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i
sourees as their sole source of these nutticus. Al isolaies aere showr o rtitize te majory o1 all of thewe
sourees. indicaging thag evtomycoerhizat fungi could play « signiticant ole in providiog N aad P P pateda,

especially from organiv and complered souteos fromy which the host plant would not sotmally lave access.

Twe ectomyenriizal oot types were eollected from a sites in which litter Dad accumulated.  These were
irlentified using a combination of morpholugical and anatomical features, as well as chemical reactions. The
ectoimycorthizas were compared with published wWdentifications and sactors such as sporocarp oceurrence and
fungal counections were considered.  The myoorrhizas were sdentified v Seleroderme citrimun and Boletus
pinicela. The S, ciirinum were white, smooth and dichotomousty v vhed with sincoth, pale yellow,
wadifferentiated thizomorphs, The mantle was plectenchy natous with aa oy et and jnner layer, The tnner layer
showed & ring-like armangement of hyphal boudles.  The “Hartig® net had 1 type A, patmetti shape, The 8.
pinicole mycorshizas were hrown with lighter coloussd root tips, sisple to dichotomously branched.  The
mycorthizas were smooth with no distingt mwantie, sparse ypha: oceurred on the rout surface.  The shape of

the 'Hartig’ net was 1ype A, palmetti with Yobed haostoria.

On the hasix of this study management strategies are proposed inorder W improve Byer decomposition in high
alritudv sites and inctude (i) controlled burning. 1o teduce loss of quedents trough volatilization (i) iereasing
foeest floor ewperanires by altering the plammg denséty amd (i) application of dolowmitic linw o replace cations

in urder to improve e acidic conditions making the iter more favousable tor nocrobial activigy.
¥



it
accumalation of litter m high altitude sites. Changes in Yitter guality during decomosition were also biphusic.
Anpalysis of Htter N imdicated a capid loss ot N during the fisst 13 weeks (Phase N13 atiributable w
nuneralization. fidlowed by an itwrease i N which is artributable we assismlanon or inunohilizstion (Phase N2).
Analysis of liter P indicated 2 rapid loss of P during the first (3 weeks (Phase P, aml a continual but more

gradual luss of P thereafier (Phase P2). Phosphorus is coitinually being mineralized.

Reduced decompuosition rates in high altinede sites might be Jinked to differences i microbial avtivity orin the
composition of the microbial population.  To rest the possibility thiat ectomycorhizas are able to retard
decomposition because they are in competition with e decomposer micrubial population, a trenching
experiment which eliminated ectomycorrhizal roots from plots was performed,  This showed that microbial
getivity and biomass were not depressed in the presence of active ectomycorthizdl ronts, Plate counts were
comducted (o enwmerate functional bacterial and fungal proups in both a low and a high altitude site and oo
evidence was found o suggest chat these were significamly differem between sites. [t is suggested that reduced
decomposition rares - mone likely 1o result from changes in microbial activity, which ane linked o

enviroumental factors, such as cooder temperatures wd acidic conditions in the Litter layers of high altitude sites,

The cyeling of nutrients was examited in 4 42 year-old, high altitude P, pomde site in which finer had
accumulated, Samples of the vegetation, liter and soi) components were cullecrud aml chemicaily analyzed for
toral N, total P and the major cations K, Ca*" aml Mg™* . Complet: nutricn: hudgets for N oand P, and casion
poul sizes were determined.  Rowas evidens frone these studies that large reserves of N (1432kye ha'y and P
(103kpe na ') are stored i the Jiner layers, with levels of cations beiig low, The majority of the line Jeeder

roots were distribused in the fitter layees, This indicated a tighly closed plam-fitter-plant nutriend oyele,

Approximarely SG% of te ine feeder oots occureing 1a the ltter layers woere ectompveorshizal. Tt was proposed
that these tungi sy provide aceess 1o o iorvanic il organic sources of Noand snerganic, compl.

inorganic and orgame sources o L I studes esasnined thie abifity of ecomy,orthazal tungt isodated from
P petrly plantations to wilize varions Noanumonium sulphate, nitire, BSAL plutatiione aad viarious anino

avids) amd Ppotassivm dibydropen phosphale, alusnmst phosphage, phytic acid, RNA and giveeropliosphate)



