced more litter with a very distinctive peak occurring

ill higb altitude 25 year-Old stands. It is important to note that the number of :eplications for each age/altitude

group was seriously compromised throughout this collection period although it never fell below three. Dunng

phase 2 (Fig. 4.2) a similar increa ". in liuer production up to age 10 for boo low and high altitude sites was

shown. Thereafter, liUel productir / remained fairly constant with dips in production for low altitude sii es at

25 years and for high altitude sites at IS, 20 and 30 years. Litter production was slightly higher in high altimde

sites up to age 15, and again at age 25. Higher litter production was observed in the low altitude 20 and 30

year old stands.

Simple regression models were used to determine the relationships between (i) litter production and stand age

and (ii) litter production and altitude. The average annual litter production data for each compartment, from

both phase I and 2, were used both separately and in combination, for the analyses.

Analysis of (i) revealed a significant positive relationship between litter production and stand age during phase

1 (y= 1.68+0.06x, FI17=5.2I, fJsO.04, Rl=0.23). However, no significant linear relationship was evident

when analysing the phase 2 data. Examination of the combined data set (phase I and 2) revealed a significant

positive, multiplicative relationship (Fig. 4.3) whicb mdicares an overall increase in litter production with

increasing stand age. This increase was rapid up to 10 years after which litter production continued to increase,

but at a slower rate. Analysis of (ii) revealed thM there was no relationship between litter production and

altitude from either phase I, phase 2 or combined (phase I and 2) data sets (Fig. 4.4). Therefore, litter

production did not significantly increase with increasing altitude.

111e reladonsnlps were clarified by one-way ANOVA (Phase 2 data only) which revealed that there were

significant differences between litter production at different stand ages (FIW~3.22; psO.OI) and age/altitude

groupings (i.e. data grouped as low altitude 5 year-old stands, high altitude 5 year-old stands, low altitude 10
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described above. To obtain the total litter mass, the masses of the various components were summed. Ash free

dry weights (atdw, gin O.9m2) were then converted to litter mass (t ha I) by multiplying these by a correction

factor (0.0111) (modified from Schutz, Bredenkamp & Herbert, 1983).

4.2.4 Data analysis

Statistical analyses were conducted using Statgraphics version 5.1. Analyses of litter production and litter

accumulation (litter depth and mass) data included," uple regression models to determine whether there were

any trends between these variables and stand age or altitude. One-way analysis of variance (ANOY A) was used

to determine whether there were any significant (p~0.05) effects between litter production, age and altitude.

Where significant differences were evident multiple comparisons, using least significant differences were

conducted between all variables (Sokal & Rohlf, 1981). Because of the problems experienced during phase I

of the litterfall collection, statistical analyses wert: only conducted on the averaged two year data where

indicated. Generally, analyses were conducted on the data trom the two phases separately or only from phase

2. The 1993/1994 data set (Phase 2) was considered to be tcpresentative of the annual litter production. To

determine whether litter depth could be predicted from a model using the variables, litter production, stand age

and altitude a multiple regression analysis, using stepwise, forward variable selection was conducted (Sokal &

Rohlf, (981).

4.3 RESULTS

4.3.1 Litter production

Litter production for the period March 1992-March 1993 (Phase I) and June 1993-June 1994 (Phase 2) are

presented as histograms. Bars represent litter production for each age group at both low and high altitudes

(Figs. 4.1 & 4.2). In phase I litter production at low altitudes increased up to age 10, thereafter a slight

decline in litter production at age 15 occurred (Fig. 4.1). Litter production then increased again, and remained
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3 to 4 months. In July 1993 as a result of thefts of the traps, steps were taken to ensure the reliability of the

data for phase 2 of the study. These measures involved removing all remaining Iittertraps and clearing the

forest floor directly beneath (he position of the traps. In compartments where traps had gone missing, the forest

floor was cleared in the exact location of the previous trap and to the same size. Litter was collected every

3 months, directly off the soil SUI face.

Litterfall was quantified by measuring the field wet weight of the litter. A subsamp!e of litter was returned to

the laboratory for dry mass determination, samples were dried at 60"(' for 121m. Samples from the first

collection were heated in a muffle furnace for 8hr at 400,,(,. TIle organic matter content was determined by

quantifying the loss of mass after ignition (Hesse, 1971). The average organic matter content (96 %) v-as used

to convert all dry mass determination into ash free dry weight (afdw), During phase 2 an added problem was

experienced, especially during the rainy season, in that wet soil was collected with the litter. Litter was then

sieved, through a 2mm sieve, after drying. Field wet weight measurements were corrected for moisture, soil

and organic matter content. To determine the annual litter production, data from each collection period were

summed giving a measurement in g m 2, data were then .nverted into tons per hectare (t ha I).

4.1.3 Assessment of litter accumulation

In order to quantify litter accumulation 01' the forest floor, five trees were randomly selected around each

Iittertrap , giving a total of 15 sites per compartment. A 0.3m x 0.3m frame (surface area 0.9m2) was placed

on the forest floor, approximately Im from the base of the tree (Schutz, 1990). A sharpened long bladed knife

was used to cut into the litter. The knife blade was guided by the frame. Litter was collected to the mineral

layer, placed in polythene bags and returned to the laboratory. Depth measurements, down the middle of each

of the litter sample walls, were taken and averaged to obtain litter depth (rnm). Litter samples were separated

into various components, these repre=nting the litter (L) layer, fermentation (F) layer, woody litter (WL) and

Don-pine litter (NP). The components were dried, weighed and (lie organic matter content was determined as
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5.2 METHODS

5.2.1 Study sites

To assess n, patula litter quality, needle litter was collected from all initial littertraps in July 1992 (Tallie 3.2;

chapter 3). In order to measure the decomposition of P. patula litter, decomposition experiments were

established in July 1993 for which one compartment in each age group at both low and high altitudes was

selected (Table 3.2, marked *). To determine whether there were any differences ill tJICsoil microbial or soil

faunal populations, litter/soil core samples were collected in August 1994 from two 25 year-old stands, one

representing a low altitude site and one a high altitude site (Table 3.2, marked ¢; samples taken prior to loss

of one compartment in a fire). These two sites were chosen as the high altitude, 25 year-old stand produced

the maximum amount of I, 'ter and hl':1 the thickest litter layers (Table 4.1; section 4.3.2; chapter 4). An

assumption was made that if differences in the microbial populations existed, they would he more readily

detected by comparing these two sites, To determine whether EeM roots retarded microbial activity in the litter

of a P. patula compartment a field study involving the trenching of sites was undertaken in a compartment in

which litter had accumulated (Brooklands, F2; Table 3.2; chapter 3).

5.2.2 Litter quality

To assess litter quality, Beedle litter samples were oven dried at 60"C for 72h", crushed and chemically

analyzed fur total nitrogen (N), total phosphorus (P), lignin, cellulose, polyphenolics and tannins.

Digestion QLli1~ for delemlinution pf IOlaU1JI!1U

The analysis of total nutrients in the litter samples required the complete oxidization or breakdown of die

organic matter, A modified Kjeldahl, wet oxidation procedure was used to oxidize dIClitter samples. 111isWIIS

achieved by using concentrated H)S04' with 1111 additional oxidizing agent. IIp). To promote the process a

selenium catalvst was added. The samples wen: digested Oil a heated block until the acid cleared (Anderson &

Ingram, 1989)



Hypothesis 2: Litter quality decreases with increasing stand age (Fi!~.2.1; chapter 2.).

Hypothesis 3: Litter quality decreases with increasing altitude (Fig. 2.1; chapter 2)

Hypothesis 4: The litter decomposition rail: decreases with increasing altitude (Fig. 2.1; chapter 2).

Ectomycorrhizas (EeM) ami their associated microbial population arc an important component of the PIIlII.l

forest ecosystem. The role that EC'M play in the uptake of nutrients t .been well documented (Harley. 1989).

Studies which excluded roots of P. radiata from areas of the forest floor have shown that the presence of living

roots and their associated micro-organisms suppressed litter decomposition (Gadgil & Gadgil, 1971; 1975).

As the EeM root/fungus partnership is the dominant biotic influence in the main rooting zone. Gadgil & Gadgil

(1971; 1975) attributed this reduced activity of the decomposer organisms to the competition between these

organisms and ECM roots with their associated external mycelia. for both nurrienrs lind moisture. In view of

their importance in the ecosystem. and the abundance of ECM roots observed in the accumulated litter layers

(Chapter 6), the microbial activity in a site in which litter Ins accumulated was assessed and the following

hypothesis was tested

HypuUlcsis 5: The presence of active ectomycorrhizal roots in the litter decreases microbial activity (Fig.

2.1; chapter 2).

Other micro-organisms are associated with ErM mots and organic matter ill the forest ecosystem. The

composition and quantity of the soil micro-organisms and soil fauna are also factors which influence the

decomposition rate, This study briefly compared. by means of enumeration. the soil microbial ami soil faunal

populations in both a lo-v and a high altitude P. putula site to determine w''':lhrr there were any significant

differences in the decompose! populations. The results from these studies and their influence on the

decomposition process and ultimately on litter accumulation vill hi.' discussed in the following sections.



5 LIITER DECOMPOSITION

5. t INTRODUCTION

The input of nutrients into an ecosystem occurs in a number of ways, one 01:' which is through aboveground

litter production. TIle nutrients in the litter are released by the process of decomposition. which represents the

output of nutrients. These nutrients are returned to the soil and are made available for plant uptake, completing

the nutrient cycle (Attiwill & Adams, 1993; Dickinson & Pugh, 1974).

The accumulation of litter on the forest floor, under P. pam/a in high altitude sites, may occur as a result of

an imbalance between the input and output processes operating within the ecosystem. Chaprer 4 examined the

litter input process and litter production; and concluded that litter accumulation, in high altitude sites, was not

a result of increased litter production. This chapter will examine the decomposition of P. patula litter, a

process which if retarded, will result in the accumulation of organic matter on the forest floor (Swift, Heal &

Anderson, 1979). Litter acrumulation results in the immobilization of nutrients within tIlt: litter layer. This

is a situation which could potentially threaten the longterm productivity of plantation sites (Schutz, 1990).

This section of tile study examined the quality of P. patula litter collected from various stand ages at 00£11 low

and high altitude sites. TIle decomposition process was also monitored ro determine the decomposition rates

of rhe litter at various sites and die changes ill litter quality.

Litter decomposition is a complex process and is regulated by II number of abiotic and biotic factors. Abiotic

factors include the litter's physical structure, temperature, moisture, relative humidity and pH, while biotic

factors include litter quality, microbial activity lind the composition of the soil micro-organisms and soil fauna

(Dickinson & Pugh, 1974; Swift, Heal & Anderson, 1(79). This study 110tonly monitored the decomposirion

of P. patula liner hut also assessed the relatiollship between decomposition and various regulatory factors.

These studies were conducted to ar'dress the following hypotheses.



4.5 CONCLUSIONS

P. patula litter production was quantified for various stand ages with the maximum, overall average of 5.89t

ha' of litter being produced annually for 25 year-old plantations and with production increasing during the

cooler, drier winter to early spring season. Litter production was shown to increase up to a stand age of 10

years, WiLD a continual but more gradual increase in litter production thereafter, No significant relationship

existed between litter production and altitude therefore hypothesis J which Slates that litter production increases

with increasing altitude can be rejected. The relationship between increased litter accumulation with increasing

altitude, previously reported by Schutz (1990), was confirmed, Increased litter production, in high altitude

stands, was not responsible for the litter accumulation observed in these sites. The input of organic matter into

these P. patula plantatious was not responsible for the imbalance proposed between the input and output

processes. Chapter 5 will examine the output or decomposition processes within the P. patula ecosystem to

investigate what causes litter to accumulate.



Litter depth (Fig. 4.10) and mass wen: also shown 10 increase with altitude which confirms Schutzs (19!}O)

findings which indicated that altitude wax .in 'j)")rtant variable influencing litter accumulation under P. paw/a.

Multiple regression analyses (Table 4.3) confirmed ihe influence of altitude on litter depth. Altitude should

not, however, he considered in isolation. Climatic changes occur with increasing altitude with higher altitude:

sites experiencing cooler minimum temperatures, mist am' higher r.... .fall (Schutz, 1990)

Litter depth can he used to predict litter IlUL,)S (Fig. 4.11). Litter depth measurements are more convenient to

obtain for study purposes and can then he converted to litter mass using the regression equation presented In

figure 4.11. A similar model obtained hy Schutz, Bredenkamp & Herbert (1983) was based 011 a quadratic

relationship resulting in a curvilinear plot between Log litter depth and Log litter mass data. Tlus quadratic

relationship was explained as resulting from the presence of compacted. more dense litter in thicker litter layers.

Log transformatlons of the data obtained in this study did not improve the model presented (FIg. 4, II). This

rna}' he a result of differences in stand age. which was not a variable in the study conducted by Schutz.

Bredenkamp & Herbert (1983).

Comparisons of .ne litter composition ill the low altitude (Fig. 4.7) and high altitude (Fig. 4.8) sites indicate«

that the litter component contributes substantially 10 the forest floor composition. particularly in high altitudes.

The variability in the WL component can he attributed to silvicultural practices, the presence of slash in second

rotation sites and increased natural pruning in older compartments. The decline in NP litter, particularly ill the

low altitude sites. results from increased shading as the canopy closes. The NP litter recorded in the hI gh

altitude sites was composed not only of litter from understorey plant growth, hut also from partially decomposed

grass which was found occurring under the litter layer in some compartments. This represented the original

vegetation occurring Ilt the site prior to afforestation, the presence of which was also noted by Schutz (1990).

From the data collected it was not possible to determine whether seasonal changes occurred in the composition

of the forest floor. However. datu from litterfull collections suggests that any changes to the forest floor

composition would mainly result from ~qvilultuml pracuces and II1\:al climatic conditions such as occasional

heavy storms lind strong winds.
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4.4.2 Litter accumulation

The collection of litter depth measurements is time consuming, as the forest floor has a high spatial variability

resulting in large numbers of samples being required (Schutz, 1990). The large standard deviations observed

in depth measurements presented in Table 4.1 arc attributed to 1I1eaccumulation of litter in high altitude sites;

to disturbances of the litter caused by removal of logs from thinning operations and to the action of bnshpigs

which turn over lilt: litter in search of food (Schutz, 1990). Other factors which influence litter accumulation

include changes ill the micro-topography, the rotation of me stand and whether the stand was subjected to slash

burning after clearfelling or wildfires, which would result in a reduced litter layer (D'" '1011de, 1993).

Information regarding burning is difficult to obtain for a particular compartment. Howeve., ...ie presence of

charcoal within the litter did indicate that for at least a few of the compartments used in the study fire had

caused a disturbance in IIle forest floor development. 11lC majority of the compartments selected were ill their

second rotation, however, to obtain older stands, as well as some of 1I1e5 year old stands, first rotation

compartments had to he used (Table 3.2; chapter 3).

TIle litter depth measurements (Table 4.1) recorded in 1I1isstudy (39-121 mm) were within lilt! lower range (30-

3S0mm) reported by Schutz (1990). Tnese low range values can he accounted for by the younger stand ages

selected for tills study; in Schutz's (1990) study, the average stand age was 38 years. Litter mass figures

reported for other Pinus forests are presented, for comparison, ill Table 4.4. Comparing these reported figures

with litter mass recorded 10 this study (Figs. 4.7& 4.8) emphasises die high levels of litter accumulation under

P. patula in Mpumalanga: only New Mexico shows higher levels under P. ponderosa.

Litter depth (Fig. 4.9) and mass were shown to increase with stand age. This trend was expected as litter

production generally increased with stand age (Fig. 4.3). Singh (198Z\ reported that forest floor accumulation

under P. patula in India reached a maximum III a stand age of 34 years, TIle development of die forest floor

has been reported to increase up to canopy closure, reaching a maximum ahout a 1/310213 of the way through

II rotation (De Ronde, 1993). This developmental patrcru, which is similar 10 reported lirrer production trends,

would he influenced by thinning and pruning.
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Significantly moo litter was produced in low altitude 20 and 30 year old stands, when compared with high

altitude stands. This may be accounted for by faster growth rates in low altitude sites, which experience wanner

climatic conditions (Miller et. al .• 1979).

TIle significantly higher litter production in the high altitude, 25 year-old sites, when compared with their

corresponding low altitude sites (Figs. 4.1 & 4.2). could be a result of the problems experienced during

collection. During phase I, Iitterfall was obtained only from a single low altitude 25 year-old stand whereas

during phase 2 although Iitterfall was collected from two stands the last three months data was not obtained

because of fire. However. if a 12 month period from March 1993 - March 1994 is taken for the 25 year old

stands annual liner production figures of 5.21 ±0.103 and 7.79± 1.32t hal is obtained for the low and high

altitude stands, respectively. Comparison of thes« figures still results in significantly more litter being produced

ill the high altitude stands. Therefore, the problems experienced during collection would not account for the

difference observed. The reasons for tJ,;s increase in litter production are unclear but may possibly be related

to local wind conditions which may have contributed to increased woody litter production.

No relationship WIiS evident between litter production aod altitude, thus, increased litter production would not

explain why litter accumulates in high altitude stands. Further examination of the balance between nutrient

inputs and outputs are required. Therefore, as litter production <lid 110t increase with increasing altitude.

hypothesis 1 WIIS rejected,

Litter productiou was found to be continual throughout the year. although production increased from March to

September, with high levels ill June and September which correspond to the winter/spring months (Figs. 4.5

& 4.6). This confirms observations made by Morris (1992), that litter production peaked after the summer

ntinfaJI season. Because litter production was only assessed quarterly, precise seasonal trends. related to either

rainfall or temperature, could not be made, However, the trend in P. patula litter production indicated an

annual peak during the cooler, drier season. TIle second peak (J me-july 1994) observed in these graphs (Figs.

4.5 & 4.6) probably reflects the higher litterfall of Phase 2 which followed the proceeding season's low rainfall

(rable 4.3).
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The initial increase in litter production with stand age (up to 10 years) confirm' previous studies <Bray &

Gorham. 1964; Morris. 1986. Millar. 1974). This increase occurs until canopy closure, which for P. flatu/a

is reported to he 4-5 years (Poynron, 1980 I. However, in the compartments studied. trees are thinned and

pruned at approximately 5-8 years and again at 15-18 years. This will have all effect on litter production and

would account for the decline observed in IS year old stands recorded during the 1992-1993 collection period

(Fig. 4.1). These silviculrural practices would also account for die general trend of higher levels of litterfall

observed in stands older than 10 years. Morris (1992) reported that litter production increased up to 10 years

in the Usutu plantations ill Swaziland. and thereafter remained constant. However. Illest! P. patula trees art:

grown for pulp production ami are not thinned,

Litter production is dependent on needle production and hence crown biomass. which has been shown to

increase to II peak followed by II decline (M(HTis. 1992). This is important considering the relationship of leaf

area to photosynthetic rates. both of which will decline as a result of water or nutrient deficiencies in the stand.

As the stand ages. needle biomass declines. this combined with a reduced rate of litter production results in

reduced litterfall (Morris. 1992). However. the influence of stand age on the total annual litter pre Iuction may

he masked. after canopy closure. by the increased contribution of branches to the litterfal1. This trenu ~1asbeen

observed in other pint: stands (Das & Ramakrishnan, 1985; Gholz, (It al .• 1985) hut the trend III this study

(Fig.4. 3) indicates a continual increase in litter production. although this increase OCCUi at a slower rate after

10 years. This may be attributed to increased woody litter production because of increased natural pruning in

older stands (Morris. 1992) and silvicultural practices. which promotes needle production and hence litterfall.

During this study the contribution of branch litter to till: total litter production was not measured. however. from

the observations made. increased branch litter was evident ill older compartments and thinned or pruned

compartments, comprising approximately 7'.!: of Ill!: IOta I liner production. 011 occasions when strong winds

and heavy storms occurred, this percentage may rise til approximately 10% in the older compartments.
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Species I Location Stand arc [ .atltlldc Litter littcr Reference
(yrs) prOdlll'lioll acclIIlllllall(lll

II Ira I \I I I II h,I')

P.elliotu I Western Cape H 35"S 1 00 Wicnand ( J ')<)2 I: Wlcn:lnd &
Stockl [')951

20 2.<)0

25 2 ...j()

r. radiata I Australia J(J"S .1H) [UU Yogt, Grier & Yogt ([986)

r. taeda I Carolina .WN 5.11 IH44 Vugt , Grier & Vog: ([lJH6)

P. ponderosa I Arizona .15"N 2 . 12 J2,H.1 Vugt , Grier & Yogt 119H6)

P. ponderosa / New Mexico .'(l'N 2,.12 IJ.l()() Yogt, Gncr & Yogt (1'11\6)

r. radiata I New Zealand 3H"S 2.22 2.H(1 Yogi, Grier & Vot,:t II!JH6)



Table 4.4 Liller production and accumuletiun figures fur various Pinu-. SPCLll" inclu.ling I'. pIIIII/a.

Species I Location Stand age
()TS)

P. putula IMpumalanga

P. patula / India

P. pellllia/Tanzania

P elliotti

P. elliott! I Florida

:)

10

15

20

25
30

10

12

17

25

34

19

15

27

l.atitude l.iucr
producrion
u ha ' ,vr i I

25"5

27"N

l()"N

4 H4 -t t .17

4.39±215

5.RlJ±225

552±DI

'Us
4,15

4,(17

11,42

iUS

(i,22

O.H.1

.17()

4,')<)

_Il)l)

4.l)l)

·17

Litter
accumulauon
(t ha I)

Reference

15 SO±.n,30

12,2()± 17,63

11 ,4.~± 13.45

52.23±1161

(':;,52±2950

4lJ,5R I 1" ~I'

R R2

7.22

7.91

1R.H4

23,24

This studv

Sillgh (19R2)

Lundgren (llnR)

Nemeth (I (17.') cited in Morris
( II)H(J)



Table 4.3 Monthly n.'lfall data recorded at the D.R. De Wet for 1992-1993 and 1993-1994 seasons, compared

with the long term average (Porestek, Climatic Group; Weather Bureau, 1986 ).

Rainfall

Month 1992-1993 1993-1994 Average

(rom) (rom) (rom)

Mal' 61:1.8 429.2 104

Apr 24.2 46.6 98

May 5.4 23.8 31

JIm 1.8 6.0 17

Jul 3.4 2.4 19

Aug 26.8 19.4 14

Sep 35.4 18.0 42

Oct 136.0 112.6 94

Nov 184.6 191.6 170

Dec 242.6 286.2 213

Jan 97.5 0 204

Feb 18.4 53.8 194

Totnl 844.9 1189.6 1200
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examination of the y axis scaling for the phase I and 2 histograms (Figs. 4.1 & 4.2). The overall average

annual litter production during phase 1 was 2.85t ha 1 and during phase 2. 6.29t ha I. This increase in litterfall

may be an artifact related to the change in collection rechnique althOl,,'h every precaution was taken to ensure

that both the location and size of traps. i.e. the collection areas, remained constant. Therefore. it was unlikely

that the collection technique was responsible. It was expected that a reduced quantity of litter would be

collected during phase 2. as a result of the loss of finer litter which b difficult to collect off the soil surface

and the loss of mass due to the onset of decomposition which occurs as the Etter comes into contact with the

soil surface.

Anneal variation has been reported to be considerable in other forest ecosystems. with .1S much as a 5 fold

difference between the maximum and minimum annual litter productiou being recorded (Millar, 1974). This

difference is normally between I.S to 3.0 fold. a range within which the 2.2 fold difference between phase 1

and 2 falls. The increase observed during phase 2 may be attributed to variations in litter production as a result

of severe environmental factors such as drought (Millar. 1974). The 1992/93 rainfall season was a drought

season. with higher rainfall occurring during the 1993/1994 season (Table 4.3); only rainfall data for the D.R.

De Wet station are presented as Makobulaan rainfall data was sparse. During drought conditions needles are

retained on the tree for longer. Once the stress has been alleviated the needles retained from the previous season

as well as the current season' s senescent needles will drop. resulting in increased litter production (Hendricks,

Nadelhoffer & Aber, 1993; Turner. Lambert & Holmes. 1992).

The average annual litter production of P. panda compares favourably with tltat reported for P. patula by Singh

(1982) in India and Lundgren (1978) in Tanzania up to a stand age of 20 years. The average anuual litter

production in older stand< was lower in Mpumalanga Ulan that reported by Singh (1982) (Table 4.4). This may

be attnbuted to the '. ,I- I .bility in litter production in these older stands berween low and high altitude sites

(Figs. 4.1 & 4.2). TIlt: latitude of the site also accounts for differences observed in litter production. with litter

procuction increasing towards the equator (Bray & Gorham, 1964). Table 4 4 includes, for comparison. litter

production figures for other Pinus species.
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Table 5.3 Model predicting litter deptn from litter quality variables and site characteristics, using multiple

regression analysis, with stepwise variable selection.

Independent variables Regression Std. error t-value fI

Coefficient

Constant 8.02 40,92 0.20 0.85

N 35,27 12.58 2.80 0.009

Tannins -21.08 6.68 -3.15 0.004

Altitude 0.09 0,02 5,35 0,000

R'0.56 SF 21 84 MAF 1692

Substitution of litter mass for litter depth in the multiple regression model ,·t',ulted in no litter quality variables

being selected when these were entered alone. However. on addition of the site characteristic variables, the

model selected the variables tannins and altitude to predict litter mass. accounting tor 34 % of the variability

(Tahle 5.4)

Table 5.4 Model predicting litter mass from litter quality variables and sire characteristics, using multiple

regression analysis, wuh stepwise variable selection,

Independent variables Regression s«. error t-value r

(,oeffidcnt

Constant .15.89 .~4.71 1.03 (UI

Tannins ·12,60 5.82 ·2.16 0.04

Altitude 0.07 O.O..! 4.15 0.0003

R' 014 S I 1'1 27 MAl 11'11
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Fill" 7 .!'8; p~O.OI; Rl 0.21); ligniu.N ratios and stand agc (Y ',.17-0. 16t; FI11~' 11.54; p ~O.OO2; R10.28);

lignin + cellulose + polyphenolics.N ratios and stand age lv'" 59.41..Q.S9.:c; PI 11" 1~.84; p:sO.OOOS; R10.37);

a.'<INitannin ratios and stand age (v'- 107. l2-12.02l; PI 11 ~ 4 58; p:5 0.04; R I 0.13). Analysis of (iii) indicated

tlIat the,~ were 1)0 significant relationships between any of the litter quality variables and altitude.

5.3.2 Relationshll:-<lbetween litter quality variables and litter accumulation

Litter accumulation, as assessee lly both litter depth and litter mass was examined in chapter 4. In order to

determine which litter quality variables :-ud site characteristics (stand age and altitude) could b-st predict either

litter depth or mass, multiple regression moccls, using stepwise. forward variable selection, were used.

When only litter quality variables were entered into !lIC analysis, the final model used to predict litter deptlJ

selected litter N and polyphenolics, which accounted for 24 % of rhe variance observed (Table 5.2). When the

site characteristics. age and altitude. wert: included as variables in the model. the final model used to predict

litter depth selected the variables litter N. tannins and altitude. This model accounted for 56 % of the variability

observed (Table 5.3).

Table 5.2 Model predictlng litter depth from litter quality variables, usillil multiple regression analysis, with

stepwise variable selection.

Independent variables Regression SId. error t-value p

Coefficient

Constant 66.45 37.80 1.76 009

N 51.77 16.79 3.08 0.004

Polyphenolics -2.55 1.05 -2.42 0.02

I{' (] l4 S I Ul 79 MAl' J() 96

67



2.4

2

2.2

~
~ 1.8
z
lii
1:: 1.6
:.J

1.4

1.2

1o 5 10 15 20 25 30

Stand <lnO (yrs)

Figure 5.2 Linear regression of litter quality va-iable, N and stand age. }''''' 1.37 +O.OI8x; Fill"" 12.0'1;

p~O.OO2; R!~O.29.

0.06

0.11

0.10

~ 0.09
a..
lii50.08

O.O:r''---------·------o 5 1() 15 20 25 30

Stand aqo (yrs)

Pigure 5.3 Linear regression of Inter quality variable, P and stand age. y",O.06 +O.0007x; F, 11 ~~9.19;



Table 5.1 Litter quality of P. patula at various stand ages. Mean values, standard deviations and the number of replicates are presented.