ABSTRACT

Litter accumulates on the forest floar in Pisay putife plantations in Mpumalanpa, South Africa and as a result
nutrients become immobilized and site productivity is reduced.  Studies Rave correlated litter accumulution with
ahiotic factors, such as high altitude sites, high rainfal! soils derived from the timeball series (shale) bave thick

litter layers, This study locuses on the hiotie facks involved in liter acoumylation,

The forest floor mass is determited by the balance betweess the rates ot litter prodoction and decomposition,
Litter accumulation may oceur as 2 result of an imbalance hetween these processes,  To determine the cause of
the imbatance litter production and accumulation in an age series (5-30 years) of P, patula compartiments
growing ar both low and high altitade sites was quantified and decompuosition rates were measured,  Litter
production was shown t increase up (0 & stand age of 14 years, wheregfier it continued o icrease but at a
slower rate, The average annual litter production tigure ranged from 3.64 to 5.85t ha* yr! measured over a
two-year period. Mo significant relationship existed between liter production azad altitude but liger

accumulgtion was shown to bxrease with increasing stand age and increasing altitude,

One of the factors affecting litter decompuosition is bister gualiey.  Litter collected from litter traps was anatyzed
for total N, waal P, lignin, cellulose, polyphenulics and tannims.  No significant relationships were ovident
between any ot the ey guality variables and increasing altioade.  To determing decomposition rates, literhags
were buried ynder the litter layer in 2 comparie el age gronp, al both Jow and high alutudes,
Litterbags were colloeted at intervals of 6 wveeks, 3 months, 6 months, 9 nwonths and 12 months and weighed
o determine mass loss and chemucally anatvzed 1or otal N oand P, o determine changes in litter quadity.
Decompasition was shown @ oceur 1 two pliases,  Durtag plase M1 (0-& weekst there was & rapid loss in liiter
s alter which mass vontinmed 10 be lost but aca stower e (Phase M2 652 weeksy, The average vverall
mass Jost was MY yi | Examination of decomponiton rate cotsians (o indivaded slower Yitter taroover in the
high altitude sites {range -0.33 w0 054 This combined with the tread of decreasing devonsiposition caees

(Phase M2 witht incieasing altitacks oxfreared that coduced decomposition raies seeie tespensible for the
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which includes both the amount of water absorbed amd the rate a1 which water s absorbad (Moore, 1986).
Water absorption is influenced by e morphological characteristics of the Jitter such as cuticle and lead thickness
(Taylor and Parkinson, 1988}, Environmental tuccors afso influence this indtial phase, with leachiag increasing

with increasing temperature and rainfall (Butdgen, 1982),

The compounds released during leaching are readily metabolised by micro-orpanisms, who derive energy from
the C for the subsequent breakdown of the litter.  Leaching alters the chemicak coanposition of the fitter hy
lowering the sugar concentration (Ibrabima, Joffre & Gilion, 1995). The initial quantity of water-soluble
substances in the litter is positively related to the decompuosition rae; however, nrodonged leaching could make
fitter less readily decomposahle as the energy derived from the C compounds becomes deficient and the linter
can i longer sustain microbial growth  (Berg & Ekbobm, 1991, Ibrahima, Joffre & Gilon, 1995), Other
chemical chanpes may oceur depending on the species of firter ¢ g, cellulose and lignin conventrations und the

fignin:N ratic may increase (Parson, Taylor & Parkinson, 1990),

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 wnitial phase.  Litter serves two functions for the
microflora, it provides energy and supplies C for the formation of aew cell materials and catabolic 2nzyme,.
Microbiat cells are approximately S0% C, the source of which is the substrate being uiitized. The proeess of
converting the substrate into protoplasmic C is cal'>d assimilation. At the same time as C is beine assimilated.
N and phosphorus (P), as well as other autrients are required o sustain growth and reproduction,  This umake
of nutrients is an important means of immobilization, /e, the mechanism by which micro-orgzinsms reduce e
guantity of prant avaitable nutrients in die soil (Alesander, 1977; Voge, Grier & Vogt, 19863, Decreased
avalability of nutrients, of decreased litter quality, resubs in decreased decomposition acrivity by icro-
organisms whicl uhtinsately influences tdie decomposition rate, as well as the chemical changes occurring during

the decomposinon process (Vogt, Grier & Vogi, 1980).