Stand age N P Lignin Cellulose Polyphenolics Tannins
(yrs) (%) (%) (%) (%) (%) (%)

5 1.43 ± 0.Q7 ± 22.0 ± 29.3 ± 34.3 ± 5.8 ±
0.14 0.01 2.2 3.2 3.2 0.5
11'" 18 n= 18 n::::6 n==6 n",6 n=6

10 1.49 ± am ± 20.7 ± 27.0 ± 32.1 ± 5.6 :l:-
0.17 0,01 2.3 1.5 5.2 0,9
n= 18 n= 18 n=6 n,:=6 n==6 n=6

15 1.61 ± 0,08 ± 19.6 ± 29.4 ± 31.7 ± 5,6 ±
0,36 0,01 2,3 5,2 8.3 0.7
n= 15 n= 15 n=5 n=5 n"'S n=5

20 1.80 ± 0.08 ± 21.3 ± 27.0 ± 33.7 ± 5.6 ±
0,28 0.02 0.9 2,7 3.1 0.5
n= 18 n= 18 11=6 n=:6 11==6 n=6

25 1.89 ± 0,08 ± 21.4 ± 27,1 ± 21.1 ± 5.3 ±
0,29 0.01 1.8 1.6 5.2 0.3
11=15 11= IS 11=5 11==5 n==5 11=5

30 1.64 ± 0.09 ± 20.1 ± 28,4 ± 33.2 ± 5.9 ±
0.45 o.o: 1.7 2,1 3,5 0.9
11,"-15 11= 15 11=5 11,,-.5 11'-'15 11"'5



N and P concentration. Where significant di flerences (p ~ 0.05) were eviderr, multiple comparisons using least

significant differences, were used to establish which variables contributed to the differences observed (Sokal

& Rohlf, 1981; Zar, 1(84). TIle overall decomposition rare of the litter i.e. the k value, was determined using

non- linear regression analysis (Weider & Lang, 1982; Woomer, pers. comm). TIle Systat statistical package

was used for this purpose. To determine whether there were any significant differences in microbial populations

between the two sites and whether there were differences in microbial activity in die trenching experiment, two

sample t-eests were used (Sokal & Rohlf, 1981).

5.3 RESULTS

5.3.1. Utter quality

The average initial chemical composition of P. patula needle litter III the various stand ages is presented in

Table 5.1, which shows litter N ranging from l.S % to 2.0% of die dry mass of die litter and P ranging from

O.OBi to 0,09% both elements rendlng to increase with increasing stand age. The percent-ge polyphenolics,

cellulose, lignin and tannins, in decreasing magnitude, make up the bulk of the chemical components ill the

litter, but they show no specific trends with regards to stand age.

Simple linear regression models were used 10 determine the relationships between (i) litter quality variables and

stand age, (ii) ratios of litter quality variables and stand age and (iii) litter quality variables aru.1 altitude.

Analysis of (i) showed significant positive relationships between litter Nand P with stand age (Figs. 5.2 & 5,3,

respectively), However, 110 significant relationships were evident between either lignin, cellulose, polyphenolics

or tannins with stand age. Analysis of (ii) showed significant negative relationships between C:N ratios and

stand agc <y,,,30,08,,{),27x; Fill'" 13.09; (1:50,001; R' 0,31); C:P ratios lUll stand age (v,,"593.S5-4.108x;
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K2S04 (Mueller, Joergensen & Meyer. 1992) Non-fumigated (Time 0) and fumigated (Time I) samples

containing 200m! O.SM KlSO •• were placed Oil a shaker for 1 hr to extract the C. Extracts were filtered using

Whatman No.1 filter paper (Vance. Brookes & Jenkinson, 1987).

The total organic C ill the extracts was then determined using a method by Heanes (1984). A IOml aliquot of

extract was placed ill digestion rubes, to which was carefully added 10ml KlCrIO,. and 20mls 98 % H2S04,

Tubes were placed on a digestion block. preheated to 135"C, and digested for 30min after which they were

removed and allowed to cool. Samples were made up to 100ml with deionized water. A blank and sucrose

standards were also digested. After complete oxidatlou the difference between added and residual K2Cr20, gives

a measure of C (Okalebo, Gathua & Woomer, 1993). Absorbance was measured at 600nm on a visible light

spectrophotometer. The concentration of C was determined from a sucrose standard curve (Heanes, 1984).

As,sessmell! of myoo[[hi~

To determine whether trenching had successfully eliminated active ECM roots, a subsamples of roots (50g) from

each sample (T and CON plots) were examined using the gridline intersect method (Kormanik & Me Grow.

1982). Roots placed on a grid were scanned under a dissecting microscope. To determine the percentage

mycorrhizal roots both the vertical and horizontal gridlines were scanned and the absence and presence of ECM

root tips was recorded at each point where the root intersected a line. A minimum of 100 gridline intersects

were counted. Results were expressed as percentage active mycorrhizal roots.

5.2.6 Data analysis

Statistical analyses were conducted usin -phics version 5.1. Linear regression models were used to

determine whether there wen: any relationships between the litter quality variables and stand age or altitude;

and between litter decomposition rates, as determined by mass loss and changes ill the N and P concentrations,

and stand age and altitude. A multiple regression analysis, with stepwise variable selection, was used to predict

litter depth from the above memioued variables. Litter decomposition datil were subjected to one-way ANOV A

to determine the effects of stand nge and altitude 011 mass loss during decomposition as well as, the changes in
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!illl2stllltc Induced res!1iration (SIR)

A sample block of litter was removed from each plot (T & CON) and placed in plastic hags. Samples were

stored at 4"(' and returned to the laboratory, where they were divided into Land F layers. From each sample

four subsamples of approximate 1.0g (d. w equivalent) were placed into test tubes (Scm x 14cm). Samples were

moistened with sterile water containing 0.01m! of Tween 20, and incubated overnight, at 4"C (Beare, et al.,

1990; Beare, et a1., 1991).

Samples were brought to room temperature and 2.Sml of glucose (16g I') was added to each sample, Sample

tubes and tubes containing only glucose (blank) were secured to a continuous air flow apparatus (Cheng and

Coleman, 1989). Tubes were allowed 10 stabilize for 30min after which time they were connected 10 CO2 traps

containing O.04M NaOH. Respiration was allowed to continue for two hours (Beare, et al., 1990; Beare, et

al., 1991).

To prevent further absorption of CO" 3M BaCll was added to each sample to precipitate OUI the carbonate as

BaCOl (Page, Miller & Keeney, 1982). The concentration of COl in the solution was determined by titrating

with O.04M HeI, using phenolphthalein as the indicator. Blanks were titrated and used to correct all values

for C~ absorbed during handling.

~ru~~.!l!l!mill

Two SOg (w WI.) samples of both tile Land F layers were placed into lOOmlbeakers. Samples were moistened

and beakers were covered with parafilm and were left in at S,,(, for 7 days. A subsample was oven dried (at

6O"C for 72llr) to determine the moisture content. One beaker of each sample was placed in a desiccator

containing a beaker of alcohol-free chloroform. Wet blotting paper was placed around the inside of me

desiccator to keep the chamber moist. The desiccator was closed and evacuated using a vacuum pump, until

me chloroform started to boil. The tap on the outlet was closed and the desiccator was kept in the dark for 5

days (Anderson & Ingram, 1989; Vance, Brookes & Jenkinson, 1987). Chloroform fumigation destroys cell

membranes and causes autolysis thereby increasing the amount of organic carbon rendered extractable hy O.SM
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Soda lime was oven dried at 100"(' overnight and 30g was placed into tills (5cm x Scm). 11},' tins were

weighed, sealed and placed in a container containing silica gel, for transportation to the field. One tin was

placed in the centre of eacr plot (T and CON). On placement, the lids of £he rins were removed and a 51 plastic

bucket was placed upside down over each tin. Prior to placement the top IOcm rim was cut off the buckets.

111isrim was placed correct way up onto the litter 1l}Jlt.To ensure a tight fit on the litter a shallow cut (± Icm)

was made into the litter around the rim. The rim was then pressed down into the Litter. The remainder of the

bucket was placed upside down over the tin, fitting firmly into the rim. To ensure that air trapped during

placement could be released a small hole had been drilled at the base of the bucket. After placement this was

plugged with a rubber bung and sealed with silicon grease (Fig. 5.1). The soda lime tins were left in the field

for 6 hours. On removal of the tins, they were sealed and returned to the laboratory where they were oven

dried overnight at lOO'C. After drying the soda lime was reweighed and the difference i.e. the increase in

weight was recorded. To determine the amount of C~ absorbed the following equation was used;

mgC02 hr -I. '" (W1-W2) x 1.4
hra

(Equation 5.1)

where, WI = initial weight of the soda lime (g)

W2 = dry weight (g) after tIle measurement period

(Edwards, 19~2; Raich, Bowden & Steugler, 1990).

rubber stopper ----;::====;;;;l{)-. ....

inverted bUCkct------(

cut bucket rim---

------Iitter surface

Figure 5.1 Diagrammatic representation of the soda lime technique.
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5.2.5 Microbial activity and biomass

To assess whether the presence of mycorrhizal roots retards decomposer activity in a P. patula si-e in which

litter had accumulated, (Brooklands, F2 - Table 3.2; chapter 3) a trenching experiment was conducted. A

description of the experimental design and the site preparation follows. Twelve 1.5m2 plots were randomly

selected between P. potu/a trees within a lha study site. 1renches were dug around the perimeter of six of

these plots. The trenches were approximately 45cm wide and 70cm deep, down to the underlying shale. These

trenched (T) plots were left to stand for 7 months (August 1992 to March 1993). The purpose of trenching was

to sever all roots entering the plot and to exclude active ECM roots from within the plots. The remaining six

control (CON) plots were not disturbed in any way.

After the stabilization period, the microbial activity and biomass of the T and CON plots was assessed. Three

techniques were used to assess microbial activity and microbial biomass accumulation, these included two

methods to determine respiration and one to determine microbial carbon (Cmlc",)' The methods used were;

- the soda lime technique to quantify the amount of COl evolved from the forest floor in situ (Edwards,

1982);

- the substrate induced respiration (SIR) technique to assess COl respired from the litter in the

laboratory (Beare, et al., 1990; Beare, et al., 1991);

- the chloroform fumigation extraction technique to quantify Cmlcro (Heanes, 1984; Vance, Brookes &

Jenkinson, 1987).

Details of these techniques are provided below.

Sodalimet~

Soda lime is used for absorbing moisture and COl> the COl becoming chemically bound to the soda lime. The

principle of the technique was to dry and weigh the soda lime before and after a measurement period. The

difference in weight represents the amount of ('01 absorbed minus the water released during the chemical

reaction. The amount of chemically released water is predictable and a COTTl..ection factor of 1.4 is incorporated

into equation 5.1 (Edwards, 1982).
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As the litterbag experiment could be conducted for a period of only one year, information regarding the

decomposition of recalcitrant compounds such as lignin during subsequent years could not be obtained. To

provide some information on the long term decomposition, ten litter core samples were collected from a site

in which litter had accumulated (information regarding this site is provided in Chapter 6). It was assumed that

newly fallen litter occurred at the top Of the core with an age sequence of litter occurring further down the

profile, The litter cores were divided into various layers (Chapter 6) and bulked samples were chernicatly

analyzed tor lignin, cellulose and polyphenolics (Section 5.2.2). foliar samples collected for the nutrient

cycling study (Chapter 6) were also analyzed for lignin, cellulose and polyphenolics and compared with the litter

samples. Core samples were also analyzed for N and P these results are presented in Chapter 6.

5.2.4 Soil microbial and soil faunal populations

Core samples collected from the two sites (Table 3.2; marked 0), were divided into their litter/soil

components. To enumerate the soil microbial population the agar plate method for total microbial counts was

used (Wollum II, 1982). In this method appropriately diluted sample suspensions were placed on suitable agar

plates and after incubation colonies growing on the agar plates were counted. Litter/soil samples were examined

to determine the relative proportions of the functional groups, bacterial and fungal, at the two sites. To

determine total bacterial counts, sample suspensions were plated onto nutrient agar (pH 4.5), while M artins-

Rose Bengal agar (pH 4.5) was used to determine fungal counts (Wolltwi Il, 1982). The bacterial and fungal

populations were recorded as colony forming units (efu) per gram sample.

TIle remaining litter/soil core samples were examined for soil fauna (body leugth greater than 2mm). A handful

of a sample was placed on QDe side of a tray and progressively spread out across the tray and any soil fauna

observed were removed. This process was repeated until the entire sample had been examined (Anderson &

Ingram, 1989\
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PQlypheUQ~

Total elltractable polyphenolics, including hydrolysahle tannins and condensed tannins, were extracted using

50% methanol and heating at 77"C (Sauvestry, Page & Hunt, 1992). Using the Polin-Denis method

polyphenolic concentrations were colorimetrically determined at 76Onm, using a visible light spectrophotometer

(Allen, 1974; Anderson & Ingram, 1989).

Ian!liIJs

Tannins were extracted from samples using 50 % methanol (Sauvestry, Page & Huot, 1992), and were quantified

using a radial diffusion assay technique (Hagerman, 1987). In this method the tannin containing extracts are

placed in wells of a protein containing agar gel. Bovine serum albumen (BSA), was used as the protein. As

the tannins diffuse into the gel, they react with the BSA and a visible ring of precipitation de velops, The square

of the ring diameter is proportional to the quantity of tannin in the extract, these values being compared with

a tannic acid standard (Hagerman, 1987).

5.2.3 Utter decomposition

For the litter decomposition experiment, 15litterbags (lScm x 2Ocm) were buried under the litter layer, in each

of the selected sites. TIle depth at which each bag was buried was dependent on the litter depth at each site

(Table 5.5). Lltterbags were constructed from PVC shadecloth which had a mesh size of approximately 3mm2

(Singh & Gupta, 1977; Woods & Raison, 1982). Elich llnerbag contained 109 of dried needle litter taken from

the respective compartments. TIITCelitterbags were sampled from each compartment, at intervals of 6wks,

13wks, 23wks, 39wks and 52wks. The litterbags once removed from the litter were placed in paper packets

to prevent loss of material. On return to the laboratory weight loss was recorded after drying and chemical

analyses were conducted, to monitor changes in litter quality; these included total N and total P (Section 5.2.2).

Dry mass measurements were not converted to ash free dry mass as it was found that soil did not adhere to the

dried bags or contaminate the litter. Data are presented as percentage mass or nutrients remaining. The rate

at which mass and nutrient loss occurred was determined by obtaining tile slope between two time periods this

was calculated as 11 percentage loss per week.
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Detenninatio_ ~,~

Owing digestion the N in the sample was converted to ammonium sulphate (NH4 +)2S04' The NH4 +-N

concentration in the samples was then determined colorimetrically at 655nm, using a Sequoia-Turner visible

light spectrophotometer. The colorimetric procedure used a solution containing sodium citrate,

salicylate, sodium tartrate and sodiur : nitroprusside mixed with sodium hydroxide and sodium hypoci,.,

solutions. The mixed reagent, reacts with the NH4 +-N to give a green colour, the intensity of which is

proportional to the N concentration (Anderson & Ingram, 1989).

D~termio,ation of Phosphorus

The concentration of P in digested samples was colorimetrically determined using the ammonium

molybdate/ascorbic acid procedure. This method is very sensitive and is widely used for determination of P.

In an acid molybdate solution containing orthophosphate ions, a phosphomolybdate complex forms that can be

reduced by reducing agents to a molybdenum blue colour. The intensity of the colour is proportional to the

P concentrations, which was determined on a visible light spectrophotometer at 700nm (Anderson & Ingram,

1989; Olsen & Sommers, 1982).

The percentage lignin and cellulose of the litter samples was determined using the Acid Detergent Fibre (ADF)

technique (Van Soest, 1966; Van Soest & Wine, 1968). Dried litter samples were finely crushed using a pestle

and mortar and sieved through a 430JLm sieve. TIle ADF was prepared from the samples by boiling with a

H2S04 sol=tion of cetyltrimethyl ammonium bromide (Cl'AB). TIle Cl'AB dissolves the nitrogenous

constituents ,"1£1 the acid hydrolyses the starch to leave a residue of lignin, cellulose and ash. Samples wen:

then oxidized using a buffered potassi-im permanganate solution to remove the lignin. The percentage of lignin

was determined by weight loss on drying. The percentage cellulose was determined by weight loss after ashing

(Van Soest, 1966; Van Soest & Wine, 1968),
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and not stand age; there was all overall decrease III rc-naining N in low altitude 1:-; vear-old stands, when

compared to all increase in remaining N III lugh altitude I:; year old-stands.

Analysis of (vi) indicated that there were significam differences III the raw 01 Ploss amongst the differen:

age/altitude groupings during phase PI ("'11.'4 7.44; [I:'fO,O(}(ll) and phase 1'2 (/'11}4 2,72; [I~O,(2),

Differences during phase PI wert: attributable to [he faster loss 01 P from 25 and :10 year-old stands when

compared with Ploss raws of 5 and 15 year-old stands ami to slower P loss from low altitude 10, 25 and 30

year-old stands when compared with their corresponding stands ill high altitudes, and faster fl loss rates from

the low altitude 15 year-old stand when compared with it's corresponding high altitude stand, Differences

during phase 1'2 were attributable only to stand age, with a faster loss of I' from ]0 year-old stands when

compared with the other stands,

Simple linear regression moods wert: used tn test the relationships between (vii) mass loss rates and stand age,

mass loss rates and altitude (viii) N loss raws lind stand age and, N loss rates and altitude, and (ix) I' loss rates

and stand age lind, P loss rates and altitude, Regressions on the N and Ploss rates were conducted on the full

decomposition period (OS2 weeks) as well as the two phases of decomposition.

Regression analysis nf (vii) revealed that there was no significant relationships between the mass loss rate (Phasc

M I) and stand age, and mass loss rate lind alutude. No relationship was evident between mass Inss rate (Phlls~'

M2) and stand age, However, there was a significan: relationship between the IlII1SS loss rate (Phase M2) lind

altitude, indicating a decrease in mass Inss nut: with increasing altitude (Fig, 5,16)

Regression analysis of (viii) indicated that there were signitkallt positive relationships between the overall N

loss rate and stand age (Fig. 5. 17), as well iL" till' N loss rate during phases N I and stand age (Fig. 5, 18),

indkatin!l 1111 increase in N illSS nue with increasing stand age Sig!1lfi~ant negative relationships between the

overall N loss rare and altitude (Fip. 'i.19), and tht' N loss rare dunll~' phase N2 and altitude (I:i!'. 5 20) wert:

evident, indicatinp deul'asill!, N luss rates with IIh.reilSIIl!' altitude
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Loss rate values were determined by using the slope or change III mass or nutrient. over time ~_x These data
dt

are expressed as the percentage mass or nutrient lost per week. Using the percentage lose per week or loss rate

data the following statistical analyses were conducted. One-way ANOV A was used to determine the effects of

stand age and altitude on (iv) rate of !lUISS loss data during phases M I and M2, (v) rate of N loss, during phases

N I and N2 '!I'J (vi) rate of P loss, during phases PI and P2. 'Ill determine the effect of stand age and altitude,

tlle data were grouped as low altitude 5 years, high altitude 5 years, 10V'1 altitude 10 years, high altitude 10 years

etc. Where ',illuificant differences (p !f:O.IO) were evident multiple comparisons, using least significant

differences (p :50.05), were used to determine whether differences in the rate of loss were attributable to stand

age or altitude.

Anlllysis of (iv) indicated tlUIt there were significant differences in the rate of mass loss (Phase M I) amongst

the different age/altitude groupings (FII14, 2.08: p:50.06). These differences in mass loss rate (Phase MI)

were not attributable to stand age, but ra.her to differences in altitude. More specifically. there was a faster

loss of mass from low altitude IS year-old stands when compared with the corresponding high altitude stand,

IUldslower mass loss from low altitude 30 year-old stands when compared with its corresponding higb altitude

stand. During phase M2, significant differences in mass loss rate, amongst the different altitude/age groupings

were evident (Flll4 -~2.90: p:50.01). These differences were attributable again to altitude differences, with a

faster loss of mass from low altitude 10 year-old stands when compared with the corresponding high altitude

stand, and slower mass loss from low altitude 15 year-old stands when compared with its corresponding high

altitude stand.

Analysls of (v) indicated tllat there were Significant differences in the rate of N loss amongst the different

age/altitude groupings during phase NI (F11/4 18.62: p:50.0()()I) and phase N2 (FII14 2.44; p:50.03).

Differences during phase N I were attributable (0 faster loss of N from 25 year-old stands when compared with

5 lind 10 vear-old stands, and to differences in N loss rates in all the direct altrude .ornparisons. Thus there

were taster N loss rates in low altitude 5, 15 and 25 year-old stands when compared with their corresponding

high altitude stands, and slower N loss rates in low altitude 10, 2D and 3D year-old stands when compared with

their corresponding high altitude stands. Differences In N loss rate during phase N2 were attributable to altitude
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Figure 5.14 Mean phosphorus loss from P. patula litter over time in low altitude sites. P loss data was

averaged over all stand ages. Standard deviations shown as bars.

o TTTTTTT TTTrTTTTT T 'T TTT 1TTTTf TTTTTTTTTTTrrTT,,-rrTTTTT,

o 6 12 18 24 30 36 42 48 54

Time (WkB)

100

80 -

20

-'---- ..-.--------- ...~......-.~~----------------------.
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Figure 5.12 Phosphorus loss from P. pmula litter over time in low altitude sites at various stand ages.
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Figure 5. 13 Phosphorus loss from P. pawla litter over time in high altitude sites at various stand ages.
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Figure 5.tO 'viean nitrogen loss from P. pat14/alitter over time in low altirude sites. N loss data was averaged

over a\l bland ages. Standard deviations shown as bars.
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averaged over all stand ages, Standard deviations shown as bars.
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Figure 5.8 Nitrogen loss f'om P. patula litter over time ill low altitude sites at various stand ages .

~
~
01 GO-
c:c:
iii
E
~ 40-
z

80

20

0.1 TTTT TTTTTTTTfTTTl TTTTTrlTTTrTTlTrrn TTTTTTTTTTrTTTTT'TI

o 6 12 18 24 30 42 48

• - 5 yrs

+ 10 yrs

)I( 15 yrs

e 20 yrs

-x· 25 yrs

o 30 yrs

36
Time (wks)

54

Figure 5.9 Nitrogen loss from P. patula litter over lime in high altitude sires al various stand ages.
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Figure 5.6 Mean mass loss from P. patula litter over time in low altitude sites at various stand ages. Mass

loss data averaged over all stand ages. Standard deviations shown as bars.
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Table 5.6 Litter deconu vsition rate constants (k) for all stand ages at low and high altitude sites; t", is the time

(days) required for 50 % of the litter to decompose.

Stand age Low altitude High altitude
(yrs)

S k -0.51 k -0.49
Rl 0.87 R' 0.90
tlO 493 tlo 514

10 k -0.66 k -0.40
Rl 0.82 Rl 0.76
tID 380 tlO 636

15 k -0.43 k -0.51
Rl 0.69 Rl 0.81
rIo 584 tlO 492

20 k -0.44 k -0.34
Rl 0.66 Rl 0.72
tIc 571 tlO 744

25 k -0.54 k -0.34
RI 0.78 RI 0.82
tlO 470 tlo 742

30 k -0.35 k -0.54
Rl 0.66 Rl 0.71
t,o 731 t,o 469

Simple linear regression analyses were conducted to determine whether any relatinnships existed between the

decomposition constants and either stand age or altitude. However, no significant relationships were evident.

Trends may be masked as a result of the high variability of the data which is indicated hy the standard

deviations shown in figure 5.6, for low altitude sites and figure 5.7 for high altitude sites. These graphs

represent the mean percentage mass remaining, calculated for all samples regardless of stand age.

The N ami P lost from the litter was monitored over a 52 week period and CLUJ also be divided into 2 phases

(Figs. 5.8,5.9, :-;.12 & 5.13). Phase Nl and PI, occurred during the first thirteen weeks, where the Nand

Ploss rate was rapid, During phase N2, from 13 to 52 weeks, N was no longer Ius: from the litter, hut rather

showed an increase, In contrast during phase 1'2, from 13 to 52 weeks, P continued to he lost from the litter

hut more gradually. The variability of U1t~Nand P loss data is shown as standard deviutions on figure S.IO

(low altitude sites) lind figure 5. J I (high altitude sites) I'll! tht, N data ami figure 5.14 (low altitude sites) and

figure 5.15 (high altitude sites) for the P data.



model, the decomposition rate constant (k), for each stand age at both low and high altitude sites, was

determined (Table 5.6). The equation used was as follows;

Lr '" EXP (k.t)
Li

(Equation 5.2)

where, Lr = litter mass remaining

Li = initial litter mass

k = decomposition rate constant

= time

(Weider & Lang, 1982; Woomer, pers. conun.).

From the decomposition constants presented in Table 5.6 it is evident that litter in the high altitude 5, 10, 20

and 25 year old stands decomposes slower than the low altitude stands of the same age. However, me litter

in rue low altitude 15 and 30 year old stands decomposes slower when compared with thei- corresponding high

altitude stands. This is further emphasised when comparing the l:Io i.e. the time required for 500%decomposition

(Table 5.6). The ~o was calculated using rue following equation;

t(C.S)
[lOgn(-lL~) 1
__ ~,l

k
(Equation 5.3)

where, t(0.5) .~ time required for 50% decomposition

Lr = litter mass remaiuing

Li '''' initial litter mass

k = decomposition coustant

(Weider & Lang, 198~; Woomer, pers. ('ornlll.).
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Table 5.5 Mean litter depth. litter Nand P values for sites of various stand ages at both low and high altitudes

selected to be used in the decomposition study. Standard deviations and number of replicates are presented.

Stand age Litter depth N P
(yrs) (mm) (%) ( %)

Low altitude
5 38± 19 1.49±0.48 0,07 ±0.02

n",,15 n-=3 11=3

10 42±14 1.22±O.14 O.06±O.Ol
0=15 11...,3 n=3

15 33±20 2.04±0.61 0.1O±0.03
11=IS 11=3 n-: 3

20 50±18 1.48±0.04 0,081.\'.02
11=IS 11=3 n=3

25 56±14 1.%±0.03 0.08±0.02
11=15 11=3 1Ic:3

30 52± 15 1.43 ±0.14 0.07±0.02
II~~15 11=3 11=3

Higb altitude
5 95±28 1.31 ±0.18 0,07 ±0.01

11=15 11=3 11=3

10 92±44 1.58±0.29 0.09±0,04
11=15 11=3 11=3

15 76±26 1.51 ±0.27 0.08±0.02
11=15 11=3 11=3

20 85±27 1.82±0.44 0.09±0.04
II=- 15 11=3 n=3

25 95±28 1.92±0.26 0.12±0.04
11=15 nc:3 1l='3

30 71±21 2.11 ±0.26 0.10±0.02
11=15 11=3 n=3
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To determine additional models Illat can he used to predict eithe, litter depth or litter mass, simple linear

regression models were used to examine the relationship between ratios of litter quality 'Iariables to litter

accumulation. Analysis showed significant but weak negative relationships between litter depth and N:tannins

(v"" 107.12-12.02t; FI)I =4.58; pSO.04; R2 0.13), litter mass and Nitannins (Y= 77. 733-9.8321.: FI 31=5.567;

pSO.025; R" 0.16), litter depth and N:polyphenolics (v= 117 .19-2.57x; Fill =6.87; P SO.OI; Rl 0.19), litter

mass and N:polypbenolics (y=84.92-2:.0fu; FI )1=7.69: p:S;O.Oi; R" 0.21), litter depth and N:polyphenoJics

+ tannins (y=118.43-2.24x; FI )l=b.91; p:S;O.OI; R" 0.19), litter mass and N:polyphenolics + tannins

(y=86.18-1.8lx; FI 31=7.80; p:S;O.O[; R" 0.21), litter depth and lignin + cellulose + polyphenolics.N

(y= 109.52-O.88x; FI 31=4.46; p:S;O.04; R" 0.13) and litter mass and lignin + cellulose + polyphenolics.N

(y=77.16-O.67x; FI)I =4.55; psO.04; R"0.14).

5.3.3 Litter decomposition

Litter decomposition in a stand of each age group at both low and high altitudes was r.onitored, litter depth

and litter N aod P data for the specific sites used in this study are provided in Table 5.5.

Decomposition was measured as mass los! from the litter in buried litterbags at inrervals over a 52 week time

period. The data, expressed as percentage litter mass remaining. at both low and high altitudes are presented

graphically in figures 5.4 and 5.5, respectively. Decomposition can he divided into two phases. Phase MI,

occurring during the first six weeks, where mass loss was rapid and phase M2, from 6 (0 52 weeks, where mass

loss occurred more gradually. Using me following decomposition rate equation in a non-linear regression
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of the litter qualry variables and altitude, Hypothesis J can therefore he rejected as litter quality does nut

decrease with increasing altitude, P. patula growing in high altitude site~;does not haw a poorer litter quality

than trees growing at low altitudes. Although litter quality does influence t111: rate of decomposition, the litter

quality of P. patula, examined in this study does not account fur the observed litter accumulation in 11igb

altitude sites.

5.1.2 Litter decomposition

The litter bag technique is commonly used in decomposition studies despite concerns regarding the exclusion

of soil fauna. changes in the micro-climate and compression of material (Woods & Raison. 1982). Initially.

litter d. 'Composition was to he determined using the litterfall method, which compares the amount of litter

accumulated over 1\ specific period with (he amount of litterfall collected during the same period (Singh &

Gupta. 1977; Woods & Raison. 1982). However, as a result of problems experienced with the collection of

litterfnll data. this method was abandonee, TIIC litterbag method was subsequently selected to determine

decomposition rates. and afforded the opportunity of following the changes in litter quality dUling

decomposition. lUI exercise that would not have bt.'CII otherwise achieved. Litterbugs were placed under the

L layer in the region of the F layer. which j, regarded as the most microbiologically active area (Woods &

kaison, 1982).

The overall percentage mass lost from both low and high altitude sites (Figs. 5.4 & 5.5). was 34 j 10%; this

represent' the mean Ill!L~S lost over 52 weeks. calculated regardless of stand age sud can he compared with other

mass loss figures obtained in previous studies for other Pinus ecosystems (Table 5.10). Decomposition was

divided into two phases. M 1 and M2. A rapid loss in m:L~S occurred during the first six weeks (Phase M 1).

1 his phase can he attributed to the initial leachiug phase of decoruposiuou when water soluble compounds are

released from the liner (Ibrahimn, Joffre & Gillon, 199')), The hiulogical phase of deccmposition would have

occurred coucurrently with the initial Icaching phase and continued thereafter. continuing into phase M2. during

which a more gradual loss in mass occurred (Parsons, Taylor & Parkinson, 1990; SUUlIP& Binkley. 19(3),

This two phase pattern ill (IUlSS loss is similar ill that observed in other .tudies (Smnlander 1'1al., 19(6) although



Table 5.9 Comparison of P. patula litter quality with other Pinus species.

P patula

Litter qualuy
Component ,%)

N I oS ± t1l8
P 0011 1 () 01
iJglllo 2084 ±O 8'1
Cellulose 2847 ± 134
Polyphcnohc» 3I{Xl±4%
TOIIIIIIIS H5 i ()19

N () 57

N o 35
P 002
Ligrun 2170
Celluloee 2093

N () 41
P 002
Ugmn 22 00
Cellulose 2900

N I' 4;
Lrgnin 2170
Cellulose 46 ~O

N 044
I.lg11lo 2250
Cellulose 4470

Lrgnin 35.0()
Cellulose 2600

N 045
Lignin 2S 29
Cellulose 3699

Re te re IKeSpecies

1111'study

P patuta

P tliWll11 Gh"iJ rt til. 1'185

r sylVtSln.r Berg & Wesseu, 1984

P restnosu Aber. Mehllo & Me
Clougherty. 1'190

/' nOm Aber. Melillo &
Me Clougherty. 19'10

P kestva K"hnttnyo. Sharma &
Mishra, IIJ92

/'. contona Stump & BUlkley, 1993

unsaturated substances which may appear lIS lignin, and which is also sensitive to heat, these factors mny result

in Increased lignin values. Permangnnate lignin represents II true theoretical lignin value, the ADF method

being less sensitive to the above mentioned factors (Van S(X:SI, 1966). However, P, patula litter can be

regarded as a high lignin substrate with Ihe lignin corcentratlon falling within the 17-29 % range (Slump &.

Binkley, 1993).

All increase ill litter N lind P was evident us the stands aged, indi.:ating Ihlll older trees retranslocared less N

and P from the needles prior III needle tall. However, very little dUlllge was evident in the oilier litter quality

variables as the slands aged. Studies on P kt'SIVtllllstl showed Ihal there were no differences in hoth lignin and

cellulose concentrations of litre between 5 and IS year old stands (Kxhattriya, Shnrnui & Mishrn, 1992). This

can he auributed to the unitormity ,)1 senescent needles in age, shape and size, so tnat structural W npounds

such us lignin lind cellul ise woi.ld show little variability us the Ill',' a!!l't] (Bl'r~'& Wl'SSClI. 1984). Several



9) The loss of N from the litter increased with increasing stand age (Phase N I). Overall N loss decreased with

increasing altitude, indicating an immobilization of N within the litter at high altitudes.

1m During decomposition, changes in litter P occurred in two phases, phase PI (0-13 weeks) and phase 1'2

(13·~2 weeks). Litter P decreased during both phases.

iI) The loss of P from the litter increased with increasing SHUldage. A rapid loss of P was evident from high

altitude sites during phase PI; this rate slowed down during phase 1'2.

12) TIle enumeration of the soil microbial populations, at a low and high altitude site, indicated that there were

no significant differences between the bacterial and fungal functional groups.

13) Microbial activity and biomass was reduced in trenched plots.

5.4 DiSCUSSION

5.4.1 Utter quality

The litter quality study used litter collected from litter traps which had fallen over a three month period. This

raised some concerns regarding the effects 1)[' ICllchiog nnd onset of decomposition, by both epiphytic and

endophytic organisms, on dIe litter quality (Dickinson & Pugh, 1974). However, as the three mouth collection

period was during the drier, cooler months of winter, it was assumed tha: any loss of nutrients from the litter

WIIS minimal. TIle average litter quality of P. pam/a (Table S. I) can he compared with oilier reports for Pinus

spp. in the literature (Table 5.9). Litter N und P was higher in this study Ulan that reported for other Pinus

spp. lind for P. pam/a litter studied hy Preimond (1993) Variability hOUIwithin and between species has been

reported previously lind may be atrriburanle to site filetors (Dickinson & Pugh, 1974). Seasonnliry in litter N

concentrations has also been reported (Versteld & Donald. 1991) although seasonal ,·lulIlgCS ill litter quality was

not monitored in this study. Litter lignin and cellulose percentages wert' lower 111 tlus ';rud " than those reponed

in some of the other species and may he attributed to 'illfiahility between species (Mecntemeyer, 1(78) and the

analytical method employed (Van Soest, 1(66) Most stlll!Jes cited in table 59 uave used the 72% sulphuric

acid method for quantifying lignin. A method which is susceptible In the presence of polyphcnolic lind other
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.Mycorrll!ldI.Lrujonil.atiol}

The CON plots wen: significantly drier than till':T plots in both the L (to 1.40; P '5,0.1) and F layers (to 3.20;

pSO.OS), with the F (CON plots 6.9%; T plots 10.9%) layers being moister than the L layer (CON plots

1.6%; T plots 2.5%). With regard to mycorrhizal colonization CON plots had sigllJtkantly higher levels of

mycorrhizal roots at 32 ± 11%, than T plots where colonization was only 311 % (to=6.43; P s(l.OOOI). In T

plot samples roots were dying or dead with cortical tissue sloughing off the root axis, indicating that the

majority of active mycorrhizal roots wen: successfully excluded from tJICtrenched plots.

5.3.6 Summary of results

To clarify the major findings of this section a summary of the results is provided.

1) Litter Nand P concenrrations wen: shown to increase with increasing stand age.

2) The litter quality ratios, C:N and lignin + cellulose t polyphenolics.N, gave the most significant negative

linear relationships with increasing stand age.

3) No relationships were evident between any of the litter quality variables and tJle altitude of the site.

4) A model predicting litter depth using the litter quality variables, N and tannins, and the site characteristic,

altitude accounted for 56 % of the variability observed ill litter depth.

5) Litter decomposition, as measured by mass loss, occurred in two phases. During phase M I (0-6 weeks)

mass loss was rapid. M!I,~sloss continued during phase M2 (6-52 weeks) hut more gradually.

6) The litter decomposition rate constants were lower in high altitude 20 and 25 year old stands when compared

with the corresponding low altitude sites, while the opposite held for 10, 1Sand 30 year old stands. In the high

altitude 20 and 25 year old stands a period of two years would be required to decompose 50% of the litter.

7) The rate of decomposition during phase M I showed no signi flcant relationship» with either stand age or

altitude, while regression analysis of phase M2 data indicated that the .Cltcof decomposition decreased with

lncreaslng altitude.

8) During decomposition, chilnges in litter N occurred in two phases. Phase N I (0 1.1 weeks) showed a loss

of N from the Iiuer. while phase N2 (13·52 weeks) showed an accumularion of N

.)



5.3.5 Mierobial activity and biomass

Rltsllir.aliml
The quantity of respired CO2 absorbed by the soda lime from the cm.J and T plots in the high altitude 42 year

old site are presented in Table 5.8. Although the respiration from the forest floor was slightly lower in T plots

this difference was not significant. Respiration results, measured using the SIR technique. for both the L and

F litter layers are presented in Table 5.8. Using two-sample t-tests a significant difference at the 10 % level

was recorded for samples from the F layer, with CON plots respiring more than T plots (t6= 1.57; pSO.I).

Although the L layer samples from the CON plots respired more than the corresponding sample in the T 1'1011',

significant differences were masked as a result of the variability In the data.

Table 5.n Respiration and microbial C values for control and trenched plots as measured by the soda lime,

SIR and microbial C techniques. Mean values of six replicate samples and standard deviations are presented.

McUlOd

Control 1;018

l.lnyer F layer

Trenched plow

l. loycr F layer

Respiration

Soda lillie

(mgCO, hr I I

SIR

Microbial C

C1nk:.n'

Img(' gil

886 ± 7.59

0.7(l ± (lAC) on ± 1\2\)

793 ± (,95

054 ± I) 3f> o 40 ± 0 lC)

0()04 ± 0001 o (X12 t o 001 o om t (l002 o oo: ± 0001

Results of the microbial C measured in CON and T plots for the Land F layers are presented in Table 5.8.

Using two sample t-test, the ('ON plots. in both II1C L and F layers, showed significantly higher ('Ollt'"

concentrutions than the T plots (1. layer 16 1.49; Ps.O.) and F layer· t, 1.50; p<E.O. I).
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Toble::;.7 Changes in percentage lignin. cellulose and pclypheuolics through a litter profile. compared with

foliar samples. Mean values of three replicate samples and standard -leviations are presented.

Sample Lignin C-ellulose Poiyphenclics

(%) (%) (%)

Foliar 15.30±0.91 25.07 ± 1.16 27.37±0.35

LI 29.86±2.47 28.61 ±2.77 11.l7±0.85

1.2 31.17±7.39 24.4B±2.77 9.S7±0.51

F 29.85±0.33 17.94±2.85 6.30± 1.25

Using one-way ANOVA and multiple comparisons. analyses indicated that the foliar lignin concentration w'

significantly lower than lignin in the litter layers (FlO"" 11.01; p:S:0.(03) and cellulose concentrations wei;

similar in foliar and litter samples but becoming Significantly lower in the F layer (FJ8=4.71; p$Q.G3).

Polyphenolics in the foliar samples were highest and then decreased throughout the litter profile (F18 =397.00;

p:S:0.00000 I).

5.3.4 SoU microbial and soil fauna! populations

Examination of litter/soil core samples indicated au absence of soil fauna :2 2mm. Results for the microbial

plate counts of the various litter/soil layers ill a low and a high altitude 25 year-old site are presented in figures

5.25 and 5.26. respectively. ANOVA showed no significant differences between low and high altitude sites

with regard to either bacterial or fungal populations. However. generally bacterial numbers decreased down

the litter/soil profile and numbers of bacteria tended to ne higher in low altitu, I! sites. Fungi showed a genernl

decrease down the litter/soil profile with fungal numbers being higher in high nltitude L and soil layers.
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Regression analysis of (ix) indicated that there were significant positive relationships between the overall Ploss

rate and stand age (Pig. 5.21), and Ploss rate (phase PI) and stand age (Fig. 5.22). This indicates increasing

P loss rates with increasing stand age. A significant positive relationship was evident between P loss rate (Phase

PI) and altitude (Fig. 5.23), while during phase F'2 a negative relationship was evident (Fig. 5.24) which

indicates a more rapid loss of P from high altitude sites during the first phase of decomposition which slowed

down during the second phase. No relatioll~.hip WII.'i evident when examining overall P Joss rate (0-52 weeks)

probably due to the masking of the phase P I and P2 relationships.

The effect of decomposition on lignin, cellulose and polypbeuolic concentrations can be seen down a litter

profile which represents change over time, litter at the bottom of the profile being older than newly fallen litter

at the top of the forest floor. Results from these analyses compared with the concentrations in foliar samples

are pn..-senred in Table 5.7.
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pH and exchangeable ruiI.i.i.cL

Soil pH has a controlling influence on the availability of nutrients, as well as the cation exchange capacity and

aluminium toxicity. Measurements of pH were taken of the liner and soil samples using II 1M KCI solution

( I :5 dilution).

Exchangeable aluminium is the dominant cation associated with soil acidity (pH<4.S). At higher pH values

A)l+ is not found in solution hut is bonded to clay particles, at lower pH values AI comes off the exchange

complexes, going into solution which results in aluminium toxicity (Barnhisel & Bertsch, 1982; Sanchez, 1976).

'There is a strong correlation between exchangeable All+ , pH and decreased plant productivity (Okalebo, Gathua

& Woomer, 1993), for this reason exchangeable acidity was determined for the INT and soil layers. Samples

were extracted in a !M KCI solution. Extracts were subsequently titrated with a O.IM solution of NaOH using

phenolphthalein as the indicator (Anderson & Ingram. 1989; Sanchez, 1976).

~

The por-ntlal N mineralization rates of the INT and soil layers were determined using the anaerobic incubation

technique. 'This method provides a rapid index of the labile pool of plant available N, although it does not

adequately reflect field mineralization, Fresh INT and soil samples were incubated under waterlogged

conditions, for 7 days at 4O"C (Time I) (Waring & Bremner, 1964). Under these conditions organic N is

mineralised III NH4 + -N (Alexander, 1977). The NH/ -N produced was then extracted using O.SM KlS04; this

extraction was also conducted on unincuhated samples (Time 0). Concentrations of NH4' -N, in both Time I

ami Time 0 sample extracts were determined colorirnetrically at 620run using the indophenol method (Dorich

& Nelson, 1983).

TIle indophenol blue reaction, occurs between ammouium, phenol and hypochlorite in an alkaline medium.

Indophenol is all amino derl"II!1VC of phenylquiuone-monoamine. TIle resulting blue colour is similar to that

01 the indophenol dyes, and its intensity is proportional to the ammonium concentration. TIlt.' i .idophenol
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6,2.4 Chemical analysis of forest floor and soil components

TQtal Nand l?

All litter ami soil samples were chemically analyzed for total Nand P, 'Ising the Kjeldahl procedure followed

by specific colorimetric analysis (Anderson & Ingram, 1989; Section 5 .....2; chapter 5).

Resin-extractable ayailable P

Phosphorus occurs in many different forms in the soil, each with different solubilities. The form of P extracted

is dependent on the extraction medium, The rate of extraction has been shewn to be dependent on the rate of

release of P from the soil into an aqueous medium. Studies have shown tha: anion exchange resin hags behave

in a sim.iliar manner to roots and that resin extractable P correlates well with plant P uptake. TIle method used

in this study war one modified by Sibbensen, (1978).

Resin extractable P was determined for litter and soil samples. The couceutrations of the extracted P were

determined colorimetrically at 700nm, using a visible light spectrophotometer (Okalebo, Gathua & Woomer,

1993). The colorimetric technique used W!lS the ammonium molybdate, ascorbic acid technique where samples

are allowed to react with a composite reagent of molybdate, ascorbic acid and trivalent antimony. TIle molybdic

acids formed are convened by reducing agents to a blue-coloured complex, the intensity of which WIL~

proportional to the P concentration in the sample extract (Anderson & Ingram, 1989; Murphy & Riley, 1962).

Quim},s

All litter and soil samples were chemically analyzed for the major cations K+, Mgl'" ami Ca2 '. Litter samples

vere digested using a modified Kjeldahl procedure (Anderson & Ingram, 1989; Section 5.2.2; chapter 5).

Cations from soil samples were extracted ill a IM NH40A~ solution which ensured that the maximum exchange

occurred between the NH4+ and the cations originally occupying the exchange sites Oil the soil surface, The

soil extract and the digested litter samples were diluted with hUlUIIIIIUlII chloride lIlIJ cation determinations were

made following the procedure outlined in section 6.2.3 (Knudsen, Petersen & Pratt, 1982; TIloJ11as.1982).
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uatural leaclnue collection. Ten plastic leachate collection trays (O.9m)( O. )[1\) were placed under tilt! litter layer

at the interface of the litter and soil A section of litter. L~rn x 10m. was cut through with II sharp knife and

lifted to facilitate placement of the leachate trays. Tilt: trays wen: positioned at a slight angle to ensure runoff

of leachate into plastic collection tubes, 'nit: collection tube drained into II dark. 21 plastic collection bottle

which was placed below the leachate tray (Anderson & Ingram. 1989). On collection the samples wert: frozen

and returned to the laboratory for analysis. The amount of leachate collected in each bottle and the raiufall

during the collection period was recorded.

6.2.3 Chemical analysis of vegetation components

Irual N lind P

Needle. branchwood, sternwood, bark lind root samples were analyzed for total Nand P using a modified

Kjeldahl pr(l(,,.dule followed by specific colorimetric analysis (Anderson & Ingram. 1989; Section 5.2.2; chapter

5).

Needle. branchwood. stemwood and bark samples were analyzed for the major carious K'. Cal+. and Mgl' .

T., ensure that all the nutrients were brought into solution. samples were first digested using wet oxidation based

on the modified Kjeldahl procedure (Anderson & Ingram. 1989; Section 5.2.2; chapter 5).

Digested solutions were diluted with lanthanum chloride, This was added as a releasing agent to prevent the

formation of refractory compounds. which could interfere with tlle determination (Okalebo, Gnthua & Woollier.

1993). Cation concentrations were determined using an atomic absorption spectrophotometer (Knudsen,

Petersen & Pratt. 1982; 11101ll1IS. 1982).
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these branches mature needles from the previous seasons growth were collected. Cross sections of the hranches

were taken, tor hranchwood samples Stemwood samples were taken using an increment borer (diameter

10111111)and hark samples wen: also collected from the sample trees. All samples were oven dried at 60"(' for

72hr. Needle samples were crushed and put through a 2mru sieve. Branchwood, sternwood and hark samples

were ground in a Fritsch sample mill.

Forest floQt...i\!!Il.JilllCmnDO!l!.!Il!&

Thirty litter/suil core samples were collected from the forest floor using a stainless steel, Im long, soil corer

(internal diameter, Scm). Three samples were taken from underneath each sample tree approximately I.Om from

the base of the tree. The soil corer was hammered through the litter into the soil, and down to the shale

bedrock. Upon removal of the corer, samples were placed ill plastic sleeves and scaled. Cores were returned

to the laboratory and divided into litter and soil layers. The depth of each layer was recorded. The liner/soil

layers were us follows;

- Ll , newly fallen litter lying loosely on the forest floor;

- L2, thick nuu of litter, tightly interwoven with ectomycorrhizal (FiCM) fine roots;

- F, fermematiun layer, Interwoven with ECM roots hut being looser than the previous layer;

- INT, the interface layer between litter lind soil;

_ Soil layer to the shale.

The respective layers of the three litter/soil samples, tor each tree, wen: hulked to provide sufficient rnaterinl

for analysis. Fiue roots, with a diameter of ::;2111111, were separated from the litter hy hand, lUld from the soil

samples hy sieving (Nadelhoffer &. Raich, 1(92). All liner, soil lind a portion of the root samples wcre oven

dried at 60"r for 72 hrs, After drving, litter samples were crushed and PUI through a 2mm sieve. Where finer

sample» wert' required tlley were ground further, using a pestle and mortar, and sieved through u 430JLmsieve.

Leachate from the litter wa.., collected to determine whether nutrients wen: transported from the litter into the

soil. Litter leachate was collectcd durinn II five da} period in December 1993, the rainfall st:aSIHI,ensuring
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nutrient an: cycled the following hypotheses were tested;

Hypothesis 6: The tine feeder roots of 1'. flatu/a art' distributed mainly within the litter layer (Fig. 2.1;

chapter 2).

Hypothesis 7: P. patula acquires the majority of its nutrients from thl. litter layer (Fig. 2.1; chapter 2).

Studies hy Morris (1996) indicated that there was a relationship l. "h'Cn litter accumulation and decreasing

topsoil Ca2+ concentrations, The decrease ill base caiions may han: occurred as a result of a greater degree of

leaching due to increased rainfall at higher altitudes and/or the inability of the soil to supply cations. Because

cations influence microbial activity (Alexander, 1(77) and concerns that acid rain in the Mpumalanga

esc. 1>IlICIII may increase the leaching potential of cations (Carlson, 1992; Olbrich, 1995) the status ot the

cations, K +, Ca!" and Mgl+, was examined in the high-liner, high altitude site,

6.2 METHODS

6.2.1 Study site

Nutrient cycling studies were conducted in a 42 year-old P. paw/a compartment in the Brooklands plantation

(Table 3.2; chapter 3). The 361m compartment was planted in 1951 and the trees were Illst thinned in 1975 to

274 stems per hectare (sph), Studies were conducted within II lha area which had II gentle slope and was

situated at an altitude of 1350m. The geology of the site WIIS shale, with shallow soils.

6.2.2 Sampling

ml:1ll.t!illlJJ.l..UlU!Jl!l:.!llii

Ten trees were: randomly selected from within the study area, Sampling was conducted during JUlie liS seasonal

variatinn of foliar nutrieut concentrations has heen slurwn to he minimi '.cd by winter SlIllIplill!J (Payn, SI.!".Jll.

& Clough, 1(89). Branches from the upper third of the canopy wert' selected from each tree and cut, From
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6 NUTRIENT CYCLING IN A i.rrrua ACCUI\,iULATION SITE

6. J lNTRODUCTION

The nutrient supply to an ecosystem is balanced by both inputs ami outputs and involves the interactlor of the

plant community with its environment (Hurrl & Schaal', 1995; Vitousek, 1(84). Nutrients within the system

are utilized to increase biomass i.c. net primary production. Nutrient supply may increase as a result of

deposition and fertilization or it may decrease as a result of nutrient immobilization, harvesting and increased

leaching. Therefore, the conservative use of nutrients is important to ensure !llat there is sufficient nutrient

reserves to allow for the growth of succeeding plant communities (Huttl & Schaaf, 1995; Olson, 1963).

In managed, even-aged plantations nutrient cycling studies arc important in order to ensure sustained

productivity of the afforested sites, over successive rotations. Studies by Morris (1986; 1995) have shown

reduced growth ill second rotation, high altitude 1'. patula plantations when compared with first rotation growth

and proposed that this was II result of N dcflcencies induced by continued litter accumulation. This raised

concerns tha; litter accumulation ill P. patula plantations may have adverse affects on the I.yeling of nutrients

and may result ill decreased long-term site productivity. This study was designed to determine the nutrient

dynamics of a P. paw/a site In which litter has acccumulated.

The nutrient dynamics of Nand P within tilt' system were examined, as N is regarded as most limiting in forest

ecosystems, ill nddlrion there is increaxlng evidence that for II number of forests P is immobilized in the first

stages of decomposition to a significantly greater extent than is N (Attiwill & Adams, 1993). Phosphorus levels

arc also thought to ..:''''' rol the economy of other nurrients in the ecosystem. Reports have also suggested that

there is II high level of interaction between tilt! Nand P cycles (Attwill & Adams, 1993).

To establish 11 complete nutrient budget to! 11 high litter. high altitude. 42 year-old site the nutrient levels of

the furest floor. mots and aboveground cumponcnts wen: measured. To further elucidate the mute by which
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activity. Therefore their presences is not responsible fur retarded decomposition rates and ultimately

accumulation of litter. h'yr<>thesis 5 can therefore be rejected. Tlus conclusion confirms the findings of other

similar studies which cor eluded that exclusion 01 ECM roots did not increase microhial activity or biomass

(Dighton, TIJOmas & Latter, 1987; Hanner & Alexander, 1985). A recent study hy Zhu & Ehrenfeld (1996)

showed that the presence of P. rigida mycorrhizal roots stimulated litter decomposition.

5.5 CONCLUSIONS

TIle output of nutrieu.s from the litter i.e. the decomposition process is influenced by litter quality. Litter

quality studies of P. patula have shown that litter N and P increases with increasing stand age, thereby

improving litter quality (rejection of Hypothesis 2). However, increasing altitude was not accompanied by

a change in litter quality (Hypothesis 3 was rejected). The rate of decomposition, as measured hy mass loss,

during phase M2, indicated that there is a general decrease in decomposition rate with increasing altitude (accept

Hypothesis 4). From these results it is evid ... ,t tha: in high altitude sites the decomposition process is

compromised, resulting in an imbalance between the input and output processes, which is manifested by the

accumulation of litter on the forest floor. This decrease in decomposition cannot be attributed to any significant

differences in uie litter/soil microbial populations between low and bigh altitude sites. although there arc

inc'cations that bacterial counts are lower and fungal counts are higher in high altitude sites. This area would

require further investigation. There is also m evidence to suggest tha: the presence of active ectornycorrhizal

roots suppresses the decomposition of litter ir high altitude sites as a result of competition between saprotrophic

micro-organisms and mycorrhizal fungi. It is therefore, probable that abiotic environmental factors such ru.

temperature. rainfall and pH are responsible for the decrease ill decomposition observed in the high altitude

sites. by way of their influence on microbial activity These inreractions will be discussed further ill chapters

6 and 9.
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litter in low altitude sites when compared with high altitude sites. However.uhe present study examined the

population at only one point in time and significant differences may become evident if the population were to

be monitored regularly over a longer time period. Seasonal differences may also be important as during the

drier, winter months or under drought conditions the composition of the microbial community may change with

fungi becoming more dominant. Under these conditions the differences between low and high altitude sites may

become apparent. The population diversity was not examined in this study and is an area requiring further

study.

5.4.4 Microbial activity and biomass

The high variability observed in the soda lime samples (Table 5.8) possibly reflects localised pockets of

microbial activity which respond to moisture availability in the litter. To reduce variability would require a

bigger sample size. The quantity of CO2 absorbed by the soda lime in the CON samples (Table 5.8) was higher

than values recorded during a pilot study (5.48± 1.80mgCOl hr') which was conducted in July 1992. The

variability observed duri.ng the pilot study was lower, which could be attributed to the drier, winter conditions

during which the study was conducted. In this case localised moisture pockets would be less inflientiar,

It was evident from the SIR and CmlCIU experiments that the elimination of active ECM roots resulted in reduced

microbial activity and biomass (Table 5.8) which is contrary to die results obtained by Gadgil & Gadgil (1971

& 1975). This decrease may have resulted from the increased moisture content of the trenched plots. Several

studies using trenching methods (Gadgil & Gadgil, 1975; Hamler & Alexander, 1985; Staaf, 1986) or

microcosm experiments in the absence of roots (Dighton, Thomas & Latter, 1987; Zhu & Ehrenfeld, 1996) have

reponed an increase in moisture emphasizing the important role of roots in the uptake of water. TIle increased

moisture may have resulted in anaerobic conditions becoming prevalent in the litter layer which are inhibitory

to microbial (especially fungal) respiration. Reduced microbial activity IIlaY also have resulted from C

limitations due to die absence of mot exudates and the loss of micro ..organisms usually associated with the

'mycorrhizosphere'. Although it is certainly true that there are many competitive and synergistic interactions

between saprotrophic micro ..organisms and mycorrhizas, the presence of ECM does not suppress microbial
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concentrations were similar in foliar. Ll and L2 samples (39%). decreasing to 18% in the F layer (Table 5.7);

indicating the presence of cellulolytic activity in this layer. Cellulose concentrations ir. the litterfall (Table 5.1)

were lower (28 %) ImILI those measured through the profile but the reason for this difference is unknown.

Polyphenolics decreased from 27 % in foliar samples 10 only 6 % in the F layer, showing a continual decrease

throughout the litter profile (Table 5.6). Polyphenolic concentrations ill the liuerfall (Table 5.1) were similar

(31%) to those measured in foliar samples, the reduction of polyphenols in the litter probably reflects changes

in the extractable nature of the phenolic molecules resulting from their polymerization during decomposition

(Me Key, 1979). Many studies hJVI!shown that after an initial period during which various compounds are

lost, the rate of decomposition decreases am' the li.ter becomes more resistant to breakdown. This is caused

by the accumulation of condensed or polymerised polyphenols which may originate from the litter itself or be

synthesised by micro-organisms (Singh & Gupta, 1977).