The retationship hetween FRP ad aboveground liter production is not clear,  Quatification of FRP is
problematic, with several medn Is heing fotlowed.  Nadethoffer & Raich (1992) examining published data
comfuded that here was oo vorrelation berween FRP estintates and aboveground production.  Yiowever, they
stressed that the variability in the methods used w estimate FRP, may have obscured any relationship,  Analysis
of forest carbon (C) and nitrogen (N) budgets did, however, indicate that belowground production increased
with aboveground production, suggesting that these two components of net primary production are linked and

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

1.3,2 Nutrient outputs

Decomposition

The decomposition of organic matwer is an important means by which organically houed nutrients are released,
retumned to the soil, and made available for plant uptake, The measurement of tter decomposition s bused on
determinations of the amount of litter remaining after a period of time compared with the initisl amount of
litter. Expressions widely used for the decomposition rate are, the exponential decay constant (£) aw the annual

decay percentage (Olson, 1963).

The chemical constituents of litter can be sepurated into 3 groups namely, soluble substances; polymer
carboliydrates and holoceNulose; and lastly, avid Insojuble aromatle compounds such as ligoin and phenolic
products (Mc Claugherty & Berg, 1987). Coniferous litter is characterized by low concentrations of nutrients
snd proteins and high levels of polyphenollc substances, factors which make pine litter resistant to

decamposition (Berg & Stasf, 1980),

The initial phase of decomposition can be attributed mainly to the leaching of both lnerganic elements, such
as Ca™, K* and Mg** aad organic clements, such as organic acids, proteins and soluble sugars (Berg & Staaf,
1980; [hrabima, Joffre & Gilion, 1995; Pursons, Tey'or & Parkingon, 1990), Not atl water-sofuble compourds
are leached w the same rate and the quentity released by the liter varies with species (lbrahima, Jolfre &

Gilion, 1993). The physiochemical process of leaching is infleenced by the litter's water absorption capacity,



are iersined for approsimately 24 months. A seasonal peak in needlefall oceurs shortly after the mazimum
annaal needle producuon (Morris, 1986). Faciars such as climatic comditions, which detay needle production,
will, i turn, affect needle longevity, 1t has been sugpested that plant water suress iy the possible proximal cue

for needlefall (Wright & Comejo, 1990}

Studies have shown thai there is a negative linear relatiouship between total litter production and latitude,
indicating an increase in liter production towards the equatnr (Bray & Gorham, 1964; Vopt, Grier & Yopt,
1986). Litter production has also been showi to be positively correlated with light availability (solur radiation)
during the growing season, with equatorial regions baving a Jonger growing zeason (Dickinson & Pugh, 1974).
Litter production has slso been positively correlated with temperature and precipitation during the growing
season {(Bray & Gorbam, 1964; Kimschbwun, 1995, Meentemeyer, Box & Thompson (1982) examined tie
relationship between liter production and climate, concluding tha it correlated well with the annual actual

evapo-transpiration which combines hotht the energy and the moisture available in the ecosystem,

Litter production increases with stand age unti! canopy closure, after which the amount of litterfall remains ibe
same, Although the quantity of Haerfall remains constant in older plantations, changes may occur in the ratio

of needles o larger litter such as coues and branches (Gholz ot al., 1985, Mormis, 1986; 1992).

Belowground litter ippug

Little is known about oot Jeath and turuover, but ie nuriens inpug from this belowgroutd process way be as
significant s, or more significant than the abovegrowad Heerfall retuns (Hendricks, Nadethoffer & Aber,
1993). Belowgroumd litter productiog is dependent on fine root production (FRP).  Studies have suggested that
FRP tmay contribute up 10 75 % of the annual net prisary production in some coosystems (Nadelboffer & Raich,
1992). The aboveground fitter input for Pinas svivestris (Seots pine) was coleulated as 706" m? yr’, compared
with the belowground inputs of 90gC m? yr! (Pemsow, 1980). The Litter input from the roots is closely related
to perivds of drought. duting which the mortality of roots increases.  However, dhe seasonality of root litter

production may be less propounced ihan for ahoveground liner prodhwtion (Persson, 198C).



deposition in the attorested regions of Mpumalanpa hive been caleulaned as B 6-32.0 80,7, 19117 NO,, L1

ZTNH,, 21-6.0Ca'', 0.8 1.0 Mp' awl 1337 K* (Olbrich, 1995,

Eorest canopies have a filtering effect on particles in the simuosphere. The canopy traps maee serosols and dust
than o flat surface, due 1o the increased surface area.  Accurate measutenients of Jry deposition are difficult 1o
assess, hecause of problems with measurement techinigques; some estimates (kg ha ' ye 'y of the major cations and
anions contributed by dry deposition ia the afforested regions of Mpumalanga have been caleulated as 0,89-24 4
S0, 0.62-24.9 NO,, 1.22-17.0 Ca®', 0.1.0.8 Mp®* and 0.5-1.3 K*. This suggests ““at wet and ey

deposition provides comparable quantities of autrieats for most elemental species (Olbrich, 1995),

Throughfall or canopy leaching is also regarded us 2 nuteieat input process.  Recent studies by Olbrich, Du Taoit
& Van Rensburg (1993 have examimed the throughtall under . pattda in two siees in Mpunusangs.  This study
showed that, in genendd, comcentrations of §0,°, NO,, €, Ca®*, Mg®* and K* tuns in throughfal! were
enhianced relative w open (reinfall) sunples, indicating (bat the canopy acted as a source rather than a sink of
ions. This increase in nutrients was panticalarly evident with K*, indicating e ahility of K* to be leached
front 2. patwda oeedles.  These dina support studies by Zamierowski (1975 which showed thas considerahle
mare K’ than Ca?* or Mp?* can by extracted feom P patwda needles with distilled water, indicating the

{eachable nalure of the cativn,

Atmuospheric deposition fus the potential ko effect the long-teem fertility of sotl.  Deposition acidifies the soil
through the leaching of base calions lrom the soil, which results in decreased availability of cations and

increased heavy metals, in particular aluminion, iy the soil solugon (Otbricli, [995)

Aboveground Tliter_ produsiion

One of the primary aboveground seurces of nutricts emering the torest evosysten is via the linertall. Many
lactors have heenr shows to afledd liner praduction. The Jopgeviey of eedles is s unportant factor and s
depemdent on species. Son & Gower (1990 repurted thas needle Tonpevity was 36 months for P serobuy twhite

pine), 46 months for £ resemenda ted pined and 66 months for Preca aftes (Nerway sproced. £ patide needies

4]



principles and concepts apply 1o the exotic fast growing pioe platations in Mpumalanga,  This has heen

demonstrated by Marris (1986 1995) in the Swazilaml P, potide plamations,

Nutrient cycling involves three main cycles; a peochemical, biolopgival aml a bivgeachemical cycle (Attiwill &
Adams, 1993), he peochemical cycle involves inputs of murients from ammospheric deposition, weathering
and the outptts of nuerieats throvugh leaching, The bivlogical cycle itvalves the moveneny of autrients front
soil {0 plant to soil, via the ferest Toor, The process includes the storage and retranslocation of nutrients within
the tree. The biogeochemical process involves the movement ol nutrients between the peosphere, the biosphere
and the atmosphere (Attiwill & Adams, 1993, Clarley & Richards, 1983, Helmisaari, 1995), The foces of this

project is on the bivlugical processes thet concrol the rates of transfer within these cycles,

The functioning of the eeosystem depends largety upoit the activities of sofl micra-organisas found in the uppet
layers of soil, The storage of organically bound and exchangeable nutrivats in the torest floor and uiderlying
soil atlows all systems o function in spite of e facr tial nutrient inputs may not he in phase with the
requiretents of decomposer organistms or die cedease of suerients by deconposers may not be sychronous with
plant uptike {Gosz, Likens & Bormann, 1976). The fetiowing section discusses various aspects of nuitient

inputs and outputs involved in the mttient cyele,

1.3.1 Nulrieat inputs

Wetand dry depusicion

Nutriemts whicli are dissolved in rain and mist vontrihute guantities of outtiems to the soil, and are regarded
as inputs inte the evosvstens.  These nutrieies are derived mainly from air pollatams sad the quantites at
nufrients cin vary hetween rainfall evets, seitsons and years (Packer, 1990, Proben, 1976). The quality ol
rinwAIRT I an bnporiam meats of monitoring air pollution we which foresis are noably sensitive,  This
sensitivity is gieribnted (o e forest's capacity to absorb poliutants. The large crown volune ot forest trees sad
the fongevity of the trees and meedbes incrvases the absorprise surdace 2nd the exposure time ol e trees to

poblutants AOIbrich, 1995y Lstiates tkp ba b yr 'y ol (the mag vations and anions contributed by wet