5.4.3 Soil microbial and soil faunal populations

No soil fauna, ;;::2mm, was recorded in the litter/soil samples, However, this is not conclusive as microscopic

fy'lWl e.g. Acari (mites) were not examined. Studies by Setala et al., (1991) and Shaw et al., (1991) have

shown that coniferous forests have low total soil faunal biomass when compared with other ecosystem types.

The differences in biomass is related to the type of litter layers found. Mull layers are characterised by having

a high soil faunal biomass, of which Oligochaetes (earthworms) are dominant. Mor layers have low soil fauna

biomass, dominated by Acari (mites) and Enchytraeida (potworms) (Setala, et al., 1991; Shaw et al., 1991).

From the soil microbial study no significant differences in the levels of bacterial and fungal populations were

apparent between the low (Fig. 5.25) and the high altitude sites (Fig. 5.26) examined although several trends

were apparent. These trends included a general decrease in both bacterial and fungal numbers down the

litter/soil profile with higher bacterial counts occurring in low altitude sites, and higher fungal counts being

measured in the L and soil layers of the high altitude sites. The lack of significance in these differences may

be a result of the high variability observed. Studies conducted in India by Kshauriya, Sharma & Misbra (1992)

found that fungal and bacterial counts and invertase, amylase and cellulase enzyme activity were greatest on
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old low altitude stands and in the 10, 20 and 30 year old, high altitude stands. During Phase N2, N was

immobilized at approximately the same rate in all stands, in low altitude 15 year old stands an overall loss of

N was apparent, although this loss was very small.

Trends were evident between the rate of N loss and stand age showing an increase in N loss as the stand ages,

when examining both overall N loss (Fig. 5.17) and N loss during phase Nl (Fig. 5.18). Therefore, as the

stand ages, N is lost faster during die first 13 weeks due to the higher initial N concentrations (Fig. 5.2). The

immobilization of N both overall and during phase N2 was also shown to be related to altitude, with N

becoming increasingly immobilized in the higher altitude sites (Figs. 5.19 & 5.20). Immobilization of N,

indicates a N deficiency which ultimately affects microbial activity, resulting in reduced decomposition of litter.

The majority N would remain bound in organic form with only a limited amount of N being made available

for plant uptake.

The changes in litter P were also monitored du....n;' decomposition and two phases, phase PI and P2,

representing a continual loss in P were evident (Figs. 5.12 & 5.13). The mean percentage P lost during the

52 week period, calculated regardless of stand age in low and high altitude sites, was 88± 4% and 75 ± 16%,

respectively. Analysis revealed that the rate of P loss (Phase PI) was faster from older stands, this may be

attributed to the increase in initial litter P concentrations with stand age (Fig. 5.3), this was further substantiated

by the regression analysis (Fig. 5.22). Differences in P loss related to altitude can also be linked to hi"her

initial P concentrations (Table 5.5) in the high altitude 10, 25 and 30 year-old stands. Regression analysis

indicated a more rapid lOSS of P from high altitude sites during phase PI (Fig. 5.23) which slowed down during

the second phase (Fig. 5.24), as a result of P becoming limiting.

The litter core samples collected were assumed to represent current litterfall at the top of the profile, ageing

down the profile to ±20 years (half the stand age; Chapter 6). Lignin c-mceutrations in the litter layers (30%)

was twice that of the foliar lignin (15%) (Table 5.7) with the concentration in the litterfall being 21% (Table

5.1). These trends highlight the recalcitrant nature of lignin which would adversely affect the production of

microbial enzymes, resulting in reduced decomposition rates (Kshartriya, Sharma & Mishra, 1992). Cellulose
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the low altitude site which may have contributed to faster mass loss during Phase MI, resulting in a N

deficiency during pnase M2, hence the slower mass loss rates. Faster mass loss rates from 10 year old stands

in low altitude sites (Phase M 1) may be attributed to pruning and thinning operations. These operations would

open up the forest canopy resulting in improved air circulation and warmer temperatures on the forest floor,

which would contribute to increased decon.position. Slower mass loss rates were evident in the low altitude 30

year-old stand (Phase Ml) which can also be attributed to the higher initial litter N coucentratlons in the

corresponding high altitude stand (Table 5.5).

No significant relationships were evident between the decomposition rate constants or mass loss rate (Phase Ml)

and either stand age or altitude. Large variability in the mass loss data mask any significant trends (Figs. 5.6

& 5.7), However, the mass loss rate during phase M2 was shown to decrease with increasing altitude (Fig.

5.16). This relationship is significant when considering that litter accumulation has been shown to increase with

increasing altitude (Fig. 4.10; chapter 4). From this relationship which shows a decrease in decomposition with

increasing altitude and from the generally lower decomposition constants in high altitude sites presented in Table

5.6, hypothesis 4 can be accepted, the litter decomposition rate does show a general decrease with increasing

altitude.

The changes in litter N were monitored during decomposition and two phases welt! evident, phase N I

represented a loss in N while phase N2 showed an accwnulation of N in the litter, indicating that N becomes

immobilized (Figs. 5.8 & 5.9). The mean percentage N lost during the 52 week period, calculated regardless

of stand age in low and high altitude sites, was 51 ± 12% and 4D± 14%, respectivelv ANOVA and multiple

comparisons of the N loss rate data (Phase Nl) revealed that {'II was lost faster from cider stands which may

be attributed to the increase in litter N concentrations as the stand ages (Fig. 5.2). Comparisons between low

and high altitude stands revealed significant differences with faster N loss rates from 5, 15 and 25 year old low

altitude stands and slower rates in the 10, 20 and 30 year old low altitude stands. These differences could be

linked to higher initial litter N concentrations (Table 5.5) in the 5, 15 and 25 year
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the duration of phase I is variable, a factor which is dependent on the frequency of sample collections. The

overall loss of mass was further emphasized when examining the decomposition rate constants (k) which were

all negative (Table 5.5). Slower decomposition rates were evident in the 5, 10, 20 and 25 year old, high

altitude sites when compared with the corresponding low altitude sites. The reason for the slow decou-p--sidon

rate in the low altitude, 30 year old stand is not clear, but may be related to the sites south-east aspect,

Table 5.10 Annual percentage mass loss from litter for various Pinus species.

Species / Location Mass loss Reference

(% yr ')

34

13

12

20-36

34

40

44

50

18-23

13-17

P. patulal Mpumalanga

P. patula / India

P. sylvestris / England

P. sylvestris / Sweden

P. syivestris / Finland

P. alba / Tennessee, USA

P. taeda / Tennessee, USA

P. radiata / New Zealand

P. contorta I Wyoming, USA

P. elliottii / Florida, USA

This study

Singh, 1982

Singh & Gupta, 1977

Berg & Staaf, 1980

SmoJander et al., 1996

Singh & Gupta, 1977

Singh & Gupta, 1977

Gholz et al., 1985

Fahey, 1983

Gholz et al., 1985

ANOV A and multiple comparisons conducted au mass loss rate data (Phases M I & M2) revealed that rate of

mass loss was not linked to stand age, confirming studies by Berg & Staaf (1980). However, significant

differences in the rate of mass loss were evident between some stands of the same age at low and hig~ altitudes.

Faster mass loss rates were evident in IS year old stands (Phase MI) at low altitudes followed by slower mass

loss rates during Phase M2. This can be attributed to the higher initial litter N cocceutrations (Table 5.5) in
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The stetnwood biomass was the largest componeut in the: aboveground component (excluding the forest floor).

followed by branchwood, needle and bark biomass, Tilt: average litter depth was 217.0(J j 3.41 rnm, which was

converted to a litter mass of 143 (){)Okg ha 1 (Fig. 4.11; chapter 4). This figure would include the root biomass,

as the majority of roots art: distributed in the litter. TIle biomass of the litter minus the root biomass (12;.

475kg ha') therefore forms a significam portion of the forest ecosystem, equal tl) that of the stemwood.

6.3.7 The nutrient cycle

Using the mean nutrient values from tables 6.1,6.2 and 6.3 and the biomass figures presented in table 6.5. it

was possible to determine the size of the nutrient pools. The soil nutrient pools wen: calculated using tilt'

formula;

NC x BD x DTOrS (Equation 6.9)

where, NC c nutrient concentration converted to mg kg 1

BD ,~ bulk density in kg III 1

D ~ soil depth in III

.Schutz, 1990).

TIw hulk densitv of the soil was taken to he l.IBg em) (l!80kg III 1) (Morris, 1986). 111csoil depth measured

at this Silt! WO$ gem. however, because of the high exchangeable acidity, low pH and limited distribution 01

roms within the soil. nutrient pool figures art! presented only for the top IJ:Ill.

Nutrient cycle diagrams are presented lor the N (Fig. 6.1) and I' (Fig. 6.2) cycles, PCf\:cntage~ shown

respreseut the contrihution nUllk to a particular uurrietu l'OO!I.{' 489i of the tree N pool is foulld in the needle

component (Fig. 6. I). The distribntion 01 the cations. K·. M~~l. and Cal., in the biomass cumpuneius are

presented in Table 6.6 TIle highest K' content is found in the L2 laver. Sternwood followed hv the 1.2 layer

had the highest Mg1' content, with C;jl. being highest in the soil layer. Of the ...uions. in the tre-, 1)001. Mg1•
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6.3.5 Root distribution and mycorrhizal percentage

No mots wen: found in tile LI layer. The majority (40';; I 01 tilt' fine rnoh rxcur in the 1.2 iaver , followed hy

31 % in tlle F layer. 26~{ rn rhe INT and 3~ in the .'lIil. Then' wert' sll!lIilicamly k" [()()t.~within tllt' .'I)ll

layer (F1R 6.40, {I~O.02). The highest percentage of mycorrhizal rnots occurred in the 1.2 layer. although

differences in the mycorrhizal percentage between the 1.2. lINT anu sllil layers wen: not sil!llifkallt.

Approximately, half of the mots occurring in the 1.2 (53'1() and I' 1411',;) layers and a sl)!niti.:ant proportion

of roots occurring in the lNT (41 ~t) and soil (36~;) layers were ei.totnycorrhizal.

6.3.6 Above- and bclowground biomass

The DBH, height and I:f()WIl III.'ight of the study site were measured as 40.73 t 5 . .!:1~m. 24.6 t 2.28m and

9.61 J 2.06rn, respectively. 1'1J,: biomass of the above- and beluwgrouud components arc presented ill Tahk

6.5.

Table 6.5 Bionu.ss of the various above- and belowground components illc1uuing tilt: tuest nom.

Biomass

(kg ha I)

Component

Needle 14250

Stemwo, )d 125 000

Hranchwood 21 ooo

Bar} (l940

l.ittt:r 143000

Ihols 17 ).!5
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6.;1.4 Nutrient content of the leachate

The average amount of leachate collected was 1717ml. during a period which received 37 .lmm of rainfall, The

nutrient content of the leachate is presented in Table 6.4. TIle cation K·. was found ill the highest

concentration, followed by Mgl+ and CaZ>. This confirms the highly mobile nature of K·. which is readily

leached from plant material (Olbrich, 1995; Zamierowski, (975). Total and inorganic NH4• -N were found in

higher concentrations than the total and inorganic P. The pH of litter leachate was found to be more acidic than

the underlying soil layer (Table 6.2).

Table 6.4 Nutrient content of the leachate. Mean values of 10 replicates and standard deviations are

presented.

Leachate

analysis

N

P

lnorg. NH. +-N

Inorg. P

pH

Itg mil

0.79:±0.17

0.23 '.1-0.12

0.24tO.17

0.18±0.12

3160±6.53

6.05 i 1.87

') .88 -t 1.39

3.88 ± 0.15
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Litter pH I!.':".' found to he 3.26 in the Ll layer, decreasing to 2.16 ill the F layer (Table 6.2). Significant

differences in the pH between die litter/soil layers were evident (F; JR 135.07, {J ~ O.O(J(}()I), with pH in the LI

layer being higher than that of the L2 and F layers. TIle pH of tilt' [NT layer was similar to that of the LI

layer, with the ~'H of the soil being higher. TIle': litter layers were more acidic than the soil The high

exchangeable acidity of the INT and soil layers (Table 6.2) indicates the presence of aluminium in the soil

solution.

6.3.3 Nutrient content of the rood component

No roots were found in the Ll layer, i.e. newly fallen litter. TIle Nand P values for roots within the litter and

soil layers are p-eseuted ii' Table 6.3. No significant differences were evident between the roots occurring in

the L2, F, [NT and soil layers with regard to either N or P conceutrations,

Table 6.3 Nutrient content ",f the root component. Mean values of 10 replicates and standard deviations are

presented.

...,)mpllllent N P

(%) (%)

Ll

L2 1.13:t0.28 0.I2tO.03

r; 1.()8 to 16 0.08 +0.004

INT 1.()4 1.O.28 0.09.t0.01

Soil 0.90 t () 22 0.09 t 0.02
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Tuble 6.2 Nutrient content of the litter and soil components. Mean values of 10 n.:r1i<.:(l(es(tilL: ,{am1ard deviations arc presented.

Component N N-min P Res.Ex.P r: + Cal. Mgl+ pH Ex. acid.

(%) !lgN g 'd I (%) (%) (%) (%) (%) cmol t kg I

L1 1.12 ± 0.07 ± 0.006 ± 0.70 ± ud* 0.62 ± 3.26 ±

0.53 0.01 0.001 0.30 0.14 0.09

L2 1.32± 0.0\1 ± 0.006 ± 0.99 ± ud 0.48 ± 2.30 ±

0.23 0.01 0.001 0.32 0.03 0.04

F 1.24 ± o.ms ± 0.003 ± 0.09 ± ud 0.29 ± 2.16 :1:

0.20 0.0 I 0.001 0.03 0.09 0.08

INT 0.67 ± 4.35 ::J- 0.07 ± 0.001 ± 0.21 ± O.()7 ± 0.04 ± 3.29 ± 11.22 ±

0.42 1.68 0.Q2 o.oot 0.05 0.02 0.01 0.36 2.82

Soil 0.49 ± 1.66 ± 0.08 ± D.DOI ± 0.19 ± 0.04 :t o (J3 ± 4.08 ± 5.70 ±

0.30 O.9~1 0.01 0.0001 n.05 O.Ol 0.004 0.23 2.58

>to ud, undcdected
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6.3.2 Nutrient content of the litter and soil components

The nutrient contents of the litter/sci! component); nrc presented in Table 6.2. The litter generally had a higher

nutrient content than the soil. Litter N was found in higher concentrations than litter P, and of the cations,

Mgl+ and K+ were found ill fairly large quantities while Cal. was undetectable within the litter layers.

Significant differences ill the distribution of N throughout the litter/sci! layers were evident (Fa 81 -42.54,

P :;;;;0.0001), which can be attributed to UIC significantly lower N content in the INT and soil layers when

compared with those found in the litter layers above. 'nIC percentage N content of the L I. L2 and F layers

were not significantly different fror- that found in the needles (Table 6.1).

Significant differences were evident in the distributiou of P ill the litter/soil layers and when compared to needle

p (FnBI~ 110.74, ps;O.OOOI). The percentage P in the l.l layer was significantly lower than UIC needle P

content (Table 6. I), indicating a retranslocation of P prior to liuerfall, The percentage litter P of the F layer

was not significantly different from that of the INT and soil layers. Significant differences wert: evident in the

distribution of resin-extractable P in the litter/soil layers (I'~« 35.06, p:;;;; 0.0000 I ) with more available Pin

the Ll and L2 layers and half of this quantity in the F layer; this decreased further in the INT and soil layers,

The ratios of total P to resin-extractable P throughout the litter/soil profile increased from 12: I in the L I. 15: I

in the L2, 27: I in the F, 70: I in the INT and 80: I in the soil layers. No significant differences were evident

between the K+ cnnceutrations of the ne...dles and the litter layers, however; the Mgl+ concentration of the

needles was significantly higher than UUIl of the litter layers,

The levels of K' were concentrated ill the L 1 and l.2 layers wlule there was a progressive decrease in Mill'

from the LI layer through to the soil.

The concentration of soil N WIlS greater than soil P. and of the cations. K' was found in higher concenrrauons

than either Cul< or Mgl'. Using II two sample.' t lest, no significant differences wert' round between the N

mineralization rates of the INT and soil layers (/y 0.51. p~c:().(J2)
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6.3 RESuLTS

6.3.1 Nutrient content of the vegetation components

Of the vegetation components needle foliage had the highest percentage concentration of all the nutrients with

N being the major nutrient (Table 6, I), This component, being photosynthetically active, requires an adequate

supply of nutrients, especially N, to he effective. Bark samples had higher N concentrations than either

branchwood or stemwood, although this difference was not statistically significant. 111is d.Iference may he

attributed to the microhial ,)opulation, including lichens, supported Oil the hark surfaces, There were no

signiticant differences in the distribution of either P, or the cations Mg2' ami Ca2<, between tJII: sremwood,

branchwood and bark components. However, K + concentrations in the stemwood were lower than in either the

branchwood or bark,

Table 6.1 Nutrient content of the vegetation components. Mean values of 10 replicates and standard

deviauons Sir" j:'" ;cnted,

Component N P K' Cal+ Mgl'

(%) (%) (%) (% ) (%)

Needles 1.67 ± 0,15 _i 0,84 J 0,21 1: 1.06 +

0,17 0,02 0,17 0,19 0,09

Stemwood 0.Q3 0.Q2 i 0,04 o.or J 0,30 ±

0,01 0,01 0,01 0,001 0,08

Branchwood 0,05 0,02 0.28 0.05 J 0,34 J

O.()3 0,01 0,(]7 0,03 (],08

Bark 0,13 0.02 l O.4S i (],O4 lUI _t

O.OS O.lX)S 0,26 0,02 0.04
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Aboveground biomass is presented as kg ha' and was based (JIl 274 stems per hectare (sph).

6.2.10 Belowground biomass

Root mass was determined using the following equation;

Rootmass (kg) ;c 2.75 ... O.0015x (Equation 6.8)

where, x = DBHl (em) x height (m)

(Morris, 1986).

Belowground biomass is presented as kg ha I and was based on 214 sph,

6.2.11 Data analysis

Although the nutrient contents of the different components were statistically analyzed, using one-way ANOV A,

it must be noted that all samples were collected from within one compartment therefore, samples were pseudo-

replicated and were not independent from each other. ANOVA was conducted to determine whether there were

any differences in nutrient content bet ..veen the various components. Where significant differences wen: evident

multiple range tests, using least significant differences, were conducted (Sokal & Rohlf, 1981; Zar, (984). Data

on N mineralization were analyzed using a two sample t-test, All analyses were carried out using Statgraphics

version 5.0,
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6.2.9 Aboveground biomass

Models predicting relationships between biomass components and tree dimensions wen: used to determine the

aboveground biomass of the study site. The nnly moe-Is available for P. patula were those developed for the

species growing in the Natal, Drakeusberg (Bosch, 1985). Tree dimensions used in the models wen: diameter

at breast height (DBH, measured in em It l.3m), tree height (rn) and .:TOWU height (rn), Fifty trees within the

study site were measured. Height measurements were taken with a Blum Liess Hypsorneter and DBH

measurements with a diameter tape. Height measurements wen: taken to the base of the crown and the top of

the tree. The difference in height between the base of the crown and the full tree height was taken as the crown

height.

Equations for biomass determinations were as follows;

Stem IT'dSS (kg) "50.782 + O.lO,lx + 0.On03x" (Equation 6.4)

where, x = DBH (em) x height (m)

Branch mass (kg) ~ 9.78 + 0.171x

where, r = DBH (ern) x crown height (m)

(Equation 6.5)

Needle mass (kg) ~ 4.57 + O. 028x (Equation 6.6)

where, x ~ DI?H (em) x crown height (rn)

Ha r k rnas s (k g) •. -) 5 . 7 A + 1. <,Ox (Equation 6.7)

where, r DBII (em)

(Bosch, 1985).
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rercl:JJ!age ectomycorrhi~

While determining root length (Tennant, 1975), ECM colonization was assessed, hy recording the number of

mycorrhizal root tips intercepting a line. These data were COI"':1 ",d to mycorrhizal root length, using equation

6.1. Percentage mycorrhizal root length within a particular layer was determined using the following equation:

MR ivILRL x 100 (Equation 6.3)

where, MR = mycorrhizal roots (%)

ML = mycorrhizal root length (em) within a particular layer

RL = root length (em) within a particular layer

(Schenck, 1982).

6.2.7 Litter depth

Fifteen mndomly selected litter samples wen: cut from the forest floor, using a 30clllx30cm frame (Fig. 4.3;

chapter 4). To convert litter depth measurements to litter mass (I ha I) the equation presented in figure 4.11

was used (Section 4.3.2; chapter 4).

6.2.8 Litterfall

Litterfall production has been shown not to increase with increasing altitudes, and to increase only gradually

after 10 years (Section 4.3.1; chapter 4). To quantify litter production in the study site, till: average litterfall

data (1992-1994) for tile 30 year old P. patula compartments was used (Table 4.4, chapter 4).
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6.2.6 Determination of root distribution

A subsample of roots from each litter/soil layer was used 10 determine root length. Root length was determined

by using a modified grid line intersect method (Tennant, 1975). Length estimates made by this method are less

time consuming than direct measurements. For length estimates a lcrn x lcrn grid, drawn OIllO a transparency

sheet, was placed into a shallow white plastic dish (25crn x 35cm). Water containing the roots was poured iuto

the dish and roots were held i" place over the grid with a piece of perspex. TIlt: intercepts of the roots, with

both vertical and horizontal lines, were counted. A count of one was given if a root crossed a line, if the root

end touched the line or if the curved portion of the root touched the lim'. A count of two was given if the

curved portion of the root lay on or along a line. To determine root length the following equation was used;

RL ~ N x 0.7857 (Equation 6.1)

where, RL = root length (em)

N = number of intercepts

(Tennant, 1975).

To determine the percentage of roots distributed within the layers equation 6.2 was used;

R RL x 100
RT

(Equation 6.2)

where, R percentage of roots (~)

RL root length within a particular layer (em)

RT total root length (em)
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colorimetric reaction has been modified hy the introduction of a catalyst. nitroprusside. which accentuates the

blue colour at room temperature (Dortch & Nelson. 1983),

6.2.5 Chemical analysis of leachate

IQlal and inorganic Nand P

The use of the alkaline persulphate digestion for total dissolved N in water samples was developed by Karoleff

in 1969 (Langler & Hendrix. 1982). The method was later modified and combined with an acid persulphate

digestion for determination of total dissolved P. The decomposition of persulphate proceeds via two processes.

Firstly, by thermal decomposition and seco.idly by an acid catalyzed decomposition. Both pH and temperature

are important factors in the recovery of Nand P. The N is oxidized first in the alkaline medium. as digestion

proceeds the resulting bisulphate ions lowers the pH. which permits the digestion of the P containing

components (Langler & Hendrix, 1982).

Leachate samples were brought to room temperature. and lOOmlaliquots were digested with 5% KlS10S' Flasks

were covered with foil and autoclaved at 121DC for 30min (Langler & Hendrix. 1982). Digested and undigested

samples were calorimetrically analyzed for N using the indophenol method (Dorich & Nelson. 1983; Section

6.2.4). Digested samples provided determinations of total N and undigested samples. inorganic NH4'-N

(Harwood & Kuhn, 1970; Scheiner. 1976; Wetzel & Likens. 1979). Digested and undigested samples, were

calorimetrically analyzed for P using !lIe ammonium molybdate. ascorbic acid technique (Murphy & Riley.

1962; Section 6.2.4). Digested samples provided deteiminations of tota] P and undigested samples. inorganic

P (Wetzel & Linkens, 1979),

~

The major cations K +. Mgl + and Cal + were determined by diluting leachate samples with lanthanum chloride

and determining concentrations on the atomic absorption spectrophotometer (K nudsen, Petersen. Pratt. 1982;

Thomas 1982; Wetzel & Likens, 1979; Section 6.2,J),
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as is evident from the exchangeable aciduty values (Table 6.2). P-fixing is a pronss hy which available P ill

acid soil~; is transformed into relatively insoluble aluminium and iron phosphates thereby reducinv the amount

of P a\ 'Iilahle for plant uptake (Sanchez, 1976). The P reserves in the 42 year-old, high-litter, high altitude

P. patula compartment was .246. 8kgP ha I.

The cation Mg2+ serves us constituents of organic structures, especially enzymes, K' functions mainly in

osmoregulation and the regulation of enzymic reactions and Cal. provides reversible intermolecular linkages

in the cell walls and at the plasma membrane u functions which acts us a control mechanism for growth and

developiaent (Marschner, 1995). Complete nutrient cycles for the cations, K', Mgl' and Cal., were not

determined although their distribution throughout various biomass component wert' examined (Tahle 6.6). 01'

these cations, Mg2+. had the highest concentratiun within the tn ..'C pool, accurnulating malnly ill the stemwood,

K + accumulated mainly ill the litter and soil pools with the highest concentration occurring ill the L2 layer.

The distribution uf Ca2+ was low in the: tree, litter and soil pools (Table 6.6). Of the total nutrient reserves

K + was the highest with 1182kg ha I, followed by Mg~+ (996kg ha 1) and Cal+ (93kg ha I) (Table 6.6).

6.4,8 Nutrient allocation

Allocation of nutrients within the tree pool indicates that nutrients nrc su-red in different components (Fig. 6. I,

Fig. 6.2 & Table 6.6». The major nutrient within UIC needle component W(~~ K' , followed hy N, Mp"' , Call

and P in decreasing order, The distribution of nutnents within uie sremwood COIllPOIII:ru was M!~l' ,.. N >

K' > P > Cal. with maximum amounts of Mgl' and P accumulating in this component. In branchwood the

distribution of nutrients was Mgl' -'> 1<' > Call :> N > P with Cnl' being p.eterentially stored in this

component. The distribution of nutrients ill uie hark component was K' > Mg"' '> N ;> Cal' '> P.

Within the forest floor pool, tht' distribution 01 !llItrit'nts within both till: LI and 1.2 luycrv follows tlit' pattern.

N '> K' ~, Mg1' '> I' Fhe pattern dUIJ1!!I.·~,with regard (\1 till: storage of canons, within the I layer with

N > Mpl' ;'> K' .'> P, lind tilt' IN'I laver with N :> K' 'Call;> I' :> M~~l' TIll' main ~torugl..' laver for
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Tilt' liner P pool is appruxunatcly :l times 1'[ .tct than tll\' P pOllll ill tht' trees t f'i!'. () 2), ()7 'I; III the P

occurring in the stemwood and only 1.2 ~'r occurrinp ill the needle component. A slgllililallt proportion (4.1';; )

of P is retruuslucated trom the needles prior III needle tall irrdiuHirrg soil P limilalio[l, kavinp:'.7 ~;; of tIll' P

to he returned tn the forest 110m annuallv via the liuerfall This retrauxksation 01 P indicare» that s!lil P is

limiting (Proe & Millard, 1995). TIlt: quantity llf P retrunslocated would hL' greater 111 younger stamb 011'.

patula as is evident from the litter quality studies which show that litter P couccmrauor rucrease wrth

increasing stand age (Fig. 5.' dIH?ll:r 5). This internal cycling of P su!!gests a deficieucv 011' within tht:

system. The pool 011' sWfed in the liner layers represents an accumulation of 26 years of P input, thix agtun

assumes that the rate of Iittertall is constant over the rotation. The root I' pool is approximately half of the tree

pool. In calculating the litter and root pools, some double accounting may again have occurred. Results troin

resin extractable P analyses showed that () OO(Jc,f 01 available P is present in the litter 1,lyt:rs (II & 1.2), an

amOUIIl which is halved in the F layer and decreases further in lhe INT and soil layers. The: allllual iI/llOUIIi of

P mineralized hy microhial activrv was difficult to determine lrom this study. It may he assumed lhat all

amount of nutrients equivalent to one years litterfall is mineralized each year from th ....forest floor « lelmisaari,

19l}5) indicating a pot ....ntial annual mineralization of 4kgP ha I. l-rom lutcr decomposuion studies it was shown

that 75W of th e litter P was lost frum the litter in high altitude siles (Fill. S.U; chapter S) reducing the

quantity of P mineralized from the liner to 3kgP ha I. The phosphorus content r....quired tor optimal plant

growth IS O.J-O.S% of till.' biomass (Marschner, 19(5). The total biomass ('Iahle ().S) was 1114 7(Skp ha I,

therefore plants would have required between J{Jll-9.Bkpl' hn I. Given the stand age it is pussible to calculat ....

lhat a mnximum of 126kgP ha I could he suppli ed hy litter decomposition ussumiug that all the P minerulized

would he taken up hy the roots. This would he all (I\er-cstiUllitiou a.\ it assumes lhat lirter production i.s

constant as ,lit: stand ages, whereas it has been shown that IhL' relationship is curvilinear wi.h a ~'en,'ral in c r....asc

with in!:n:lI'.lnt' stand uge (!-ig. 4.3; chapter 4). l-rom Iipure 6.2. P res e rves III the bioma», w e re lower at

n.OJ'Ii. Phosphorus, both organic anJ iIlOI'!!iIlULwere shown to be Inst trom till.' littl'r as a result ut kaelllll!,

(Tnhlv (, ,I), the annual nmgnitud ... otwhich WilS difficult II) assL'Ss. II was esrmuued that th,' potcntiat ruaxirnunt

1I11l01l111 III P. both orpan;" and inurpanic, Iml trum thc liuet would be O.OOO()()lk,,,' lu ' I'hi- resprexent» a

fraction 01 thL' I' siorcd in the hn r layerv. It 1\ axsumed that I' lost [rum tht: liner through it:adlill!, would be

illlll't'l)J;ltt'i\, taken lip hy the plant mOh III till' ",III I'll,' suils III tht' study area art' kllOWII 10 he P fl'III)' ',uib



g I dol. respectively. This respresents N mineralized under optirnum conditions. Some studies assume that an

amount of nut. IItS equivalent to one years lirterfall is mineralized each year from the foresr floor (Helmisaari,

1995) which in tills case would amount til 6lkgN ha 1 This assumes IUO% loss of N from the litter during

decomposition however. decomposition studies (Fit'. 5.9; chapter 5) revealed that only 40% of the litter N was

lost from the litter in high altitude sites. Therefore, it can be estimated that only 25kgN ha ' is made available.