The aceurmulation of litter vp e forest foor has been shown o increase will increasing distance from the
equator, This can be illustrated by comparing #. hanskiena (Jrck pine) growing in Minnesota, USA which has
a forest floor maess of §2¢ ha 't with the 300 ba ' under P. bansfiane in New Brunswick, Canada {Vogt, Grier
& Vopi, 1986). The increase in litter accumulation with increasing latitude indicates that the formation of "mor!
layers may he influenced by abiotic factors such as temperaore amd rainfall. The influence of tese abiotic
factors have been confirmed by Schutz (1990). In Schutz's (1990) study litter accummlation was positively
related to hoth rainfall and altitude, among other factors. Examining the biotic influences on litter accurnulation
Schutz (1990) showed that accumulation could be correluted with several toliar nutrient concentrations, which

include positive relationships with B, Mg, Al aund Zn and a negative relationship with Ca.

Litter depth in mannged, even aged plantations declines after clearfelling due to disturbances, then increases
after the next rotation is planted until canopy closure. This increase reaches a maximum about 13 to 2/3 of

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

Litter accumulation may wecur as a result of an imbalance in the input of organic material ints the ecosystem
{l.e. aboveground licterfall} and the brerkdown or output of this material (i.e, decomposition). The relationship
between litter accurmaation and these biological provesses in P. parela plantations has not previously been
examined in Mpumalanga. IF litter acunulation is a result of the imbalance hetween inputs and outputs, then
it must influence the nutrient cycles in these £ parda plantations, This would in turn effect the long tevm
pridluctivity of these sites as well as their sustainability during future rotations.  The following sectiun examines

the current literature pertaining (o nulrient cycles in forest ecosystens.

1.3 NU1KeNT CYCLING

Studies on the storage and movement of nugriebts in fomst geosystems (e, putdent cycling) have been
conducted for more thin 100 years (Atiwtll & Adams, 1993, Although nach researcl: has been conducted

in the temperate regions and nainly on saturad forests radier than nwoaged planation forests, the basic



Litter serves many functions; it acts as an insulating layer whick protects the soil from extrenw changes in
molsture am) temperature; it protects the soil from erosion and frost and it improves water inffliration (Hering,
1982; Schutz, 1990). Biologically, litter provides energy and nutrients for heterotrophic organisins.  The litter
is wetabolised by 8 host of organisms, resulting in the refease of the nutrients which are then retursed tor the
soil for reuse by the plant (Singh & Gupra, 1977). Licter, therefore, influences or regulates most of the
functional processes occurting throughout the forest ecosystem (Gosz, Likens & Bormane, 1976). The
conservation of essential nutrients and their efficient utilization in growth is required to sustain forest
productivity, espectaily as many rforest stands are located on nutrient poor sites (Awtiwill & Adams, 1993, Vogt,

Grier & Vogt, 1986).

If the decomposition or breakdown of litter slows down for any reason, liner or raw humus will accumulate
resulting in a ‘mor’ layver (Hering, 1982; Schutz, 1990). Mor layers are regarded as a threat to site
productivity, as nutrients are isumobilized in the litter, organic acids are released and moisture penetration is
alteved, Practival problems also arise such as restriction of recess, ingreased fire danger because of the increased

fuel load and lack of wind firmness in newly planted trees of subsequent rotations (Schutz, 1990).

Tt1 an extengive research project carried out in the 1ae ¢ighties in South Africa litter accumulation was shown
to be a potendal problem in P. patula plantations i Mpumalanga, with 2 maximum thickness of between 60-
G5cm being recorded at Ceylon State Forest (Schutz, 1990), On average the litter thickness recorded under P,
patla is 10cm (range of 3-35cm).  Average liner thicknesses of 6em (range of 3-13cm) bave been recorded
undler 2. taeda and Sum (range of 3-14em) under P. elliondi. The latter two species are also grown in the
region (Schutz, 1990), Under P. patula, litter accumulation is manifested in there being finle breakdown of
litter, with only the formation of L and F layers (Schutz, 1990), in contrast to this, in the Western Cape, lirter
accumulation occurring under P. pinaster has an average litter depth of 13cm, the necumulation of the H layer

heing more prevalemt (De Ronde, 1984; 1991,



The main silvicultural problems in growing P. pumdo in South Africa are the morphology of trees; fungal
diseases such as Rhizinia wndulcta (root tot) which causes severe mortality of planted seedlings after slash
burning (Germishuizen, 1984) and Spheeropsis sapinea, which causes showt blight and top die back becoming
particutarly prevalent after bail damage and drought (Swant & Wingfield, 1991; Smith er al., 1996); and

uutritional problems which may be associated with linter accumulation in the pine plantations {(Wormald, 1975).

The establishment of many pine species in Southern Africa was initially hampered by the lack of suitable
ectomycorrhizal fungt in the soil. It was only after the importatior of bumus and rootlets from native pine
growing areas, which were then added to nursery soils, thar success was finally achieved (Wormald, 1975).
Presently, in South Africa, there iy un increased demand for Jand to meet the oeeds of rural communities and
as a result new land is no longer availuble for afforestation, The continued success of the industry ties in

improving the sustainability of currently utilized forestry land.

1.2 LITTER ACCUMULATION

The term lister refers  dead plant materisl, both above- and below ground, such as dead needles, brunches,
twigs, cooes amd roots, Lirter is an important charagteristic which distinguishes forest soils from agricaltural
or cultivated soils (Satchell, 1974). Ia this thesis the term ‘litter' refers to abovegrowd liter, uniess otherwise
stated. When aboveground litter falls it ties on the suil surfuce until it is coversd by new liter. The mineral
soil becomes permoanently hidden by a series of these organic fayers. These organic or ‘'mull’ layers are
described as;

- the litter (1) layer, which is composed of intact dead leaves;

- the fermentation (F} layer, which is composed of broken up organie matter thet is still recopnisable

as licter and

- the humus (H) layer, witich is composed of unrecognisable dark, powdery, organic matter (Hering,

1982},

-t



1 INTRODUCTION

1.1 BORESTRY IN SOUTH AFRICA

The forestry and forest products tndustries are two of the larpest and fastest growing seceors of the South
African economy. Approxinately §.4 million ha are afforested with over 50% planted to pine (South African
Forestry Facts, 1994), The genus Pings, is of econamic impontance, with pine timber having a variety of uses

from sawlops, for the building industry, to pulp for paper production {Poyiton, 1980),

P. syfvestris was the fitst pine species o be introvfuced into the country,  This species was brought in by the
Dutch East India Company; however, their initial attempts at establishment were unsuecessful. P, pingster and
P, pinea were luter introduced and established by the French Huguenots towards the end of the 17th century.
The first commiercial plantation, Genadendal, was established between 1825-1830, Thereafter followed a rapid

introduction of many pine species (Poymon, 1980),

Pinus patwle Schlechid, et Cham, was first ingroduced to South Africa froim Meadoo in 1907 and has sinee been
widely used as a plamation species (Poymton, 1980).  This species is also grown in Swaziland, Angola,
Maozambigue, Zimhabwe, Madapascar, East Africa, Malawi, Kenya, Tanzania, Uganda, Rwanda and Borondi
(Wormald, 1975). Tie species thrives best on cool, nuwist sites in temperate hundd repions and the mist belt
of the sumimer rainfall regions. The spevies is not suited to areas with altitudes below 75001, The best prowth
rates are obiained fn areas with an anoeal previpitation of 1 1800mn1.  The mean height increnrent duting the
first ten years is E-1.5m per anonum, and canopy closure is achieved at $-5vrs. P painde is resistant to frose,
but on shallow soils the speaes suffers from deought during periods of abnormally low rainfali (Schonau &
Fitzpatrick, 1981; Wornuwld. 1975). P panda suceeeds ona variety of soils, including those derived trom

dolerite, pranite, dolomite, quartzite and samdsione (Schonau & Fitzpatrick, 1981,



List of plates continued

Plate 8.8 WIT4 05 - Autofluorescence of eceotnyeosrhizal moot tip; ¢ - 390-420nm, fluoresces greett at tip,

{Scake har - 70pm).

Plav 8.9 WITS Q6 - Cross section of ecctomycorrhizal root; « & &, An - common type A, palmetti ‘Hartig’

uet: it -~ fobed haustoria; ¢ - tannin cefly; ¢ - corticat cells 15cale bar - FQuny

Plate 8.10 WITS 06 - Longimdinal section of cctomycorehizal root; o & 5 b - common type A, palmetti

‘Hurtig' net; i - lobed haustoria; ¢ - 1annin cells; ¢ - cortical cells; #f - oot ip (Scale bar - 10pm).