-nIC nitrogen content required for optimal plan! growth is 2·5 % of the biomass (Marschner. 1995,. The total

biomass i.e. addition of needle, stemwood, hranchwood, bark and roots (Table 6.5) was 184 715kg ha '.

therefore plants would have required between 3700-9200kgN hal. Given a stand age of 42 years it is possible

to calculate that a maximum of I050kgN ha could be supplied by litter decomposition assuming that all the

N mineralized would I)'~ taken up by the roots. This would be an over-estimation as it assumes that litter

production is constant as the stand ages, whereas it has been shown !lUI( the relationship is curvilinear with a

general increase with increasing stand ape (Fig. 4.3; chapter 4). From figure 6.1 the N reserves in the biomass

were considerably lower at 0.18 %. An average amount of l717mls of leacliate was collected from the leachate

trays. during a period which received 37 .Imm of rainfall. It is difficult to determine the annual amount of

leachate ali this would be dependent on thc rainfall intensity and die moisture holding capacity of the forest floor

!It the time of the min. Nitrogen. both organic and inorganic. was lost from the litter !L~a result of leaching

(Table 6.4), Estimating that fulllullJ rainfall is approximately 32 times higher than that collected during the

leachate collection period it is possible t(l calculate the maximum quantity of N lost from the litter. This

indicates tllat there is a potential for 0.OV'f102kgN ha' (total N) and O.OOOO04kgNH4 + ha I (inorganic N) to be

lost from the litter annually. This represents II fracrion of the N stored in the litter layers. It is assumed that

N lost durin!', leaching would be immediately taken up by tilt: roots in:! . soil. The N reserves in the 42 year-

old. high-litter. high altitude 1'. panda compartrnen! were 2358kgN ha I (addition of all N pools).

Phosphate once taken up hy plant roots remains in au oxidized torm and is essential in the formation of organic

compounds partlcularly nucleic adds. inorgunic P h: also involved in many enzyme reactions (Marschner. 1995).

Because of tht' importance of tllis element to pI11m !,fOWtJl II study of the P cycle was considered CS.~Clllill'
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6.4.7 Nutrient cycles

Singh (1982) reported that the nutrient capita of N and P, in P. patula stands in India, are distributed in

descending order, among the soil, tree and forest floor pools. However, from this study it is evident that the

nutrient capita is mainly distributed in the .rmest floor pool followed hy the soil and tree pools.

The N c)',,;k

There are two sources of inorganic N taken up by plant roots nitrate and ammonium, NO, is mobile in the

,r;lem and can be stored in vaculoes, NH/ is immediately incorporated into organic compounds, such as amino

acids and amides, in the mots (Marschner, 1995). Plants growing in acid soils e.g. P. patula have a preference

for NH/ rather thad NO)' (Marschner, 1995) for this reason nitrate was not examined for the nutrient cycling

study.

The N pool in the litter layers is approximately 10 times greater than the N pool in the trees (Fig. 6.1), witf

48 % of the N in the tree pool being stored in the needle component. Eighty-seven percent of the needle N is

returned to the forest floor annually via the litterfall which means tha: only a small proportion (13 %) of the

foliar N is retranslocated prior to litterfall, The quantity of N retranslocated would be greater in young stands

of P. patula as is evident from the litter quality studies which show that litter N concentrations increase with

increasing stand lI!!e (Fig. 5.1; chapter 5). The quantity of N stored in the litter pool repn ..esents an

accumulation of 23 years of N input, over half the stand age (42 years). This figure may he lin over-estimation

as it is balled 011 the assumption !llat the rate of litterfall remains cOllStU.IIIthroughout the rotation. However,

litter production shows II curvilinear relationship with stand age (Fig. 4.3; chapter 4). The root N nool is

greater than the tree pool. In calculating the litter and root pools, some double accounting may have occurred

as a result of the intimate association of the roots with !l1Clitter which resulted in the roots being difficult to

remove from dIe litter. TIle annual amount of N mineralised by microbial activity was difficult to determine

from this study, as the quantity would he dependent on temperature and moisture conditions throughout the

year. Without adequate sampling throughout the year the annual N mineralized canuo: he estimated. Results

from mineralization studies did, however, show that. the INT and soil Iayers mincraliLt'tl41lgN g I d I and 5J.1gN
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(1982) reported a DBB of 44.58l:lII11Ud heighlolD.60m I,lr 34 year old P patulu in India. values which arc

similar to those reported in this study. Knot mass figures (Tahle 6.5) calculated using an equation from Morris

(1986) may have overestimated the belowground biomass ill this study site as the equation was derived from

studies of younger trees grown without thinning (1330 spit). Under these circumstances the tree roots nUIY he

more compact as they compete! for space! and nutrients with neighbouring trees. In this study site the trees have

been thinned to 274 sph, allowing the roots to spread.

6.4.6 Nutrient reserves

Schutz (1990) calculated die nutrient reserves in the litter and soil of two P. patula compartments having litter

depths of IO.4cm and 35clll. respectively. These values are presented in Table 6.8 for comparison. Nitrogen

reserves in the soil pool were nut calculated in Schutz's study, The thickness of UIClitter in this study site was

21.7cm (217mm). which is intermediate to the two sites shown ill Table 6.8. The N reserve- i.: the litter pool

in this study (Fig. 6. I) were intermediate to the two values given by Schutz (1990). Phosphorus (Fig. 6.2) and

Cal+ (Table 6.6) reserves were lower. while Mgl+ and K + reserves were higher ill this study Ulan t'rose reported

by S· hutz (1990) (Table 6.8). In the soil pool the P (Fig. 6.2). lvIgl+ and K reserves were :.:gher in this study

and Cal+ (Table 6.6) was within tlle range reported by Schutz (1990) (Table 6.8).

Table 6.8 Nutrient reserves for die litter and soil pools calculated for P. patula compartments with

accumulated litter depths of 1O.4clI1(Compartment A) and 35cm (Compartmetu B), respectively (Schutz, 1990).

Nutrient Pools N P K Mg en
'K/! I);) ') Ik~ ha ' IXI' ". ') Ik~ ha ') ,k~ hH')

Litter
Compartment A 1045 no 82 65 229
C()mpartme III R 2294 381 WI 54 272

Soil
Compartment A 9 54 27 (:J)_

Compartment B 2 15 7 .2
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6.4.4 Root and mycorrhizal distribution

Schutz (1990) showed that there was a correlation between thick lifter layers and rooting density in the litter,

indicating that thicker litter layers had greater root colonization, occurring in the lower part of the litter layer.

R(}Qtingwas, however, only assessed visually. III this study 71 % of the mots were found in the L2 and F

layers. The localization of mots in the litter layers can be attributed to several factors for example, increased

rooting volume as litter accumulates; more favourable moisture conditions in the litter layer; nutrient

deficiencies in the soil caused by increased nutrient irnmobilzation in the litter; Fe and AI toxicity which inhibits

root growth in the soil and reduced soil temperatures (Majdi & Persson, 19')5; Schutz, 1990; Vogr et al.,

1983).

Approximately half of the roots within the litter layers and soil were ECM (SI...'Ction6.3.5); this association was

accompanied by the presence of emanating hyphal threads and rhizomorphs which increase the absorption

potential of the roots. Because of the proliferatlon of ECM fine roots, turnover IS expected to be slow liS

mycorrhizal infection prolongs the function of fine roots (Majdi & Persson, 1995). tn assessing nutrient pools

no attempt WIIS made to quantify the contribution of ECM associations to the nutrient reserves. luadvertently,

nutrient reserves within the hyphal threads lind rhizomporphs would have been assessed in the litter, soil and

root pools, mainly as II result of these components being difficult to remove from the samples. However, no

attempt was made to evaluate the nutrient reserves ill the fungal structures such as sporocarps as a result the

nutrient budgets presented here would be underestimated.

6.4.5 Dionlass

The DBH measurements reported I'm P. pam/a in the Natal Drakensberg by Bosch (1985) were similar al

40.78<':111,while height (22.S7m) and crown height (8.77m) measurements were less than those reported in this

study (St.'Ction6.3.6). Trees measured hy Bosch (1985) were younger than those in the study site lind this Play

account for tile height differences. The biomass of the tree components (Table 6.5) were simih« with the

exception of branchwood mass which was considerably less in the younger trees of the Drakeusberg. Singh
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6.4.2 Nutrient content of the litter and soil components

Schurz (1990) reported similar litter Nand higher litter P concentrations (double) (Tuble 6.7) than those

reported in this study (Table 6.2). In Morris (1986) the N and P concentrations in the the 1. and F layers were

similar to those reported here. The concentrations of the cation K' , in the Ll and L2 layers were considerably

higher (7-8 times higher) than tnose reported in either Morris's or Schurz's study. TIle concentrations ot Mgl+

in the Ll to F layers wen: also higher (3-7 times higher) than those reported hy Morris (1986) and Schutz

(1990). Calcium was only detected in the INT layer in this study and was lower tha I values from Morris's and

Schutz's studies (2-4 times higher).

The pH of the litter was within the lower range (2.25 - 5.15) reported by Schutz (1990). The pH of the soil

layer was slightly lower than pH values reported for first rotation stands by Morris (1986) which may indicate

that as litter accumulates over time pH levels decrease, probably as U result of the accumulation of organic

acids. This increase in protons may contribute to soil acidification, although this process is controlled by the

buffering capacity of the soil which prevent sharp changes in pH (Sanchez, 1976). A build up of protons may

also result in: II decrease .n the uptake of nutrients which depends on H' extrusion from the roots; a loss of base

cations; a reduction in the Clitionexchange capacity of the soil and an increase of AP' in the soil solution (Du

Toit, 1993). Aluminium displaces cations from adsorption sites such as cell walls and membranes and therefore

influences the nutrient supply (0 the plant (Kuhn, Bauch & Schroder, 1995).

6.4.3 Nutrient content (If rom component

Morris (1986) reported r.lot Nand P concentrations to he 0.15%-0.30% Nand 0.01 %-0.04% P which were

considerably lower than the values reported ill this study. Morris did not examine roots within the various

litter/soil layers, !IS was UOIIC in this study. The time of root sampling may be relevant, in this study root, were

sampled only once, during the active gl'llwing season. Ideally roots should he monitored throughout the year

to adequately assess biomass, nutrient concentrations and uptake.
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Table 6.7 Comparison of nutrient conecntrallon, Ior \',IIIO\lS vcgetauon and hue: l'PtlllH11ll'Ilh rep"rtedt"l l' putu!« plantaunn«. I rcpn:scllts tile Ilttl'llaycr: r: tl'prL'Sl'llts
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6.4 DISCUSSION

6.4. i Nutrient content of vegetation components

Nutrient concentrations in various vegetation and litter componeuts reported for P. patula in studies conducted

by Morris (1986; 1992) and Schutz (1990) art presented for comparison in Table 6.7. Morris (1986; 1992)

reported higher N concentrations in branchwood (6 times higher), hark (4 times higher) and stemwood (4 times

higher), but similar concentrations in the needles, The P concentrations reported by Morris (1986; 1992) in

the needles and stemwood were similar to those reported ill this study (Table 6.1). while P concentrations in

the branchwood (double) and bark (2.5 times higher) were slightly higher. The Ca2+ concentrations in needles

and branchwood were similar to those reported by Morris (1986; 1992). whereas Cal> conceutrations ill the

stemwood (5 times higher) and bark (6 times higher) were higher than those reported in this study. However,

Mg2+ concentrations in all components in this study were higher, and K + concentrations were similar to those

reported by Morris (1986; 1992). These differences in nutrient concentrations may be attributed to differences

in the tree age as Morris's study included trees up to the age of21 years, half the age of the compartment use-l

in this study. 1ile decline in some nutrient concentrations with increasing tree age was briefly examined in

Morris's (1986) study. He suggested a possible curvilinear relationship. indicating ii more rapid decline in

concentrations earlier in the rotation. This indicates that as the tree ages nutrients are probably removed from

the woody components. Nutrients such as N. Pare mobile in the xylem and K+ is highly mobile within the

xylem and phloem and can he retranslocated within the platu, The mohility of Cal+ from cell to cell ami within

the phloem is however restricted (Marschner, 1995). Although Mg2+ is mobile within till: xylem (Marschner.

1995) the element accumulated in the older trees of this study (Table 6.6),

Concentrations of needle P, K' ami Ca1+ in Schutz's (1990) study were similar (0 those reported by Morris

(1986; 1990) (Table 6.7) and to those in this study (Table 6.1). Needle N couceutrations wen: slightly higher

than both Morris's (1986; 1992) study and this study and MgH concentrations were lower in Schutz's (1990)

study (Table 6.7) than those reported in this study. The differences in nutrient cuncentrurions between these

three studies may als\) he attributed to ditterences in analytical techniques used in the determinations.

121



Tree
J2 7

<1:%1

LitterfaJJ

Neeilles

21
167<;'cl

~ChWOOrlll J Bark

Litter
103 Ll 12 Res.ezt.P 0.006 %

02%)
1..2 46 Res.ezt.P 0.006%
(45%)

F 28 Res.ext.P 0.OU30/0
(27'1"rJ

INT17 Res.ezr.P 0.001'%
(16%)

Soil
94.4

ToW P 0.23~ mJll Lea b..ate I 1
Inorg, P O.lS",g 1ll!,1 C ass

I Res.ezt.P 0.001%

L- __ J

-~
Retrarulocated
<43%1

Stemwood

~L__j

O·Soil
0.4

(kg ha I) and arrows represent nutrient fluxes (kg ha 1 yr ').

Figure 6.2 1111~P cycle of a P. patula stand in which litter has accumulated Blocks represent nutriem pools

120



J 62
Litterfall

Litter
1442

Soil
576

TrC1!
149

~ Retranslocated

~ U30/'"

Roots 191

~LJ

lINT 47
125%)

rnSoil

Needles

5 kg M·l0

Figure 6.1 The N cycle: of a P. patula stand in which litter has accumulated. Blocks represent nutrient pools

"

Ll 194
113%) -L1 650
(4So/~

F 425
CZ90/cl

N min. 4.35~ s' d'L"IT 173
U2%l /

Total N O.79Jlgml"
Leachate loss?~ ·1NH, ·N O.24.g ml1

(kg ha') and arrows represent nutrient fluxe. (kg ha I yr I).

119



Table 6.6 l'hc distribution <It utti<llls ill the hi(lllla~" (tlIllPOIlL'IlI'

._----
Componcms K' Mg:' C '..a

(kg ha ') (kg ha '. (k~1 ha '),

Tree pool

Needles 120 151 30

Stemwood 50 175 12

Branchwood )1) 71 II

Bark ~I I ,~ .I

IlliiII tree ru)()1 260 611 56

Litter pool
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observec. Statistical analyses were conducted using Statgraphics version S The temperature, N and P growth

curves till' cadi isolate wert:' Log(y I I) transformed III produce linear growth models. rite slopes of these

models were tested for homogeneity and any significant differences (p<;0.05) were subjected to multiple

comparisons using the Tukey test (Ii c! 3). In cases were k <.1 comparisons of slopes were made using at-test

(Zar, 1984).

7.3 KESULl'S

7.3.1 Isolates

Cultures were obtained from the two types of ECM roots (WITS 01 and WITS 06) and the litter (WITS 02).

Cultures of all isolates (induding WITS 04) growing on MMN plates arc shown ill Plate 7.1. Cultural

descriptions are presented below:

- WITS 01: Slow growing, pale: yellow, velvety culture, margins smooth, hyphae septate with damp

connections

- WITS 02: Fas: growing, olive green/brown, flat culture, margins smooth,

hyphae septate with clamp connections,

- WITS 04: Fluffy white with aerial growth, margin irregular, hyphae joining to !orm yellow to hrown

threads, hyphae septate with damp connections .

. WITS 06: Growth intermediate. beige, velvety culture, margin smooth, hypha« seprate with damp

connections.

All isolates were inoculated individually onto genuinated P. patula seedling», however, mycorrhizal infection

was poor, although not totally nbscnt: Few roots showed dichotomous branching and no runntles were

observed. Roots sectioned with a freeze microtome were examined microscopically and poor 'Hartig' net

formation wus observed ill all seedliups,
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'1.2.5 Utilization of various P compounds as a source of P

10 determine the ability of the four EC"M isolates to utilize organic or complexed forms of P, a range of P

containing compounds were incc rporated into the growth medium. These compounds provided the only source

of P in the medium.

The basal medium used was MIiIN (Table 7.1), excluding the P sources, KH1PO. and (NH')lP04 and N was

supplied 115 (NH4hSO. lit 60mgN II. Phosphorus sources were then added at a concentration of 15mgP II and

the pH was adjusted to 4.5. Phosphorus sources included:

• an inorganic P source, KH1f'04:

a complexed inorganic P source, AIPO.;

• a complexed P source, phytic acid;

• an organic P source. RNA which would occur naturally in the liner and being of plant. microbial

or animal origin;

- an organic P source, glycerophosphate

(Jayachandran, Schwab & Hetrick, 1992; Lapeyrie, Ranger & Valrelles, 1991).

Five replicate plates of each of til: amended media were centrally inoculated, An agar disc ("1mmin diamete .)

of each isolate was inoculated onto tIll! amended media. Each isolate was tested individually. Plates were

Incubated ut 25"C. The colony dinrneter was measured penodically ulong two transects for a period of )()-35

days. Diameter measurements we 't' averaged to ensure tlUII any irregular colony growth WIIS taken into account.

Overall growth rates were calculated hy dividing tIlC growth measurement hy the number of days growth.

7.2.6 Data analysis

The overall growth I1ltes of diffe 'em 1S411a(l:swere subjected til one-way ANOY AS to determine the effect of

vnrious N 11111.1 P sources. Where s gnificam (p:sO.OS) difference; were evident multiple comparisons using least

siguificam differences, were conducted to ~'stahlish which nutrient sources contributed to the differences



243mgN I', The pH of all !lIe media were adjusted to 4.5. Nirrugen sources included:

- an inorganic NH •• -N source, supplied as (NH4),SO.:

an inorganic NO, -N source, supplied as KNO,;

II protein source, supplied as bovine serum albumin (BSA); This source of protein would not occur

naturally in litter but was included as a reference to other studies;

- a tri-peptide source, glutathione;

- various amino adds sources which would occur naturally in the litter lind have been reported in forest

stands (Abuzinadah & Read, 1988), these included;

Dl.-aspartic acid (acidic)

Lsgluramic acid (acidic)

L-arginine (basic)

Dl.sserine (neutral

Glycine (neutral)

Lsalanine (neutral)

(Abuzinadah & Read, 1986; Finlay, Frostegard & Sonnerfeldt, 1992; Littke, Bledsoe & Edmonds, 1984).

Five replicate plates of each of tllt' amended media were centrally inoculated, All agar disc (7mm in diameter)

of each isolate WIIS inoculated onto 'he amended media. Each isolate W'IS tested individually. Plates wen:

incubated at 2S"C for all isolates except WITS 06 which grew best at 18°C, The colony diameter was measured

periodically along two transects lor n period if 30-35 days, Diameter measurements were averaged to ensure

that any irregular colony growth WIlS taken into a icounr. Overall growth rates were calculated by dividing the

growth measurement by the number of days growth. Isolates were qualiulIivdy grouped into' protein fungi' ,

'intermediate protein users' and 'noli-protein fungi' hy cornnaring the isolates growth curves when growing Oil

the BSA and !lIe (NH.)ISO. amended media, Protein fungi' were those isolates whose growth Oil BSA

exceeded their growth U:1 the inorganic N source. 'Intermediate protein users' wert those isolates having similar

growth on both BSA lind the inorganic N source. 'Non-protein isolates' did lI11t grow Of only grew poorly on

BSA, preferring the inorganic N source (Abuzinadah & Read, 1986).
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agar pll'(ls (7mm diameter) OIltO the amended media (Erland & Soderstrom, 1990). Each isolate was tested

individually. Plates were incubated at 25"(' which was the standard incubatiou temperature used in this

labonuory and a temperature at which all isolates grew, with the exception of WITS 06 which grew best at

18"(', The colony diameter was measured periodically along two transects for a period of}O days. Diameter

measurements were averaged to ensure that any irregular colony growth was taken into account. Overall growth

rates were calculated by dividing the growth measurement hy the number of days growth. From these results

the optimum pH for growth for each of the isolates was determined.

Table 7.2 Buffer solution used to adjust the pH of MMN medium (Erland & Soderstrom, 1990; 1991).

Buffer IOOOml

Sodium succinate 1.35g

Glycylglycine 0.661'

Sodium tartrate 1.15D

PIPES buffer I.S l g

HErES buffer 1.19g

7.2.3 Utilizanon of various N compounds as a source of N

To determine the ahility of the four ReM isola(C,',to utilil.e hoth inOlIJIlIli..:lind organil.; fornt~ 01' N, II mnge of

N containing compounds were incorporated into the growl!! medium, These compounds provired tht: only

source of N in the medium.

The basal medium used wax MMN ('I'able 7.1), excluding malt extract and the ammonium source. Nitrogen

sources were then added at a concentration of 6()1l1!~NII. except BSA whi • ;~. , added at Ii concenmuiou ot
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of the isolates, under sterile conditions, in 750ml jars which contained a mixture of perlite and peat moistened

with MMN liquid media (Erland & Soderstrom, 1990). After a period of incubation in a growth chamber.

seedlings were examined for ECM roots.

7.2.2 Growth rCSp0111;Cto temperature

Each of the four isolates were centrally inoculated onto MMN agar plates (Table ".1). using agar discs (7mm

diameter) as inoculum, Each isolate was tested individually. Inoculum was placed at the intersection of two

lines drawn across the bottom of the petri dish. Plates were incubated at 7°(', 18°C and 30°('. Five replicate

plates of each isolate were incubated at each temperature. 111e colony diameter was measured periodically along

the two transects for n period of 30 days. Diameter measurements wen: averaged to ensure that any irregular

colony growth was taken into account. Overall growth rates were calculated by dividing total growth by the

number of days growth. The growth rates for each isolate a, 7°(, lind 30°(' were compared with its growth rate

at 18OC. These values were used to determine 10 which g' iwth response category the isolates belonged, Three

growth response categories were recognized for I...ch temperature;

- tolerant: where the growth rate is > 50% of the growth rate at 18,,(,;

- semi-tolerant: where the growth rate is 20-50 % of die tlrowth rate at 18"(;

- sensitive: where the growth rate is < 20% of the growth rate at 180('

(Hutchinson. 1990).

7.2.3 Growth response to pH

The growth reSrOILW of the foul' liCM isnlntes grown 0111111 MMN agar medium (Table 7.1) ('overing a range

of pHs W;L~ determined. The pH of II buffer -alr solution (Table 7 2) and the MMN medium was adjusted to

thnt required wlth either NuGl1 or UCI, and mixed, after autoclaving, The pH values tested were 2.00, 3.00,

4.00,5.00, ().O() 11[11.17.00. These pH values were choxen to cover the raiure of pll in the litter lind the soil

('l'able 6.2; chapter 6) and the higher pll values were included to determine till: effect that ule pI-I of lime might

haw 011 the growth of ectomycorrhizas. Five replicate plates of each isolate were centrally inoculated, usillg
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Table 7.1 FuJI strength modified Melin Norkans medium (Molina & Palmer, 1982).

MMN medium IC:JOmJ

Malt extract 3.00g

d-Glucose 1000g

(NH.hHP04 0.2Sg

KHlP04 O.SOg

MgS04.7HlO 0.15g

C.aCI3 0.05g

FeCll 1.2m1 (I % solution)

NaCI I 0.025£

Thiamine HCI 1001-1£

pH 5.5

Four isolates which were used in this study (2 of which where isolated from ECM root tips), these isolates were

designated;

- WITS 01, isolated from white ECM root tips collected from the P. patula eompartmeru, Brooklands,

F2 (Table 3.2; chapter 3).

- WITS 02, isolated from litter collected from Brooklands, F2;

- WITS 04, isolated from P. patula ECM root tips by Dr. Colin Straker;

- WITS 06, isolated from brown EeM roots collected from Brooklands, F2,

To confirm the mycorrhizal ability of the four isolates used in t1lis study, P. patula seeds were surface sterilized

by immersion in 30% HlOl tor 15min. After germination, P. paw/a seedlings wen: inoculated with agar plugs
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of the Pinus litter would contribute to its slow decomposition as decomposition proceeds faster in more neutral

environments, the enzymes responsible for decomposition, such as cellulases and amylases, being sensitive to

changes in pH (Alexander, 1977). In Mpumalanga, there is concern regarding acid rain and its effect on soil

fertility and acidification. TIle application of dolomitic lime has been suggested as a measure of addressing

these concerns (Olbrich, 1995). This measure has also been recorrmended as a management strategy for sites

with accumulated litter layers (De Ronde, 1991). Carlson (1992) has shown that the population structures of

ECM associated with P. patula roots may change in response to artificially applied acidic rain. Because of

these recommendations and the acidic environment in which ECM grow, the growth response of the ECM

isolates used in this study, to various pH values was examined.

7.2 MBTHODS

7.2. I Bctomycorrhizal isolates

To isolate ectomycorrhizal fungi, blocks of litter were collected (Section 4.2.3; chapter 4) from a site in which

litter had accumulated (Brooklands, F2; Table 3.2; chapter 3). Two types of ECM roots were observed in the

litter, Because of the intimate association of the ECM roots and the litter, ECM roots were removed by hand,

Approximately 30 ECM root tips of each morphological type were removed from the litter and placed in

separate nylon mesh bags. Tile roots were immersed in 0.2 % Tween 80 for 5mins and then rinsed in water.

This was followed by surface sterilizadon ill 30 % 1-1202for I min. After rinsing, the roots were removed from

the hags, placed in II sterile petri dish ami macerated (Erland & Soderstrom, 1990). Pieces of macerated roots

were placed on 1/2 strength modified Melin Norkans (MMN) agar medium (Table 7.1). The mOOIU!IIcontained

30ml:1II streptomycin and lmg 1'1Benomyl to reduce bacterial and S'lUlC fungal connunlnarion. Macerated roots

were also plated onto a medium containing only streptr '''':iil, so es not to inhibit any growth by ascomycetes.

Plates were incubated at 25"( for 21-30 days and examined periodically for growth and coutamination.
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have access to unavailable sources of Nand P and might, therefore be able to enhance the cycling of nutrients,

the following hypotheses were examined:

Hypothesis 8: Ectomycorrhizal fungal isolates of P. patula can utilize some organic N, as well as, inorganic

N compounds as their sole source of N (Fig. 2.1, chapter 2).

Hypothesis 9: Ectouryccrrhizal fungal isolates of P. patula can utilize some organically bound or complexed,

inorganic P compounds as their sole source of I' (Fig. 2.1; chapter 2).

Ectomycorrhizal plants have been successful in a range of habitats. The success of the mycobiont, in

colonizing host roots, is dependent on many environmental factors such as temperature, pH, nutrient

availability, soil moisture and the influence of other rhizosphere micro-organisms (Marks & Kozlowski, 1973).

The accumulation of litter under P. patula has been shown to be correlated with altitude (Schutz, 1990), with

thicker litter layers occurring in high altitude sites (Fig. 4.10; chapter 4;. This relationship indicates that

climatic factors associated with higher altitudes could markedly influence ecosystem processes such as

decomposition and nutrient cycling as a result of the generally cooler and wetter conditions experienced (Schutz,

1990). Once the forest canopy has closed, soil and forest floor temperatures can be expected to decrease below

the ambient air temperatures because of increased shading (Singh & Gupta, 1977). These cooler temperatures

may be responsible for the decrease in decomposition rate observed during the second phase of decomposition

(Phase M2; Fig. 5.16; chapter 5).

Because of this interaction with temperature, the growth response of Isolated ECM fungi to various temperatures

was examined. These tests were conducted as a physiological exercise as well as II taxonomic aid (Hutchison.

1990).

Tilt: accumulated litter layer under P. patti/a has been found til he very acidic with pH values decreasing from

a pH 3.26 in the upper litter layers, to pH :.16 ill the lower layers (Table 6.2; chapter 6). The acidic nature
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lowers the rhizospnere pH. Ectornycorrhizas have also been shown to produce oxalic acid which acts as a

chelating agent releasing P from compounds complexed with Iron, calcium or aluminium, thereby rendering P

more availahle for uptake (Gianinazzi-Pearsou & Gianinazzi, 1989: Nyc & Tinker, 1977). In forest soils up

to 50 % of the phosphorus may he in organic form and a substantial portion of this could he made available by

the ECM fungi (Haussling & Marschner, 1989).

Both N and P have been shown to he important in forest ecosystems. Nitrogen is regarded as a limiting factor

and there is increasing evidence that, in many forests, P is immobilized in the first stages of decomposition

(Attiwill & Adams, 1993,. Decomposition studies (Figs. 5.8 & 5.9; chapter 5) in P. patula plantations have

shown that N is initially mineralized and then rapidly immobilized in the litter layers, while P continues to be

mineralized (Figs. 5.12 & 5.13; chapter 5). However, in the nutrient cycling studies (Chapter 6), of an older

P. patula compartment in which litter has accumulated. it was shown that approximately 50% of the needle P

is internally retranslocated prior to litterfall; this indicates that there is a P limitation in this forest ecosystem

(Fig. 6.2; chapter 6), which has probably resulted from the cornplexing of P with aluminium oxides and the

Psfixing properties of the soil, thereby reducing availability (Attiwill & Adams, 1993). From the nutrient

cycling studies 11 was evident that the majority of the N and Preserves (l442kgN ha: and IG3kgP ha I,

respectively) were found in the litter layers (Figs. 6.1 & 6.2; chapter 6).

If ECM fungi are capable of dt:compos::,!; organically hound N compounds and organic or complexed P

compounds, they would have the ability to successfully compete with the decomposer micro-organisms for

nutrients. It is possible that this would result ill decreased microbial activity as suggested by Gadgil & Gadgil

(1971; 1975). However, results from the trenching experiment conducted in uP. patula cOfY'partment, in which

litter had accumulated, indicated that the elimination of active ECM roots did not result in increased microbial

activity and biomass (Table 5.8: chapter 5). Ectornycorrhizas were, therefore, not responsible for suppressed

microbial activity whicu would contribute to retarded decomposition rates and ultimately accumulation of litter.

Conversely, the ability of ECM to utilize organically hound N lind organic or complexed inorganic P

compounds as sources of Nand P would positively contribute III the cycling of nutrients hy making unavailable

sources of these nutrients more accessible. To determine whether ECM fungi Isolated from P. patula stands
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7 THE ROLE OF ECTOMYCORRHIZAS iN NUTRIENT CYCLING

7.1 INTRODUCTION

It has been well established that ectomycorrhizal (EeM) fungi benefit their hosts by enhancing mineral uptake

from the soil and thus contribute to the cyciing of nutrients in the ecosystem. The enhanced mineral uptake

ability of ECM roots is attributed mainly to the increased surface area, effective in ion absorption (Brundrett,

1991; Harley & Smith, 1983).

This study has shown that ECM roots art' a major component of the accumulated litter layers under P. patula

(Section 6.3.5; chapter 6) and are in intimate contact with the litter. The ECM roots in die litter are well

placed to optimise die absorption of nutrients mineralized ~!' the activity of saprotrophic micro-organisms.

Several studies have shown that some E(,M fungi are able to utilize complex compounds such as organically

bound Nand P. Initially, it was thought dlat ECM fungi lacked the enzymes necessary to exploit complex

organic sources of Nand tl1al they were dependent on simple organic forms of N such as amino acids, urea and

glutamic acid (Marks & Kozlowski. 1973). Experiments have demonstrated that some species of ECM fungi

are capable of producing external acid proteases that breakdown protein to amino acids and short chain peptides,

and arc thus able to utilize proteins as their sole N source (Ahuzinadah & Rend, 1986; Abuzinadah, Finlay &

Read, 1986; Finlay, Prnstegard & Sonnerfeldt, 1992; Littke, Bledsoe & Edmonds, 1984). The major sources

of N in tlle litter are likely to be proteinaceous rna .. 'I.al derived from the litter and from the microbial

population itself (Abuzinadah & Read. 1986; Read. Leake & Langdale. 1989).

Ectomycorrhlzal fungi have also been shown to produce surface acid phosphatases, of broad speci ficiry, capable

of hydrolysing phytaies (Antibus, Sinsahaugh & Linkins, 1992; Vogt, Puhlicover & Vogt, 1991). They not

only have the ahility to decompose organic or complexed inorganic sources of P. but can also increase the

weathering rate of P bound in mineral form as a result of increased ('02 and organic acid production which
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N, p, K + and Mgl+ was the L2 layer, which was also till': layer in which the majority of roots are distributed.

This suggests increased microbial activity and nutrient uptake within this layer.

The soil layer holds less nutrients than die litter layers above. with the exception of Cal + TIle distribution of

nutrients within the soil was as follows, N > K + > P > Mgl' > Ca/". TIll: major nutrient within all !IiI:

litter/soil layers was N. TIlt: accumulation of nutrients within the litter lavers and the distribution of roots

mainly within the litter layers indicates that nutrients an: taken up primarily from these layers. This suggests

that nutrients are cycled through a plant-litter-plant in preference to a plant-litter-soil-plant cycle.

6.5 CONCLUSIONS

From the nutrient cycles presented (Figs. 6.1 & 6.2 & Table 6.6) it can be concluded that P. patula, growing

in a high altitude site in which litter has accumulated, acquires a significant proportion of its nutrients from the

litter layers, as is evident from the distribution of mots which occur mainly within the litter layer and the large

nutrient reserves within the litter pool, especially with regard to N, K + and P. Therefore, hypothesis 6 and

hypothesis 7 call he accepted. It is evident that litter plays an important role in the cycling of nutrients, with

the litter N pool, litter K + pool and litter Mgl+ pool being 2.5 times, 3 times and 14 times larger than the soil

pool, respectively. TIle litter P pool is similar to that of the soil, however, the P-tixing capacity of the soil may

result in a P deficiency which results in the retranslocation of a substantial quantity of needle P prior III needle

fall. Nutrients are therefore being cycled through a plant-litter-plant cycle which emphasises the importance

of the litter layers. In addition, nutrients art: also cycled through a plam-Iitrer-soil-plaru cycle as is eviden: from

the leaching of a small quantity of nutrients from uie litter into the soil, as well as Ille presence of roots in the

soil layers. However, because 01 the potential All. tuxicity of the soil, which decreases the ability of TOots to

successfully expluit the soils nutnent reserves, it is believed that the plant-litter-plant cycle plays II significant

role if] the cycling of nutrients in sites which have accumulated litter layers.
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Figure '1.8 Utilization of various P compounds as a P source, isolate WITS 0 I. Overlapping blocks (similar

letters) and compounds within the same block are 110tsignificantly different with regard to their overall growth

rates, Compounds shown in blocks that do not overlap (different letters) are significantly different (p :SO. OS)

from each other. Phosphorus sources IiM<..'Iiin descending order according to growth rates.

Glycerophosphate tl 0
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Pigure 7.9 Utilization of various P compounds as a P source, isolate WITS 02. Overlapping blocks (similar

letters) and compounds withlllUW ::::.!'<: block an: not signiflcantly different with regard to their overall growth

rates. Compounds shown in blocks that Jo not uverlap (different letters) are Si~lli(kalltly different (/1 :SlJ.OS)

from each other. Phosphorus sources listed ttl descending order accordmg to growth rates.
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7.3.5 Utifizatiou of various P compounds as a source of P

The overall growth rates of isolate» growing 011 P amended media are presented in Table 7.6 AI: isolares grew

011 all the amended media. However, sigllitkant differences in growth rutes of isolates on the va us media

were eviden: for all the isolates: WITS 01 u; 10 5.86; P ~().()()3); WITS 02 (/'4 ZII 1:1.35; p s; 0. ooo: ); WITS

04 (F4 20,31.75; p:r;O.()(}()l) and WITS 06 u; 20'"68.69; I':sO.()()OI). Using multiple comparisons the

differences in overall growth rates on the various P media and are presented gmphklllly (Figs. 7.g, 7.9, 7.10

& 7.11).

Table 7.6 Overall growth rates (rnm d I) of ect.nr.vcorrhizal fungal isolates on media amended with various

Pvsources.

Isolates

P source WITS 01 WITS 02 WITS 04 WITS 06

KH1P04 (1.37 1.36 0.44 0.97

AIP04 041 1.11 0.52 0.90

RNA 0,30 ().76 0.11 o. l!l

Glycerophosphate ().20 I.ZO O.!lO 0.76

Phytic acid 0.)3 1.17 (U8 o !l7

Logty 4 I) transformauons were conducted on the growth curves to obtain linear growth models which were

subjected to statistical analysts to assess di fferences in the slopes of the models. None of the isolates showed

any significant diflcrv» t's between the ~lof1"s 01 all moods tor gmwth un 1111the P amended media

IS:!



Growth curves for each isolate growing on (NH. • hSO. and BSA amended media are presented in figure 7.7.

The isolate WITS 04 can be categorized as a 'protein user' as growth on BSA exceeded that on the inorganic

source. Isolates WITS 02 and WITS 06 are both 'intermediate protein users' as both isolates showed similar

growth on BSA and (Nil. +hSQ:. Isolate WITS O! was a 'non-protein user'. being unable to grow on BSA.

Log(y + 1) transformations were conducu ..xl on the growth curves 10 obtain linear growth models which were

subjected to statisrical analysis to assess differences in the slopes of the models. WITS 01, WITS 02 and WITS

06 showed no significant differences between the slopes of all models for growth 011 all the N amended media.

TIle isolate WITS 04 showed significant differences between the growth model slopes (Fo ~.(I).9.21=7.89) this

was attributable to the slower growth on the (NH. +hSO; medium.

100·---

80

E 60.s
.c:

~ 40...o

20 ,,

04 BSA

01AMM

15 20
Days

25 30 35

Figure 7,'7 Growth of ectcmycorrhizal fungal isolates (numbered on graph) Oil media with (NH, ·)50,' (AMM)

and the protein bovine serum alhumin (USA) n,\ the ~dle source of N.
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Arginine

Alanine \ b

a

h

Figure 7.6 Utilization of various N compounds as an N source, isolate WITS 06. Overlapping blocks (similar

letters) and compounds within the same block an: not significantly di fferent with regard to their overall growth

rates. Compounds shown in blocks that do no: overlap (different letters) are significantly different (p ~O.05)

from each other. Nitrogen sources listed in descending order accord ill:; to growth rates.
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Glycine

Alanine

b c
Arginine

Glutamic

I~s~ar~~r-_c ...,

Serine d

Figure 7.5 Utilization of various N compounds as a N source, isolate WITS 04. Overlapping blocks (similar

letters) and compounds within the SIImc block an: not significantly different with regard to their overall growth

rates, Compounds shown in blocks that do not overlap (different letters) are significantly different (1':50,05)

fzom cadi other, Nitrogen sources are listed in descending order according to growth rates,
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I a b

Glutamic I
Alanine be

Aspartic

Serine

(NH4hSO• c

USA

Glycine

KN01
d

Figure 7.4 Utilization of various N compounds as a N source, isolate WITS 02. Overlapping blocks (similar

letters) anc compounds within the same block art' nOI significantly different with regard to their overall growth

rates. Compounds shown in blocks that do not overlap (different leiters) are siguiflcantly different (psO.OS)

from each other. Nitrogen sources are listed in descending order according to growth rares.
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I [(NO) 1 a

(NH')2S0,

Glycine ab
Arginine

Serine

GhlUlthiol1c b c

Glutamic
I.....__ __,.._...L----,

Aspartic

Alanine
1--- __ ,__ --1"'--

d

c

BSA
(no growth)

Figure 7.3 Utilization of various N compounds as a N source, isolate WITS 0 I. Overlapping blocks (similar

letters) ano compounds within tile same block are not significantly IFtferent with regard to their overall growth

rates. Compounds shown in blocks that do not overlap (different letters) are significantly different (p ;S;O.05)

from each other. Nitrogen sources are listed in descending order according to growth rates,
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1.3.4 Utilization of various N compounds as a source of N

The overall grc,vth rates of isolates growing on N IUIlt!l1L1eLlmedia art! presented in Table 7.5. A I isolates grew

on all the amended media, with the exception of WITS 01 which did not grow on BSA !U1dWits ( 4 which grew

extremely poorly 011 ammonium. However. significant differences in the growth rates on the va ious N media

were evident for the isolates WITS 01 (F9411~21.66; {J~O.OOOI), WITS 02 (F9W' 10.34; p~('OOOI). WITS

04 (F940~,999.99; {J~O.OOO l) and WITS 06 (F9ll" 26.99; {J ~O.O()OI). 111est! differences can attributed to rhe

overall growth on tilt! two inorganic N media as well as OIl 11)(;' organic N media and art' presented graphkally

(Figs. 7.3, 1.4, 7.5 & 7.6).

Table 7.5 Overall growth rates (mm d I) of ECM fungal isolates growing 011 media arnerded wi III various N-

sources.

Isolates

N source WITS OJ WITS 02 WITS 04 WITS 06

(NH4hS04 0.44 2.34 0.42 1.33

KNO) 0.47 1.81 7.64 0.68

RSA 0.00 2.29 7.64 1.04

Glutathione 17 2.98 7.54 1.22

DL-;>~partil. 0.31 2 ..n L18 D.8S

[ glutamh: 0.36 2. l.1 7.40 0.89

Largimne 0.40 2.60 7.45 [ .34

III serine (J.n 2.:16 7 [[ 1.08

Glvcme 0.4.1 I'll 7.45 1.0()

I .11.11ll1ll' 0.29 2 ..18 7.40 [ 17
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WITS 06 grew poorly at 7"(' (Fig. 7.ld) with signil1..:anrly faster growth being achieved at 18"e (Table 7.:1)

and no growth at 30"e. From U1I.:overall growth rates obtained for the three temperatures, the isolate, can he

categorized into their tolerance groupings (Hutchinson, 1990) which art: presented in Table 7.4.

Table 7.4 Tolerance groupings I'f ECM fungal isolates as indicated hy their temperature responses.

Isolate 7°C .10"('

WITS 01 sensitive tolerant

WITS 02 semi-tolerant tolerant

WITS 04 semi-tolerant tolerant

WITS 06 sensitive sensitive

7.3.3 Growth response 10 pH

The growth rates of Isolates WITS 01, WITS 02, WITS 04 and WITS Oo, at the various pHs showing optimal

pH requirements art' presented graphically in figures 7.2 a-d, respectively. Because unrelated isolates an: being

studied and no growth comparisons are nmJe between isolates the y-axis scaling for each isolate is different.

Isolate WITS 01 (Fig. 7.2a) did not grow at pH 2.00 and showed maximum growth at pH 4.00 and 5.00,

growth was reduced at pH 3.00, 6.00 and 7.00. Isolate WITS 02 (Fig. 7.2h) showed maximum growth between

pH 3.00 and 5.00 with reduced growth at pI! 2.00, 6.00 and 7.00. Isolate WITS 04 (Fig. 7.2c) did 1I0t grow

at pH 2.00 and only grew poorly at pH 3.00. Growth increased at pH 4.00 with maximum growth occurring

from pH 5.00 to 7.00. Isolate WITS 06 (Fig. 7.2d) grew well at pH 2.00 with maximum growth being

achieved between pH 3.00 and SUO, growth was reduced at pH 6.011 and 7.()O.
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Figure 7.n Growth I..'UIV("·S of ECM isolate- at 7"(:, 18·(' and 3O"C; a - WITS 01; b - WITS 02; c - WITS 04

and d - WITS 06. Standard deviations (+ and/or -) are shown on the graphs,
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7.3.2 Growth response to zemperatere

Growth curves of isolates WITS 01, WITS 02, WITS 04 and WITS (}6, growing at 7OC, 180C and 30OC, are

presented in figures 7. I a-d, respectively. Beczuse unrelated iso' ates were used in the study and no comparisons

in growth were made between isolates the y-axis scaling on the growth curves are different, Log(y + I)

transformations of the growth curves yielded slightly' .iwer or similar correlation coefficients when compared

with those obtained from the linear regression m(' ~ds. This indicated that the cultures were mainly in the linear

growth phase, U,ear growth models for ',,1 isolates growing at aJI temperatures are presented in Table 7.3.

Table '7.3 Linear growth models obtained from Logty + I) transformation of growth curves for ECM isolates

growing on MMN medium at various temperatures.

l501alcs

no growth

7"C

Temperatures

18"e 30"C

y=O,22+0,(}4t y=o, 13+0,05x

r I,(J() r 0,94

y=O,57+0,{)6x y=(},69 +0,07x

r 0,89 1082

y~0,61 +0,Q6x y=(},72+ 0,04x

r 0,84 r 0,84

y=(},31 +O,(}4x no growth

r 0,95

WITS 01

WITS 02 y=u IS+0,05x

r 0.97

wrrs 04 y e-O. II +0,05x

r 1,0(}

WITS 06 yeO 04+0,02x

r I,O(}

SignificBm:c tests

10,,,>.0),,,=-2,5

1~~~,{1,,2,11 =6.5

/'0 "',m.'.n = 5 ,89

Isolate WITS 01 did not grow at 70C while growth at 180C was significantly slower man the growth at 3O"C

(Fig. 7 .Ia & Table 7.3). Isolate WITS 02 showed significantly slower growth at 7"( when compared with

growth at 18"(' (1]005.3.21 = -3. 75) and 30"(' (I]oOS.),21 ,. -5.3) (Table 7.3). The best growth was at 30"( (Fig. 7.1 b)

when the stationary phase was reached after 16 (lays. Isolate WITS 04 grew well at 7"(' (Fig. 7. lc) although

significantly slower than the growth at 18°(' (ljo OS,l,21 ""-5.87) and 30"(' \qoO!l.l,ll=-4.37) (Table 7.3). Isolate
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Figure 8.1 Type of ramification; a - simple; b - monopodlal-pinnate; c - monopodial-pyrarrudal: d -

dichotomous; e - irregular pinnate, dichotomous-like; f - coralloid ••.nd g - tubercle-like (Agerer, 1987-1995).

a

Figure 8.2 SIUlPCof ramification; a - straight; b - bent; '- tortuous and d - beaded (Agerer, 1987-1995),
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in the litter. WITS 0 I and WITS Of, (Se~t1ol1 .,.2. I, chapter 7). Approximately 30-50 roots of each

morphological type were removed and placed in either sterile, distilled water (fresh samples) or FAA (Fonnaltn

: Acetic Acid: 70% Ethanol: 5:5:90: Hawksworth rt al., 1995) (Agerer, 1987-1995).

8.2.2 Identification of ectomycorrhizal roots

Mornhologicill~

Mycorrhizal roots were e.'?lT'illed with a dissecting microscope and various morphological characteristics were

noted such as:

- !l\e colour of fresh mycorrhizas in distilled water and any changes ill colour:

- tl,i.': size of the mycorrhizas, including diameter and length of the ECM tips:

- the type of mycorrhizas, whether simple (unramified), pinnate, pyramidal, dichotomous, coralloid

or tubercle (Fig. 8.1):

- the shape of the unrarnified ends, whether straight, bent, tortuous or beaded (Fig. 8.2):

- features of the mantle surface, whether smooth, reticulate, grainy or woolly (Fig. 8.3);

- the presence and frequency of rhizomorphs and emanating hyphae;

- the attachment of rhiz..omorphs to the mantle (Fig. 8.4):

the shape of the rhizomorph (Fig. 8.5) (Agerer, 1987-1995)

Chemi!:!l.!...1klitli

Chemical reactions are generally used as an aid III identify fungal fruiting bodies, This technique has since been

applied to fresh whole ruycorriiizas (Zak, 1973) and hand SC\:CiOIlL-UECM roots (Agerer, 1986). Relatively few

chemicals have however been successfully applied to ECM (Agerer. 1994). Chemical reacuons were observed

on addition of the reagent (reactions occurring within 5 mins) and after rinsing with water. Reagents used

included: Cottun-blue-lacrophenol. 0.1 W Toluidine Blue; 70o/c Ethauol. 15'Yc KOII, l.acric Acid, MI!17.t:r·s

reagent, IKI and Sullo-vanillin (Agerer. 1986; Bruudren, Melville & Petersen, 1994; luglehy ('1 al., 1990;

Watling, 1971) I'he reactions were observed microscopically (A!,cn:r, 1986; 19q·19C)5). Whole
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Ectomycorrhizae' (Agerer, 1987-19(5). This atlas is coutinually updated to include new EC'M species

and currently contains keys to 218 ECM species occurring on 17 host plants and 90 plates of

ectomycorrhizas. An identification manual compiled by lngleby et al. (1990) also employed

morphological and anatomical characteristics, concentrating mainly on the manti 1.:.

- Molecular techniques have recently been applied to the ideurificariou of ECM. These involve

analysing the internal transcribed spacer region ill the nuclear ribosomal units using taxon-specific

primers (Bruns. White & Taylor. 1991; Bruns & Garces. 1993; Gardes & Brun .... 1(1)1; Kraigher,

Agerer & Javornlk, 1(95).

Studies OIl ECM iii the forestry regions of South Africa have been sparse. Marais & Kotze (1977) examined

the ECM of P. pam/a at the Belfast plantation in Mpumalanga and identified Boletus edulis and AlTullIua

muscaria as being ectotrophic, with Tuber rapaeodorum and Lycoperdon umhrinum as possibly ectorropmc.

Van der Westhuizen & Eicker (1987) listed 19 speck'S of basidiomycetes. considered to be ectotrophic. which

occur in the major pine growing regions of the country. 10 of which occur in Mpumalanga, Several studies

in the Mpurnalanga forestry region have classified ectomycorrhizal roots basec 011 morphology alone (Carlson,

1992 & 1994). The aim of this study was to identify the ECM roots collected from a P. patula, high altitude

site in which litter bad accumulated (Section 7.2,1; chapter 7). The identification method used was mainly that

of Agerer (1986; 1987· I995). "nils approach to the identification has not been previously applit:d to ectotrophic

Pinus species occurring in South Africa.

8.2 METHODS

8.2.1 Collection of ectomycorrhizal roots

Tcnlitter samples wert.' collected (Senion4.1 3; chnpter 4) trorn a P. patulu site in which litter hud accumulated

(Brooklands, [-2; Table 3.2; chapter 3). Ectomyconhizal roms were uuerwoven with the litter forming n dense

mat. Mycorrhizal roots were. therefore, removed hy hi)!l\I. Two distinct morphological types were observed
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8 CHARACTERIZATION OF ECTOMYf:ORRHlZAS

8.1 INTRODUCTION

Many attempts have been made to identify the fungi responsible for the production of ectomycorrhizas (FCM)

in order to correctly interpret and apply various physiological properties that haw been demonstrated

experimentally (Agerer, 1986). Various methods of identification have been u--d lind include the following:

- Recording the occurrence of sporocarps under host plants has been taken to indicate mycorrhizal

ability as the fungi associated .vith ECM belong mainly to the Basidiomycota and Ascomycota (Marks

& Kozlowski, 1973). The disadvantages of this method are (i) tile ability of the host plant to form

ECM with different mycohionts at the same time (Marks & Kozlowski. 1973) and (ii) all absence of

sporocarps which does not necessarily indicate an absence of the fungus (Yogt, Publicover & Vogt,

19(1).

- The tracing of rhizomorph connections from a sporocarp to the ECM roots. Although this method

provides a link between tile fungus and the ECM roots, the tracing of the connections is difticult and

some RCM do not produce rhizoruorphs (Agerer, 1986; lngleby et al., 1(90),

The synthesis of mycorrhizas under aseptic conditions, using cultures of known sporocarps

However. difficulties IlUIY he experienced in obtaining cultures of some fungal specie; e.g. some species

of Russula, 1I4b('r ami Lycopl'fC/o/l (Agerer, 1986; Marais & Kotze, 1977).

- The comparison 0,' cultures obtained from ECM roots with cultures of known fungi O~CL.nillg in the

same area. The disadvantage» nrc 0) the difficulty ill ohtaining some ECM fungi ill culture, (ii) the

similn- growth in culture of many fungi and (iii) strain-specific differences which would Ill) 1 he

jJcntitiah:.~ in culture (Agere». 1986)

. Till.' colour of mycurrhizas and several anatonucal features observed in cross sections of the ECM

roots funned the basis of an ECM key developed by Dominik (1969), The usc 01 these criteria were

extended hy hili (19n) to include the reactiun of whole mycorrhizas to various chemical reagent» and

the approach was further extended hy A!,crcr (198{lJ rcsulti!!!, in die production lit a 'Colour Atl.!s of
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The ability of [CM, vesicular-arhuscular and cricoid mycorrhizal seedlings 10 uulize organic N -nd P sources

has been demonstrated in severai studies (Ahuzinadah, Finlay & Read. 1986~ Jnyachandran, Schwab & II trick,

1992; Myers & Leake, 1996). However, the extent to which mycorrhizax can utilize these organic sources

under field conditions, in competition with the microbial population, is not known. This indicates an area

which requires further investigation (Vugt, Puhlicuver & Vogt, 19(1),

Differences in the proteolytic and solubilization capabilities between [CM fungi an: important ill determining

their distribution. Mineral soil.; arc progressively transformed through the input of organic matter and in

combination with other soil processes, into organic soils (Abuzinadah & Read, 1(88). 'Non-protein fungi' may

be successful in newly planted first rotation sites, whereas 'protein fungi' would become mort: important as the

stand matures and in successive rouuionx. This succession of ectomycorrhizal fungi has been reported ill a

number of ecosystems (Dightou, Poskitt & Howard, 1986; Mason et al., 1983~Natarajan, Mohan & lnglehy,

1992). Succession has not been studied in the Mpumalanga plantations. However, observations made during

the study suggests tlull some succession occurs, with Amanita spp, and Lycoperdon spp, occurring under

younger trees (up to 15 years) and Boletus spp. and Suillus spp, occurring ill older stands, Scleroderma spp.

occurred mainly from 10 years onward. This is an area requiring further research. Because of the diftereut

capabilities of ECM fungi to utilize various organic and inorganic compounds an effort should he made to assess

the ECM fungal species occurring in the forestry areas. Combining this information with studies on succession,

ECM fungi more suited to specific areas can he identified measures can then he taken to inoculate with uu

appropriate ECM fungi.
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Organic phosphates such as glycerophosphate arYl RNA are probably enzymatically broken down hy hngal

phosphatases and the resulting phosphate absorbed by the roots (Haussling & Marschner. 1989; Lapeyrie,

Ranger & Vairelles, 1991). Recent studies by Leake & Miles (1996) have shown iliat the mycorrhizal ericoid

fllugus Hymenoscyphus ericae can hydrolyse DNA and use it as a sole source of P. The activity of the

phosphodiesterases was examined and it was concluded that the enzyme was extra-cellular and wall bound and

had a pH range of 3.0-6.5 and a pH optimum of 4.5-5.5. Complexed compounds such as phytic acid and

AIP04 are probably solubilized by the action of ECM fungi or a combination of enzyme activity and

solubilization. The N source is Imports 1! in the solubilization process; NH4 + -N which is found mainly in acidic

soils has been shown to stimulate proton extrusion resulting in acidification a process which increases

solubilization (Lapeyrie, Ranger & Vairelles, 1991). Phosphatase activity is also affected by the N source. with

increased activity occurring when N is supplied as NH, + (Kieliszewska-Rokicka, 1989). Where NOl -N is the

main source of N, mainly in calcareous soils, oxalic acid excretion is stimulated. the ECM funni thereby act

as a solubilizing agent by acidification a.id as a chelating agent by chelating iron. calcium and aluminium

(Lapeyrie, Ranger & Vairelles, 1(91). Rock phosphates have been shown not to be solubilized by ECM fungi.

probably as a result of their crystalline structure, although ECM fung! in association with other micro-organisms

may be important in this process (Antibus, Sinsabaugh & Linkins, 1992; Lapeyries, Ranger & Vairelles, 1(91).

7.5 CONCLUSIONS

From Ute results presented it is clear that the ECM isolates respond differently to changes in temperature and

pH. These are factors which will influence their distribution anti ability to colonize hOM plants.

Ecromycorruizal fungal isolates of P. patuta were shown to be capable of utilizing organic &..j well as, inorganic

N compounds as their sole source of N therefore. hypothesis 8 can be accepted. These isolate> were also

shown 0 be capable of utilizing organic and complexed inorganic P compounds as Illcir soft> source of P

therefore, hypothesi" 9 C811 he accepted.
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ECM fungi to breakdown lignin. holocelluluse and lignocellulose (Maijala. Fagerstedt & Raudaskoski, 1C,91;

Trojanowski. Haider & Huttenuan, 1984) would enable some ECM fungi to be effective competitors with

saprotrophs. Although the cellulolytic ability of the isolates used in this study was not examined. ECM roots

and rhizornorphs were observed to be growing within decaying wood stumps which may suggest some cellulase

activity. Growth of ECM roots within woody debris may be important in maintaining mycorrhizal diversity

after disturbances, such as clear felling, and may help to sustain the mycorrhizas during drought conditio»: ..

The woody debris retaining moisture longer than the litter layers as well as providing a source of nutrients

(Harvey. Larsen & Juergensen, 1976: Parke. Linderman & Trappe. 1983; Vogt et al .• 1995).

Abuzinadah & Read (1986) used the pure protein BSA as a model compound and '!lowed that different ECM

fungal species had II wide range of degrading capabilities. Using the same model the isolates used in the present

study were shown to exuiblt different capabilities in their utilization of BSA (Fig. 7.13). This supuests that

acid rain (Carlson. 1992) or management strategies such as fertilizatlon (Carlson. 1994) and hunting 01 clearing

of the accumulated litter layers (Baal' & De Vries. 1995) in the P patula plantations which result in changes

to the ECM fungal compositlon may also result in altered ability to provide access to organically bound

nitrogen.

7.4.5 Utilization of various J> compounds as II source of P

All isolates wen: shown to utilize the various P sources, although differences in overall growth rates were

apparent (Figs, 7.8. 7.9. ~. 10 & 7. II). Statlstirul analysis of rile slopes of linear models indicated that isolates

could utilize a variety of P SOurCI:S with equal efficiency. As a result of the Iinerarization of the growth curves.

significant differences indicated when using the overall growth rates were no longer apparent. Differences ill

the ability of ECM fungi til utilize various P sources, both between and within species, have been observed

(Antibus, Sinsabaugh & Linkins. 1992) and these differences may be related to host characteristics, such as

nutrient demand. Antibus, Sinsabaugh & Linkins (1992) noted that pH had a significant effect on phosphatase

activity with maximum activity occurring at pH 4.5-5.0 for species of S. atnnum
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WITS 04 whirh shl)wt'~l PIll)! iTrllwt] on aJl1l1l11111t1l11. lilt"c' re-ulr-, 'll)'pl)[( ,tudl,'''' "I11dl IM\': .,11"....11 tl1,lt III

)1enera I reM tungi rui utilize nitrate a ., :11a, 01111111(,11111111althnu)'h dilklt'lI'l" between I.C1\.1 tUII~ai specic,

art apparent which rl.'lk":h tIl SlIIJIl' extciu the distribution of uie [eM tUII!'1 iRead, Leake &. Lanpdale. IC)HC))

The gTtlwth response 10 till: glutathione amended medium v<"s variable hut ill gL'Ieral).'I)lIJ ~'rll\qh wa.' recorded

Abuzinadah & RI~:ld (19H6) found mat rlut<lthitllll' WdS a pOll I N '<lUfLl' lor l auaria 111(/;111 and Ptsoiithus

tinctorius which was attrihuted to the decline in pi { of lilt: growth media ils a result "I gllllalhillll" utilization.

This reflects the natural distribution 1)1 thesl.' fUJl!~i which an: IIpr w.:I1 udapted til acidic conditions. f or

example. P. tinctorius is distrihuu-d mainly in arid regions where pI! is higher and nitrification is promoted.

this fungus lias also been shown to utilize NO, more readily than NII,,' (Read. l.eake & Langdale. 1(89) All

fungi tested by Abuzinadah & Read (19116) were uhle tll utilize alanine peptides, isolates used in this studv

utilized alanine and a rang,' of other amino acids. Ahuzinadah & Read (1986) suglTt',ted that a brnad spectrum

acid protease was involved in the proteolytic process and that the N leit-aself was absurbvd by (ht: ECl\j fungi

as amino acids or small peptide units r:lther than as anunoniuni. Studies have nllll1r:ilrJ the prcst:n(L· of a GS-

GOGAT pathway in [CM fungi indicating that glutamate (an readily enter the cell where it lonns the major

COIllPOl1t!1Il of the N assimilatiou pathway (Rudawska, et III,. 19(4), Ihis ',uggl'sts that there is a 'light cycling

of organic molecules by rCM as the process involves depolymcrizatiou rath ,- than mineralization. thus the

normal saprotrophic decompovition pathway is shortt. ircuite.l (l{eaJ. Leake ,I(: Langdale, 1989: VO!,I, Puhlicuvcr

& Vogr, 1991),

This study has shown that I:CM fungi utilize a range ot amino acids and proteins as their solt: source lit N

(Table 7, 'i), These results support the grll" Ing cv nlcuce in the literature that LCM and mycorrluzal cricoid

fungi are important in providing acu:ss tl) PTgani,- sour,,', ul N to which their host plants have liul« or no

access (Abuzinadah & Read, 19H6: linlav. J fllstlTi\nJ &. Sonncrteldr. I<)I)~: Read. Leake & l.auudalc. 19~9,.

The roots of P. putulu l<lpJ1nlxilll<ltdy :;w;; llf which art.' ruycorrhizal) have h,'t'n shown 10 he distributed mainly

III the litter layer- (Sl.'ditlll 6_3,5: ,hapt"r 6). Rcxult» lrom Ih,' lillt:! dl'l'()IlIPllsitioll l("hapt,'T ,~) and nurriem

l:ydilllT ((,hapl:'! 6) studies indicate thai N was inunnhih/cil within IItt' litter dun;l!' dl'L'IlIlI[,p,ilion. rh,'st'

tillliillpS h;).'hli~~ht the imponam.c of H '1\1, whu.h ill\: inumarelv a",le iated '.'1I1i tit" litter laVL'" III prov idL'



exhibiting a tolerance to a wider range of pH values. up III pH 5.00 It must be noted that the optimal pH

required for fungal growth may differ from that required tor actually infection of host root» (Erland &

Soderstrom, 1990). This study only examined fungal growth. as the saprotrnphic ability of the isolates was of

interest. However, it was noted that ECM root.~of tile WITS 06 type were distributed mainly in the L2 layer

which had a pH of 2.30, while ECM roots of the WITS 0 I type were distributed mainly in the F, IN r and Soil

layers having plls of 2.16, 3.29 and 4.08, respectively (Table 6.2; chapter 6).

The decline in pH of forest soils in Mpumalanga, as a result of acid deposition. is a major concern for the

industry. Studies by Carlson (1992) have shown that there were no significant differences in the degree of

mycorrhizal colonization between root cores acidified with different pH's of artiticial rain. However,

differences in the mycorrhizal species composition were noted. These changes could have important

consequences for the nutrient status of the trees, The widespread use of lime to increase soil pH has been

suggested (Olbrich, 1995). Liming would not only reduce acidity, but also reduce the toxic levels of metals,

reduce leaching losses of cations and improve nutrient availability (Kreutzer, (995). All these factors could

affect mycorrhizal composition, hyphal growth and colonization.

7.4.4 Utilization of various N compounds as a source of N

All isolates were shown to utilize the various N sources. w;:h the exception of WITS 0 I which did not grow

011 DSA medium, although differences in overall growth rates were apparent (Figs. 7.3, 7.4, 7.5 & 7.6).

Statistical analysis of the slopes of linear models indicated that isolates could utilize a variety of N sources with

equal efficiency, with the exception of WITS 04 which grew poorly on (NH/)S04'. As a result of the

linerarization of the growth curves, significant differences indicated when using the overall growth rates were

no longer apparent. In accordance with other studies all isolates were shown to grow on (NH, +hSO, amended

media (Abuzinadah & Read, 1986; Finlay, FrostcgArd & Sonnerfeldt, 1992; Rt:aLl, Leake & Langdale, 1989).

This result was expected as the ECM fungi an: growing in a,j acidic environment where there is an accumulation

of organic material, under these conditions the main torm of inorganic nitrogen would be Nl I, + (Marschner.

1995; Read, Leake & Langdale, 19119). Growth OIl nitrate was slightly lower, with the exception of isolate
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This was attributed to tilt: removal of large amounts of N and phenolics with the litter and humus. This would

imply that the thick litter layers of the study site suppressed the mycorrhizal diversity. Whether this holds true

for P. patula and whether low altitude, thin litter layer sire.., have a greater mycorrhizal diverxity is an area that

requires further examination.

7.4.2 Growth response to temperature

Variation in the growth rates between the isolates was evident (Table 7.3) and lias been observed to occur both

between and within species (Marks & Kozlowski, 1973). Hutchison (1990) studied the temperature responses

of a large selection of northern hemisphere ECM fungal isolates. BOletus edulis, Amanita IIIUS('(Jrili and A.

tubescens were shown to be sensitive to both 7"C and 30°C with some A. muscaria isolates being semi- tolerant

to 3()'C. Suillus granulatus and Scelerod "111(1 citrinum were sensitive to 7°C and tolerant to 30°(', The

temperature responses of isolates WITS Jl , identified as Scleroderma citrinum (Chapter 8), and WITS 06,

identified as Boletus pinicola (Chapter 8), were comparable to similar isolates recorded by Hutchinson (1990).

The semi-tolerant response to 7°(, ,: isolates WITS 02 and WITS 04 suggests that these isolates belong to either

the Hebeloma or Laccaria genera. Isolate WITS 04 was initially regarded to be an Amanita sp., because of the

presence of these fruiting bodies at the time of rom collection (Dr. Colin Straker, pas. C(lIIIII/.). However, on

examination of the temperature response it is evident that the isolates correct identity cannot be conclusively

verified, Species of Boletus, AlIIlInita, Scleroderma and Laccaria have been recorded and observed to occur

in the Mpurnalanga plantation (Van Der Westhuizen & Eicker, 1994), although the latter g-nus was noted only

infrequently hy the present researcher.

7.4.3 Growth response to pH

The pH optima for most [eM fungi is regarded to he between pH 3.00 and pH 5.00, fungi heing g':nerally

considered to be acidophilic. Isolates WITS 01 (Fi~'. 7.2a) and WITS 02 (Fig. 7,2h) were shown to have pH

optima within this range. Isolate WITS 04 (Fig. 7.2e) exhibited optimal growth above pH 5.00, being less

adapted to acidic conditions. Isolate WITS 06 (Fig. 7.2d) grt:w well under very acidic conditions (pH 2.00),

156



7.4 DISCUSSION

7.4. I Isolates

TIle isolation method described hy Erland & Soderstrom (1990) was effective in isolating ECM fungi from

infected root tips. Contamination was minimal. with some Penicillium and Trichoderma species being recorded.

Reinoculation of P. patula seedlings with the isolate, was not totally successful, with only a few dichotomous

roots, poor mantle and 'Hartig' net formation. Ectomycorrhizal fungi have been described as either 'early-'

or 'late-stage' fungi, which refers to the succession of mycorrhizas as the host plant ages (Dighton, Poskitt &

Howard, 1986; Mason et al., 1993; Natarajan, Mohan & Iugleby, 1992). Then: have been several reports

regarding the difficulties experienced when inoculating seedlings with 'late-stage' ECM fungal isolates, which

have been related to the 'late-stage' isolates high demand for glucose (Gibson & Deacon, 1990). These isolates

are probably 'late-stage' isolates with WITS 01, WITS 02 and WITS 06 being isolated from a 42 year-old P.

patula compartment and WITS 04 corning from a 15-20 year-old compartment (Dr. Colin Straker, per COn/III).

Alternatively, the formation of only a few mycorrhizal roots may have indicated that under the experimental

conditions used, the fungal isolates were less vigorous in the colonization of roots (Pera & Alvarez, 1995).

Marais & Kotze (1979) suggested that the source of P. patula seed may affect ECM colonization, and reported

that d'e incidence of ECM infection improved when seeds from higher altitude sites were used, TIle seeds used

in this study originated from Witklip and Spitskop plantations, both low altitude areas, 11li5 is a factor which

would have to be cousidered in any future ECM studies.

Only two morphological types of ECM roots wen: observed in tb- ' uer and soil at the study site (Brooklauds,

F2; Table 3.2: chapter 3) not only at the time of sampling but throughout the study period (1992-1994). 111i5

suggests poor mycorrhizal diversity which may he attributed to the lack of inoculum of other mycorrhizal types.

Most mycorrhizal species associated wid! Pinus spp. in South Africa were introduced in litter and humus after

the repeated failure of Pinus spp. planted in plantations (Poynton, (980). A study conducted by Baar & De

Vries (1995) in The Nedlerland.~ concluded !lJat the removal of litter and humus from stall(.J.~of P.. svlvestri»

resulted in increased number of ECM types observed inoculum presumably being supplied from adjacent areas.
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Figure 7.10 Utilization of various P compounds as a P source, isolate W1TS 04. Overlapping blocks (similar

letters) and compounds within the same block are not significantly different with regard to their overall growth

rates. Compounds shown in blocks that do not overlap (different letters) are significantly different (p ~O.OS)

from each other. Phosphorus sources listed in descending order according to growth rates.

a

I Phytic

lGlycerophospbate b

~RN__A ~Ic

Figure 7.11 Utilization of various P compounds as a P source, isolate WITS 06. Overlapping blocks (similar

letters) and compounds within the same block are not significantly different with regard to their overall growth

rates. Compounds shown in blocks that do not overlap (different letters) art' significantly different (p~O.OS)

from each other. Phosphorus sources listed in descending order according to growth rates.
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Anatomical characteristics

Dolipore/Wornnin bodies: none observed

Lactlfers: nOI1l::

Quler mantlc~ (Plalc 8.3n)

Hyphal artaugernent : Plecteuchymatous, loose, no distinct pattern

Shape of hyphal cells: Elongated, rectangular with damp connections

Thickness of walls: 0.3-0.4/.(01

Length and diameter of hypha] cells: B-lOl'm x 3-41'01

Inner Jlumllc..:. (Platt: 8.3bl

Hypha] arrangement: Plectenchymatous, hyphae more compact. ~howil1g evidence of ring-like

arranged hyphnl bundles

Shape of hyphal cells: elongated, rectangular

Thickness of walls: 0.3-O.4/.(m

Length and diameter of hyphal cells: 4-5/.(IU x 3-4/.(m

~~ (Plate 8.4a. b & c)

Colour: pale yellow

Connection with mantle: restricted

Margin: smooth

Mode of rumification: undifferentiated, hyphae compactly woven.

Mod. of hyphal connections: anastomoses between middle pan Of hvphal cell ami a damp lind between

inverted damps

Arrangemeut of hyphae: Parallel, iuterwuveu, brauclung

Dinmeter: 22.0 t B.O/.(111
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Chemical tests

Cotton blue-lactophenot - whole: blue

cross section: cortical cells, blue: hyphae, blue

Toluidine Blue O. I % - whole' mantle IIll change; roots, hint!

cross section: cortical cells, blue

Ethanol 70 % - whole: no change

cross section: no change

KOH 15% - whole: no change

cross section: 110 change

Lactic acid - whole: no change

cross section: no change

Melzer's reagent - whole: orange

cross section: hyphae, pale yellow

IKI - whole: no chnge

cross section: 110 change

Sulfo-vanillin - whole: red

cross section: cortical cells, red

(no chunge lifter rinsing unless stated)

8!U!l.llilOfCsccncc

390-420nm: entire mycorrhiza fluoresces green (Plate 8.2.a)

450-490nm: entire mycorrhiza fluoresces yellow (Platt: R.2h)

Sidcronhilolls graullhltiIDJs,: none
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8.2.4 Photography

Photographic records of the whole mycorrhizas wen: taken uSing a Wild 7A disscding photornicruscopc.

Ectomycorrhizal roots were placed III a petri dish and submerged in water. To obtain good quality photograph ..,

ECM roots were photographed Oil a black background (Agerer , 1987·1':)95). Sectioned [eM roots were

examined and photographed with a Zeiss photomicrnscope III, using Normarski's Differential Interference

Contrast (NIC). This microscope was also used III examine uutofluorcscence.

8.3 RESULTS

8.3.1 Idenrification of ectomycorrhizal roots

ISOLATE WiTS 01

Morphological characteristics

~ mycorrhmt;, (Plate. 8. In & It)

Type of ramification: dichotomous

Length of ramified system: 2294.8 t 98.8,lm

Length nf unrnmified ends: 841.3 I 218.2~1II

Diameter of unramified ends: 385.6 t I.UllLIIl

Shape of unramified ends: straight

.Mill.!11!:.;,

Mantic description: shiny: smooth

Mamie cul our: while
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Figure 8.9 Shape of cystidia; a - ramified; b - fusiform; c - globular; d - bristle-like with apical lobes; e -

bottle-shaped with finger-like outg. owths.j" - sickle-shaped; g - normal hyphaa, often twisted like a cork-screw;

" - bottle-shaped with "'l bent neck; i -thin-walled, slightly acuminated; j - lateral, eith tapering, knob-bearing

outgrowth; k - acanthocystidia: I - capitate; m - flask-shaped with apical knob; n - bottle-shaped with straight

neck and 0 - awl-shaped, bristle-like (Agerer, 1987-1995).

Figure 8.10 Shape of 'Hartig' net; II - common type with typical palmctti and single hyphal rows; b - coarse

'Hartig' net with broad infrequently ramified lobes; C - like type a, but lobed or ramified haustoria originate

from We 'Hartig' net; d -Iike type ll, but small globular haustoria-like structures occur and e - beaded 'Hartig'

net with globular thickenings, often combined with haustoria (Agerer, 1987-19(5).
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Figure 8.7 Arrangement of hyphae within rhizomorph; a - undifferentiated, hyphae loosely woven; b -

undifferentiated. hyphae compactly arranged; c - slightly differentiated, central hyphae somewhat enlarged; d-

differentiated. randomly distributed very thick hyphae; e - differentiated, thick hyphae forming a central core

(Agerer, 1987-1995),

and f - highly differentiated. thick hyphae forming a central core. septa partially or completely dissolved

t-,
Hc d

Figure 8.8 Hyphal anastomoses; a - between middle parts of hyphal cells: b - between middle part of hyphal

e

cell and a clamp; c - hyphal tip with II hypha (each with CLr.'lpS); d - the same without clamp; e - reversely

oriented clamp. after anastomosis of a hypha! tip with a hypha;! - contact-clamp; g - anastomosis with a clamp;

II - anaromosis with a septum; i -contact-septum and} - reversely orientated ramification (Agerer, 1987-1995),
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Figure 8.6 Mantle ~ypes; a - plccteuchymatous with ring-like arrangement of hypha! bundles; b -

plectenchymatous, 110 pattern discernable; c - plcctenchymatous with gelatinous matrix between the hyphae;

d - plecteucbymarous, hyphae arranged net-like with prominent cystidia; e - plectenchymatous, hyphae arranged

net-like, repeatedly branched; f - plcctenchymatous with occasional roundish cells lying on the mantle; g-

plectenchymarous, hyphae ill star-like arrangement: h - transitional form between plectenchyrnatous and

pseudoparenchymatous, irregularly shaped hyphae form a coarse net; i - plectenchymatous, mantles with

hymeniforrn; j - pseudoparcnchymatous, composed of angular cells, bearing mounds of rouudish cells; k -

pseudoparenchymmous, mantles with angular cells; I - pseudoparenchymatous, mantles with epidermoid cells;

m - pseudoparenchymatous, man..cs with some cells containing droplets, staining in sulfo-vanillin; n -

pseudoparenchymatous, DUlIJIll."S with angular cells and mounds of flattened cells; 0 - pseudoparenchyrnatous,

nullities with angular cells bearing a delicate hyphal net and p - pscudoparenchymatous, with epidermoid cells

hearing a delicate hyphal net (Agerer, 1987·1995).
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- Small sections of the mantle were removed with fine forceps and examined microscopically with

Norrnarski's interference contrast (NIC). The arrangement of the mantle hyphae from the outer to the

inner surface (Fig. 8.6) and the presence of a dolipore septum, woronin bodies and lactifers were

recorded (Agerer, 1987-199'"

- Rhizomorphs were examined microscopically with NIC noting the arrangement of hyphae (Fig. 8.7)

and mode of hyphal connections (Fig. 8.8) (Agerer, 1987-1995).

- Emar.ating hyphae were examined for septa, thickness of walls and diameter. The presence and

shape of cystidia was also noted (Fig. 8.9).

- Cross and longitudinal sections (± 50llm thick) of ECM roots were made using a cryomicrotorne

(Brundrett, Melville & Petersen, 1994). Sections were mounted in polyvinyl lactic acid (Ornar, Bollard

& Heather, 1979) and examined microscopically using NIC for mantle thickness, shape of tannin and

cortical cells, thickness of eel 1walls and arrangement of 'Hartig' net (Fig. 8.10) (Agerer, 1987·1995).

Many characteristics are used in Agerers' (19B7 1995) atlas to describe ECM and a few of the basic

characteristics have been mentioned above. In the following results section a more complete list of

characteristics, modified from Check-List A, B, C}, C2, Dl and D2 (Agerer, 1987-1995) will be provided for

each of the mycorrhizal types examined.

8.2.3 Tracing mycorrhizal links to sporocarps

Sporocarps occurring in the study area were recorded anti identified using various identification manuals (Levin

et al., 1987; Singer, 1962; Van Der Westhuizen & Eider, 1994) Sporocarps and the litter in which they were

growing wen: removed and any connections with rhizomorphs and mycorrhizal roots were examined using a

hand-held magnifying glass.
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Figure 8.5 Shape of rhizomorphs; a - interconnected filaments; b • smooth margins and c - ensheathed or

hairy (Agerer, 1987-1995).

mycorrhizas, mounted in lactic acid, were examined with a fluorescent microscope using 'I UV (390-420nm)

and a Blue (450-490run) filter, to assess autofluorescence. The occurrence of siderophilous granulations in

either the mantle or emanating hyphae was also recorded (Agerer, 1986; 1987-1995).

Anatomical characteristigj

Recent studies have shown that ectomycorrhizas formed by different fungi are structurally distinct, therefore

anatomical studies have become increasingly important in the characterization of ECM (Agerer, 1994).

Anatomical details were recorded for thl: mantle, rhizomorpbs. emanating hyphae and cross and longitudinal

sections of the ECM TOots. TIle procedures and characteristics examined were as fclrows:
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cononyj j' - stringy; g - short-spiny and h -Tong-spiny (Agerer, 1987-1995).

Figure 8_3 Features of the mantle surface; a - smooth; b - reticulate; c - grainy (warty); d - woolly; e -

and c - hyphal fans (Agerer, 1987-1995).

Figure 8.4 Rhizomorphal connection with mantle; a - restricted; b . rhizomorpbs growing off in flat angles
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Occurrence: none

Cross and i.Ql1gimdinal sc~

CroS!; sections: (Plate 8.9)

Tannin cells - number of rows: 1-5

- shape: rectangular

- measurements: 8.7 J I.21lm x 1.561: O.21.1m

Cortical cells - number of rows ·....ith 'Hartig 'net: 1-3

- shape: oval to circular

- measurements: 6.S±O.7I.1m K 5.4±O.9/~m

.:.lIru:lm:...nJ<!:.

Thickness of 'Hartig' net around tannin cells:

cortical cells: 0.5 iO.I~un

Number of hyphal rows around tannin cells:

cortical cells:

Shupe of 'Hurtig' net around tannin cells: common t~T': A, pnlmetn

cortical cells: type A. palmeni with lobed haustorin origilUuillll from 'Hurtig' net

l&!!Jilindi.ru\ls~:cliO!lS~ (Plate 8.10)

Tannin cells - number of rows: I- 5 rows

. shape: oval to rectangular
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Lactic acid - whole: no change

cross section: no change

Melzer's reagent - whole: no change

CJ1)SS section: 110 change

IKI - whole: 110 change

cross section: no change

Sulfo-vanilliu - whole: red

cross section: tannln and cortical cells red

(no change after rinsing uuless stated)

Alllonl!o.~

390-420nm: fluoresces green at tip (Plate 8.8)

450-490nm: fluoresces green at tip

SidCIQJ!!tilQILUIranulatioult;, None

Anatomical characteristics

Dolipore/Woronin bodies: none observed

Lactifers: none

M~nolle

Occurrence: rarely
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ISOLATE WITS 06

Morphological characteristics

Whole mycoqhlm;. (Plate 8.7)

Type of ramification: simple to dichotomous

Length of ramified system: simple - 866.5 ± 305.9/IIlI.

dichotomous - 1660.3 ± 622. 2J.1m

Length of uuramified ends: 614.0± lI.l8.3{1m

Diameter of unmmified ends: 348.6 ± 36.2J.1m

Shape of unrarnlfled ends: straight. older mycorrhizas occasionally beaded

Mantle description: No distinct mantle. mycorrhiza smooth. sparse hyphae occurring Oil root surface

Chemical tests

Cotton blue-lactophenol - whole: blue

cross section: cortical cells. blue; hyphae. blue

Toluidine Blue 0.1 % - whole: blue

cross section: cortical cells. blue; hyphae. blue

Ethanol 70% - whole: 110 change

cross section: no change

KOH I.H; - whole: no dUJIIge

cross section: no change
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'Hartig' net;

Thickness of 'Hartig' net around tannin cells: 0.5-1.0j.im

cortical cells: 2.7-5.4j.i1ll

Number of hyphal rows around tannin cells:

cortical cells: 1-2

Shape of 'Hartig' net around tannin cells: common type A. palrnetti

cortical cells: common type A. palmetti

Longitudinal sccti()il.s~ (Phlte 8.6)

Measurements of mantle hyphae - tangential: 5.6/1m

- radial: 0.56j.im

- thickness of wall: O.3..Q.Sj.im

lliIDt cells wit!L:.Hartig' net:

Tannin cells - number of rows: I

- shape: rectangular

- measurements: 3.5± 1.2j.im x 2.4±0.5J.l1ll

Cortical cells - number of rows with 'Hartig' net: 1-2

- shape: oval to rectangular

- measurements: 4.9± 1.2j.illl x 6.8t 1.0j.i(Jl

'Hartig' net;.

Thickness of 'Hartig' net around tannin cells: 1-211lll

cortical cells: 2-4IIIll

Number of hyphal rows around tannin cells:

cortical cells:

Shape of 'Hartig net around tannin cells: common type /\, palmetti

cortical cells: common type A. palmetu
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Emau!i!.Wlg hyphae: (Plate 8.4tl I

Occurrence: occasional, hyaline

Septa: present with damp connections

Diameter: S~lm

Tl- .kness of wall: O.3-0.SJlrn

kystidia:

Occurrence: None

Cross and longitudinal sectiQM;,

Mantle thickness: 22.7±7.8~lm

Cross sections: (Plate 8.S)

Measurements of mantle hyphae - tangential: 2.8Jlrn

- radial: O.28-0.S6Jlm

- thickness of wall: O.2·.Q.SJlm

Root cells with' Hartig' net.:.

Tannin cells - number of rows: I

- shape: oval to rectangular

- measurements: 10.8 x II.SJlI11

Cortical cells - number of rows with' Hartig' net: 1-2

- shape: oval

- measurements: 58.7 j :4.21(111 x 35.1 t 8.IJllll

17R



application may also be of importance i.e. broadcasting LIe lime onto the litter or rorovatiug into the litter.

Field trials of at least 3 years duration (Morris, 1986) would he required 10 determine the effectiveness of lime

applicatious and these studies should also monitor decomposition, microbial activity and :)ioma~s and changes

in the EeM fungal population composition.

Little can be done to increase ambient temperatures, in the short term (global warming excluded) and increasing

the temperature of the forest floor is a difficult task. Measures can be taken to increase the planting distance

of trees (currently 2.7m) to allow for a more open canopy structure (Singh & Gupta. 1977). This would allow

radiation to reach the forest floor, thus increasing surface temperatures, However. the cost of reducing the

number of stems per hectare would have to be carefully analyzed. Reducing the stems per hectare (sph) would

reduce or eliminate the need for thinniug. au operation which supplies timber for pol. lie loss of income

from thinning operations would have to IlC taken into account. However, forestry nUIl-~gemcllt strategies

indicate a move to increase the number of sph with a reduced rotation. TIle more open canopy structure

resulting from reduced sph plantings would allow increased understorey growth of weeds and other vegetation.

which increases the competition fur nutrients and moisture reducing tree growth and hence production.

However, understorey vegetation even if not of commercial value could promote N cycling and help mitigate

potential soil degradation as the litterfull is more easily decomposed by soil micro ..organisms, A strategy of

mixed plantations could act as a N pump and also help 10 maintain higher levels of available N in the litterfall

which is readily mineralized without accumulating 011 the forest floor (Liu, 1(95). Several mixed planration

projects have been conducted in SOUIlIAfrica involving inrerplanring Pinus with groundnuts and Eucuiyptus with

cowpea, however, no decomposition or nutrient dynamic studies have been conducted on thr-se sires,

Alternatively. measures could be taken to install water pipes beneath the litter. Water could be heated, using

solar energy and recycled through the pipes in order tv achieve increased forest floor temperatures. The cost

of this measure and the feasibility in terms of security of equipment would need to be assessed.
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ensure that P. panda planted on high altitude, shale sires would invariably accumulate liner. This emphasises

h importance of site/species matching and indicates that shale sites, in the Mpumalanga escarpment area, above

an altitude of 1200m should om be planted to P. patulu Furthermore any study which examines the factors

!llat influence microbial activity should not ignore the micro-organisms or the processes in which they are

involved.

9.1.3 Meat.l1rcs to be taken to improve decomposition

It is important to stress the role of the microbial population in the decomposition process. Efforts should he

focused on making conditions in me litter more favourable for microbial activity. II must be remembered that

microbial activity does not result from the addition of simple: effects, but rather depends on interactions between

individnal environmental factors (Nicolardt, Pauvet & Cbeneby, 1994). TIle factors which are most important

with regard 10 litter accumulation, arc me acidity of the litter and temperature, factors which should be given

consideration.

It is di. ;uit to control environmental factors under field conditlons. Some management steps could be taken

to make cooditioos more favourable for microbial activity. Alleviating the acidic conditions in the liner could

be achieved by the application of dolomitic lime, which provides a source 01 both the cations Cal' lind Mg2' .

The application of dolomitic lime has also been suggested as a measure of addressing soil fertility declines as

II result of acid rain. It has been suggested tIUlI me application of lime could be carried out prior to planting

at the start of each rotation (Olbrich, 1995). However, acid rain aiso increases needle loss and liming has beun

shown not 10 improve needle retention therefore, high litter production would prevail. Lillli~ has been shown

thougb 10 improve decomposition and reduce litter layer; (Huettl & Zoettl, 199~). Litter accumulation was

shown t,) increase with stand age and ill high altitude sites maximum litter depths were ",'Corded in 25 year old

stands. TIle applicatlcn of dolomitic lime prior to planting may not he sufficient 10 maintain Increased pH

throughout tilt' roranon; therefore, mid rotation applications lIlay have to be considered, The method 01
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influenced by rainfall; however, as nr evidence was found to suggest that anaerobic conditions developed in

the litter (reinforced by the presence of numerous ECM rnois and hypha! threads) iecreased rainfall was

probably not re ..ponsible for the jitter accumulation observed.

Temperature has also been shown to be positively correlated with decomposition with increased temperatures

stimulating microbial activity \I{jrschbaum, 199:i). TIle cooler temperatures of the higher altitude sites are

considered to be the main cause of litter accumulation. The mean monthly minimum temperature during June,

at the Mokobulaan station (high altltude) during 1993 was 7 .5<;"C {lowest temperature 4.5O"C) while ut the D. R.

De Wet station (low altitude), 10.95"C was recorded (lowest temperature 8.58"C).

It is important to stress that in Schutz's (1990) study several site factors were found to be correlated with litter

accumulation. Lower temperatures in high altitude sites which results in retarded decomposition rates 1IUl)' be

critical in combination with other site factors. These factors included;

- geology: thin litter layers occurring on soils derived from dolomite with thick litter layers occurring

on soils derived from Timeball (shale);

- subsoil colour: litter thickness increases as the hue of the B horizon changes from red to yellow, a

yellowing subsoil indicating increasing wetness. This can be linked to the higher rainfall at high

altirudes;

- soil texture: litter thickness decreased with increasing coarse sand in the A horizon, indicating better

drainage;

. site index: Schutz (1990) suggested tl18t this correlation implied tJ18t litter decomposition was

strongly dependent on favourable environmental conditions. 'This variable encompasses several sire

and environmental factors (Schutz, 1990).

However, none of the above factors could be solely responsible for influencing the breakdown of litter. Utter

decomposition, being a biological process, is ultimately controlled by the micro-organisms, 11lC unfavourable

conditions in the micro-cuviroument caused as II result of tJICcooler temperatures and acidic conditions would
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not all micro-organisms are easily cultured and therefore not included in standard enumeration techniques

(Wollum II, 1982), enzyme activity should also be monitored (Kshattriya, Sharma & Mishra, 1992).

Differences in the microbial populations can therefore not be excluded as a possible explanation for reduced

decomposition. This study showed that soil fauna were not an Important influence on decomposition at the time

of sampling. However, this area would also require further invesugatiou.

9.1.2 Abiotic factors

Regardless of any differences there may be between the microbial population numbers at low and high altitude

sites, microbial activity and biomass itself may be altered by a number of abiotic factors. The pH of IlIC soil

and litter is one of these factors. Thick litter layers have been shown to be correlated with soil acidity (Schutz,

1990). However, il is difficult to determine whether soil acidity is dIe result of or the cause of litter

accumulation. Afforestation has been shown 10 acidify the soil (Du Toil, 1993). TIle accumulated litter layers

are very acidic, decreasiug to ~ pH of 2.16 in the F layer (Table 6.2; chapter 6), although the litter leachate

WIIS also shown to be acidic (PH 3.88) (fable 6.4; chapter 6). The soil beneath the litter was less acidic (fable

6.2; chapter 6) probably a result of the buffering capacity of the soil (Sanchez, 1976). This indicates that

conditions unfavourable for microbial activity e,.ist in the litter and this would affect decomposition and possibly

nutrient uptake by the ECM. The continned accumulation of litter, in combination with acid rain, would

exacerbate these unfavourable conditions. Microbial activity and biomass llUIY be enhanced under higher pH

conditions which allows the enzymes involved in the degradation of the organic matter to function under optimal

conditions (Alexander, 1977).

Rainfall influences tile decomposition process, during both the initial leaching phase lind the biological phase,

hy maintaining the moisture content of the litter at II level which sustains microbial activity (Vanlauwe et al. ,

1995). High altitude stands receive more precipitation, both us a result (If higher rainfall and the frequent

occurrence of mists {In the escarpment. Depending on the drainage of the site, this nUIY result in anaerobic

conditions in the forming within the litter. The initial phase of decomposition (Phase M I) W[I~ shown not to

be influenced by altitude (Section 5.3.3: chapter 5), The leaching of soluble: compounds from litter is
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9 CONCLUSIONS AND RECOMMENDATIONS

9.1 WHY DOES LITTER ACCUMULATE UNDER P. patula IN HIGH ALTITUDE SITES"

Litter accumulation has been shown both by Schutz (1990) and this study 10 increase with increasing altitude.

Altitude. however. has been shown not ,',J influence litter production (Fig. 4.4; chapter 4). Therefore. increased

liner production. in high altitude sites, is not responsible for the litter accumulation observed under P. patula,

Litter production is a process by which organic matter enters the ecosystem and this input process would ideally

be balanced by the output or release of nutrients through the decomposition of litter. As the input of litter does

not increase with increasing altitude. the imbalance between the input and output process must be a result of

the decomposition process.

The rate of decomposition was shown to decrease during the second phase of decomposirion (Phase! M2. 6-52

weeks), with increasing altitude (Fig, 5.16; chapter 5). This was further emphasized on examination of the

decomposition constants (Table 5.6; chapter 5). Many factors. both abiotic and biotic. regulate the

decomposition process and a combination of these may be responsible for the reduced decomposition rates

observed in high altitude sites (Dickinson & Pi.ib~'. 1974).

9. I . 1 Biotic factors

An examination of biotic factors which influence decomposiuon revealed that litter qualiry did 1101 decrease with

increasing altitude (Chapter 5). P. patula growing in high altitude sites does no' have u poorer litter quality

than trees growing at lower altitudes. Enumeration of the microbial populations nt both II low and a nigh

altitude site showed no significant differences at the time of Sil"lpling. although there were indications that

fungal counts were higlwr ill high altitude sites and hoth bU<.:t(I _I .dld fungal counts generally decreased down

through the litter/sui! profile (Figs. :;.25 & :;.26; chapter 5). This area would. however, require further study.

Such a study should examine! seasonal changes In the composition of the bacterial and fungal populauons. As
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descriptions provided are the most comprehensive for mycorrhizas 01 any 1'1'111.1 ~pp in South Attica. The

understanding of forest ecosystems has become crucial in determining how to sustain long-term timber

production. These ecosystems cannot he fully understood if the role of ECM is ignored. Ectomycorrhizas

formed by different fungi have been shown to he structurally distinct and studies have indicated that differnt

species behave different in several respects such as nutrition and growth-promoting efficieuces t Agerer. 1994 J.

It is therefore essential that ECM are correctly identified so that interactions observed and studied can he

correctly interpreted. The lack of adequate ECM descriptions has hampered mycorrhizal research in this

country. The author suggests that a project he initiated to document and describe ECM associated with Pinus

spp, growing in the country. As an exotic host with a limited range of potential mycorrhizal fungi this would

he not only a possible hut a worthwhile task. On tln- basis of this, decisions regarding the introducrion of other

ECM species more suited to our climatic and growing conditions could he taken,
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Table 8. I Ectomycorrhizal fungi associated with P paw/a growing in South Africa,

Tuber rapaeodorum

This study

Species Reference I Comment

Scleroderma citrinum

Boletus pinicola TIlis study

Boletus edulis Marias & Kotze ( 1977)

Amanita muscaria Marias & Kotze (1977)

Marias & Kotze (1977) /

possible ECM, Ascomycetes

Lycoperdon umhrinum Marias & Kotze (1977) I

possible ECM

Thelephora terrestris Van Greuning & Van Ocr Westhuizen (1990) I on

seedlings in nur series

Carlson (1992; 1994) examined ECM roots of P. paw/a in Mpumalanga. However, characterizations were

based on colour and morphology. From the descriptions provided it was difficult to assess whether ECM of

S citrinum and B. pinirola were represented. Species 4 (Carlson, 1992) and Species .3 (Carlson, 1994) may

be S. citrinum and Species 1& 2 (Carlson, 1992) and Species 2 (Carlson, 1994) n..iv be B. pinicola; I" ever,

these relationships cannot be positively confirmed.

8.3 CONCLUSIONS

The mycorrhizal roots of WITS 01 and WITS 06 were characterized as being formed by S. ('1(",1111/; and hy 8.

pinicola. respectively. This is the first record of B. pinicola occurnng in Mpumalanga. TIlt' mycorrhizal
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TIll! isolate WITS 06 was identified as B. pinicola, a species which has not been previously recorded in

Mpurualanga (Levin et al., 1987; Var, Der Westlruizcn & Eickcr, 19(4). Pearson (1950) recorded tIle

occurrence of B. pinicola under Pinus in the WL"Stt.TIICape, this was the only known record of the species, The

sporocarps occurring in the study site were similar in appearance to Suillus }<ifIJTIU/lIII1S (Van Der Westhuizen

& Bicker, 19(4), however, no latex exudates or granulations were observed on the stipe. On collection of

sporocarps, the yellow pore layer alld inner cap tissue showed a blue hruising when' touched, The species was

also similar to Xerocomus (Suil/. s) badius as recorded in Levin et al., (19R7); however the deep chestnut colour

of the cap, characteristic of this specles, was not evident (Dickinson & Lucas, 1979). Ectomycorrhizal roots

of X. bad/us as shown to occur on Picea, in Agerer's (19R7-1995) atlas, were not similar to the ECM roOIS

described in this study. Agerer (1994) stated thar from the descriptions in the atla: it was possible to make

some general comments about the ReM fungi, OUt! being that smooth RCM with scant or no rhizomorphs welt:

chartacterlstic of some Boletus spp. wh. '1 supports this studies findings. Species similar to B. pinicola tluu

have been recorded as occurring in Mpumalanga include S. granulatus, S. /)()ViIlIlS and Boletus eduh»

(Lundquist, 1986; Van der Westhuizen & Bicker, 19R7& 1994). These species were observed to occur i.t

various plantations however, none showed the characreristic bruising. B. pinicola has been recorded under

conifers and some deciduous species (Dickinson & Lucas, 1979).

An updated list of ectomycorrhiza! fungi known to he associated with P. putula growing ill South Africa is

presented in Table 8.1.

The majority of the species listed in Table 8.1 were observed to occur under P. patula with 111(:exception of

Tuber rapaeodorum and Tlielephotu terrestris. Other fungal species reported as occurring in P. patula

plantations and which arc known to he ReM arc Tricholoma sp., Russula sp., Laccaria [arcata, RhizopogoTl

luteolus, Suillus brevipes, S. SUb/IIII'IlS and Lycoperdon perlutum (Lundquist. 1986; Miller Jr. 1982; Natarajau,

Mohan & Ingleby, 1992; Trappe, i962). Of these species only L. laccata were obrerved in the Mpumalanga

plantations.



8.4 DISCUSSION

8.4.1 IdentificJltion of -ctomycorrrhizal roots

On examination of the morphological ECM types and sporocarps observed occurring at the study site it was

concluded that WITS 01 was formed by S. cil1'inum and WITS 06 was formed hy B. pinicola. TIle remaining

two mycorrhizal isolates used it' "us project, WITS 02 and WITS 04 (Section 7 .2.1; chapter 7) were not

positively identified as difficulties were experienced in achieving good mycorrhizal infection under aseptic

conditions, this was discussed in the previous chapter (Section 7.4.1; chapter 7).

In Agerer's (1987-1993) atlas an ECM similar to WITS 01 was described for S, citrinum forming a mycorrhizal

association with Betula pendula. These mycorrhizas were similar morphologically and anatomically with regard

to mantle and Hartig net type (Agerer 1987-1995). Several differences were however noted and included:

- TIle ECM roots of Betula showed monopodial-pyramidial branching opposed to the dichotomous

branching observed on P. patula. However, dichotomous branching of ECM roots has only been

observed in Pinus spp, (Marks & Kozlowski, 1973).

- The rhizomorphs from the Betula ECM roots are white as opposed to pale yellow and contain thick

central hypha. which was nor observed ill the rhizomorph.~ from the Pinus ECM roots, No evidence

in the literature could be found pertaining to tIle stability of the rhizomorph anatomy or whether

variability in these characteristics i, dependant on host species or strains of the fungus, Colour

however, is variable, especially with age and photographically may be dependant on the light source

(Agerer, 1986).

Several Scleroderma species are recognized as beinr mycorrhizal with a broad host range (Miller Jr.. 1982;

Trappe. 1962). S, cittinum is acidophilous and is mainly distributed on raw humus and peat (Agerer, 1987-

1995), In South Africa the species is widely distributed taroughout the wetter parts of the country. occurring

under Pinus srp, (Van Ocr Westhuizen & Elcker, 1994).
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- measurements: 0.811m

Cortical cells - number of rows with 'Hartig' net: 1-3

- shape: rectangular

- measurements: 15.4±4.211111 x 4.0±0.91Im

Thickness of 'Hartig' IIt.( around tannin cells: 0.1-0.5I-1m

conical cells: 0.28-O.56J.Lm

Number of hyphal rows around tannin cells:

cortical cells:

Shape of 'Hartig' net around tannin cells: common type A, palmetti

cortical cells: type A, palmetti with lobed haustoria originating from 'Hartig' net

8.3.2 Tracing mycorrhizal links to sporocarps

Two main types of sporocarps were collected from the study site and identified as Scleroderma citrinum Pers,

(previously S. aurantiumi (Plate 8.11) and Boletus pinicola Vitt. (Plate B.I2a & b) (Buczacki, 1989; Pearson,

1950; Bottomley, 1948; Van Der Westhuizen & Bicker, 1994). Identifications were confirmed with Dr. Van

Der Westhuizen tpers. comm.i, Rhizomorphs of S. dtrinum were similar to wIt: rhizornorphs observed 011 the

WITS 01 ectomycorrhizal roots and connections between roots and sporocarps were confirmed. B. pinicola

sporocarps did not have any rhizomorphs and hyphal connections with roots were difficult to trace. However,

rCM mots of the WITS 06 type were frequently found associated near or on the base of il•c B. pinicola stipe.
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9.3.3 Global changes

Global warming is a reality and it is predicted that CO2 levels (current levels 360ppm) will have doubled within

the next fifty years i.e oue to two rotations (Scholes & Bailey, 1996), Increased concentrations of CO2 would

increase the rate of photosynthesis and hence production. TIllS fertilization effect may result in trees growing

faster and larger, increasing the storage of C in the ecosystem (Scholes & Bailey, 1996). Research into f,

effects of these increased CO2 levels on commercial plantations should he initiated, Increased C allocation to

the roots may alter the structure of both microbial and mycorrhizal populations, resulting in tile potential to

change miuerallzation patterns and nutrient pool sizes (Curtis et al. 1994). Increased temperatures are also

expected to occur as a result of global warming (Scholes & Bailey, 1996); this would he beneficial to

decomposition in high altitude sites. However, drier conditions are also expected (Scholes & Bailey, 1996) an"

this could have a negative effect on decomposition. Because of these expected changes every effort shouiu •

made to make conditions more favourable for microbial activity in high altitude sites in which litter

accumulation is a problem. Furthermore, any studies examining tree grow til under elevated CO2 conditions

should also examine decomposition and nutrient dynamics. Addressing these problems now would ensure tim!

tile ecosystem would he better able to withstand future stress conditions.
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9.3.2 Fertilization

In order to meet the increasing demand for timber steps need 10 be taken to increase and maintain productivity

on existing plantations. Declining soil fertility has been identified as a factor contributing to reduced

productivity and fertilization has been recommended (Olbrich, 1995). The effective and efficient use of

fertilizers has been an area of intensive research. It Is necessary to have quantitative information on how

fertilization of stands, particularly in high altitude sites, affects litter production, decomposition of litter and

the release of nutrients in the litter layers. During fertilization trails it is essential to measure rates of biological

processes in addition to timber yields, all studies should be long-term. Several studies have shown that

fertilization increases litter production and improves litter quality (Theodorou & Bowen, 1990; Wieuand, 1(')<)2;

Wienand & Stock, 1995). However the effect of fertilization 011 litter decomposition rates have been

contradictory, with reports of the rates increasing, decreasing or remaining the same (Prescott, 1995).

Ammonium fertilization has been shown to reduce ECM colonization and the production of ECM fruiting

bodies. High P fertilization levels have been shown to reduce tbe development of extramatrical mycelium and

ECM colonization (Arnebrant, 1994; Clernensson, Lindell & Persson, 1995; Wallander & Nylund, 1992;

Wallander. \995). Fertilization trials in South Africa have mainly examined the application of NPK, both

singly and in combination. These trials have resulted ill a variety of responses. Although, recommendations

for fertilizer application have been made, these are generally site &'J'X.tic (Freirnond, 1994; Schutz, 1976). Du

TOll (1994, cited in Freimond, 1994) obtained good growth responses of pines growing on shales, using N, P,

K t and Ca' fertilizers. Considering I' . acidic narure of the soil, the low cation concenrrations and the

potential for reduced cation availability as a result of acid rain, fertilizations trials should include the cations,

Mgl + and Ca' + More attention should also he placed Oil the effects of fertilization on fine root production

which is essential tor nutrient and water uptake (t.CIllCIlSSOIl, Lindell & Persson, 19(5) and on soil microbial

activity.
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chopper-rolling does not address the acidity problem and does not significantly alter the microbial activity. This

method in combination with the application of dolomitic lime may be more successful, and is an area that

requires further investigation.

9.3 AREAS RBQUIRING FURTHER RESEARCH

9.3.1 Acid rain

In Sweden atmospheric deposition has resulted in soil acidification, cation losses and N saturation. Forest tree

productivity aas not been affected and many stands are showing growth responses to the increased N input.

However, in Germany soil acidification has been more extensive and declining tree vitality has been note:

(Clemenssoa, Lindell & Persson, 1995; Likens, Driscoll & Buso, l(96). Research has been conducted on the

impact of air pollution on commercial forests in South Africa. These studies have examined the effect of acid

rain on soil fertility and acidification as well as nutrition and nutrient cycling (Olbrich, 1995). Studies by

Carlson (1992) have indicated that acid rain could alter the uptake of Ca2+ and Mg2t by plant roots, by

decreasing the availability of these cations in the soil. The present study has highlighted the role of ECM fungi

in a forest ecosystem, particularly in connection with nutrient dynamics. Studies by Carlson (1992) have shown

that there was no significant difference in the degree of mycorrhizal colonization between root cores acidified

with different pHs of artificial rain. However, there was a difference in the mycorrhizal species composition.

This change ill ECM species could have important consequences to the nutrient status nf trees as different

mycorrhizal species not only differ in their ability tr supply nutrients to the trees but also differ in their ability

to utilize various sources of Nand P (Chapter 7). Further studies are required to characterize ECM species and

to assess their ability to utilize various nutrient sources. A survey of ECM types should also be conducted so

that any changes in mycorrhizal composition and subsequent functioning can be monitored.
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9.2.3 Enhancing the release of nutrients from the litter

Litter accumulation has been shown III increase as much as 37 % from the first to second rotation (Morris,

1986). At present the action of ectomycorrhizas and their ability to utilize organic source of N and organic and

complexed sources of P are assisting in providing the nutrients required for tree growth. To ensure the

continued supply of nutrients from the organic litter layers ectomycorrhizal fungal isolates should be screened

to determine which species are efficient organic N and complexed P users. Selected species mulct be used to

inoculate P. patuia seedlings destined to be planted into litter accumulation sites. This would ensure that

seedlings have access to the nutrients locked up in the litter, thereby alleviating any deficiencies in younger

stands.

Steps can also be taken to reduce the organic matter on the forest floor after c1earfelling. The most obvious

method would be to burn the litter. The burning of litter is known to release nutrients, however benefits

obtained from burning are short term. Substantial quantities of N and P are lost during burning and added to

nutrient losses as a result of harvesting, these losses could account for as much as 66 % of tile N and 35 % of

the P (Goh & Phillips, 1991). This amounts to a substantial loss of the nutrient reserves. Because of the large

quantities of both N and P stored ill the litter layers, the loss of nutrients from the stand should be minimized,

therefore burning of the litter after clearfelliug is not recommended. Alternatively, if favourable burn conditions

are maintained, i.r!. a slow, cool bum at low temperatures ami low wind speeds and high relative humidity, tile

loss of nutrients call be minimised. Serious consideration to the release of nutrients from the litter layers may

have to be considered in me light of proposed reduced rotations because shorter rotation times may result in

nutrient losses from sites exceeding nutrient inputs which would translate into imbalances in nutrient cycling.

Increasing the surface area of litter available for decomposition by chopping the litter (i.e. chopper-rolling) has

also been suggested as a means of treating the litter after clearfelling. This method was suggested as a means

by which more nutrients could be released from the litter. However, trials conducted by the Institute for

Commercial Forestry Research have not been promising (Freirnond, pas. comm.v. This is probably because

204



younger stands, suggesting N limitations. Host trees, including Pinus, art! associated with different rnycobionts

forming ECM at different times during their development. TIle mycobionts occurring on seedlings become

replaced as the host plant matures. This results in a succession of ECM types (Dighton, Poskitt & Howard,

1983; Malloch, Pirozynski & Raven, 1980). Younger P. patula trees are probably associated with non-protein

ECM fungi while older trees are associated with protein fungi. Studies on ectomycorrhizal succession have not

been undertaken in Mpumalanga and indicates an area f')r further research. From observations made during

!lIe study some succession was evident with Amallita spp. and Lycoperdon spp. occurring mainly in younger

stands (up to 15 years) and Boletus spp. and Suillus spp. occurring in older stands. Scleroderma spp. occurred

mainly from 10 years onwards.

9.2.2 The P cycle

A large proportion of P was retranslocated prior to needle fall, indicating a P deficiency in the system (Fig.

6.2; chapter 6). The results from the decomposition study revealed that P was mineralised and was available

for plant uptake (Figs. 5.12 & 5.13; chapter 5). However, the rate of P release decreased with increasing

altitude during the second phase of decomposition (Fig. 5.24; chapter 5). The soils of these sites are known

to be Psfixing soils which alter the availability of P, resulting in the transformation of soluble phosphates into

less soluble AI or Fe phosphates (Sanchez, 1976). This occurs especially in soils with high exchangeable

acidity, as shown in this study (Table 6.2; chapter 6). This would account for the P limitations observed.

Ectomycorrhizal fungal isolates were shown to grow on inorganic P sources as well as complexed inorganic and

organic sources of P. Some isolates grew particularly well 011 complexed P sources such as AIP04, the form

in which Al is precipitated from the exchange bases (Section 7.3.5; chapter 7). This indicates thar ECM fungi

play all important role in the P cycle, providing some access to otherwise unavailable or poorly available

SOUl'ceS of P. Litter quality studies revealed that litter P in younger stands was lower than in older stands (Fig.

5.3; chapter 5). This indicates that a greater proportion of P I1Ulybe retranslocated from the needles, suggesting

increased P limitations in younger stands, This again may he attributed to ECM succession.

203



9.2 WHAT ARE THE NUTRIENT DYNAMICS OF A P. patuia SITE IN WHICH UTTER HAS

ACCUMULATED?

The N and P nutrient cycles examined in the higl, altitude, litter a' cumulation site revealed that the majority

of these nutrients are stored in the forest floor component, folio" ed by the soil and tree pools (Figs, 6, I & 6,2;

chapter 6), Because ('f the large reserves of Nand P in th litter layers and the distribution of the roots within

these layers (Section 6.3.5; chapter 6), it can be assueed that litter is critical to nutrient uptake, indicating that

these nutrients are cyrled through a plant-liner- plant cycle. Nutrients are also cycled through a plant-litter-soil-

plant cycle, as was evident from tht distribution of some roots within the soil (Section 6.3.5; chapter 6) and

the leaching of nutrients from the litter into the soil (Table, 6.4; chapter 6). However, the potential Al3+

toxicity of the soil, limits the successful exploitation of the soil nutrient reserves, Of the cations, Cal + was

particularly low in the litter 2.IIdsoil layers, These low cation concentrations were expected under the acidic

conditions within these layers. It has been proposed that cation requirements are met through weathering of

the parent rock material, cations being taken up by deep roots (Morris, 1995). This area requires further

investigation.

9.2.1 The N cycle

Only 13% of needle N was retranslocated prior to needle fall (Fig. 6.1; chapter 6), This indicates that the N

requirements of the tree are probably being met even though N was shown to become immobilized in the lit r

during decomposition (Figs. 5.8 & 5.9' chapter 5), It is evident that the ECM roots, which are in intimate

contact with the litter layers, not onl~ increase the uptake of inorganic N, but also aid in the breakdown of

organic N compounds tIlUS supplying ill additional quantity of N to the tree (Section 7.3.4; chapter 7). Litter

quality studies revealed that litter N in younger stands was lower than in older stands (Fig, 5,2; Chapter 5).

This may indicate that a greater proportion of N is retranslocated from the needles prior to needle fall in the
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