Plate 8.11 WITS Q1 - S-toraderma citrimen Pers. sporocsrps: o & b; am - dark coloured, internal, spore pass;

w - wart-like protubetances,

Plate 8.12 WITS 06 - Bodetus pinicola Vit, sporocarps; a & b, o - cap; st - stipe; p ~ pore layer; br -

characteristic blue bruising of the pore layer.
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10um),
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Plate 8.7 WIS 06 - Brown, siisple o didhstmeusty hranchod ey otrbizal roor; g & B c - beadod BCM
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it iavolves the utilizaton of oipaniv acids in the tssue and the dark fixation of CO,. Buth the plotamate
delydrogenase and the glutamine syathetase pathways have been identified in mycorrhizas (France & Reid,
1983). The sbsorption of phosphates results in 1 conversion o nucleotides and sugar phosphates, fotlowed

by the sceumuiativn of inorganic orthophosphates, organic phosphates aad polyphosphates (Cox er o, 1980).

Studies in temperale regions have shown that ECM dominate in environmenis in which nutrient supplies are
scasonal, therefore, the storage of utricots in the mycorthizal structures decreases the loss of nutrients through
legching during periods of greater nutrient availability. A substaruial amount of N has bees shown to be eycled
througl the mycorrhizal system. Vogi et al., (1983) found that mycorrhizal fraiting bowis returned twice as
much N (o the sofl when compared with the aboveground fiteefali in Abies amabilis forests. i a Psewdotsuga
forest ecosystem mycorrhizas were teported to he responsible for 309 of the toal N diroughput (Fogel & Hunt,

1983},

The nutrients absorhed fnto the symbiotic system can be stored and recyeled within the system.  Furthermere,
the presence of mycorrhizal hyphal linkages, along which both nutrieats and € can pass from one host plam
to another, and can result in a close eycling of nutrients withio the ecosystem (Harley, 1989; Newman, 1988).
The presence of mycorrhizal linkoges may be less inportant in ectotrophic commercial plantations where host
plants are grown in uniform stasds and mycobionts show some degree of specificity. o this case it would he
unlikely tha: nwtrients would be transferred from the plantation trees (o understorey plants such as Selunum
mauritionum (bug weed), and Acacte mearnsél (Waltle) memhers of the Salanaceae and Fahacese Familios,

respectively, which are known to have endomycorihims (Harley & Harlev, 1987),

Estomycorrhizal sule in desomposition

Several studies have shown that some ECM fungi are able wo solubilize complex conipouirds such as organically
bound N and P Initindly, 1t was thoughit thal ectomycorrhizal fungi lacked the enzymwes necessary o exploit
comples organic sources of N and thit they were depeaden on siople orpanic forray of N such as sinbiwe acids,
urea and glotamic avid (Marks & Kozlowski 1973). I vitro experinetits have demoistrated that some spucies

of eclomycorriiizal funpi are canable of using proteits as & sole N source, |t hay been confirmed that BCM



1.5.3 Hctomycorrhizas aad the cycling of netzicnis

Cysling of carbon

Mycorrhizal fungi obtmn their C direetly from the host plant and terehy lave a constant supply of usable
carbolydrate, allowing them o compete with non-myoorrhiad micro-otpanists for isorganic meeients (Harley,
1989},  Many studies have examined the ettect of mycorrhizas on carbon gllocztion ad Lave shown thay
mycorchiznl plants ave inceeased rates of phowsynthests and subsequently Sncreased biomass as a result of the
increased flow of nuirients o photosyatheticaly active Teaves (Reid, Xidd & Ekwehelam, 1983), Under certain
conditions mycorrhizas can drain host C hecause ol the increased rate of respication and the potenti) loss of
soluble carbohydrates from the roots,  Conversely, the loss of these soluble carbohydemes from the roots may
provide a substrate for other soil mierobes involved in mitrient transformations (Vopt, Publivover & Vogt,

991).

The activities of the mycorchizas and other soif microbes result in the release of CO; inte the atmosphere, The
amouni of CO, respired can exceed (by 30-200%) the amowt of C amde avaitable o the soil through the
decomnosition of both above- and below.rround litter (Murks & Kozlowski, 1973). The photosymthetic €
diverted through chizosphere an? mycerrhizal erpanisms probably accounts for much of the respired CO,
{Brundrett, 1991; Harley, 1989). More than 10% of the C photosynthesized by the host may he diveried
through the wmycorshizal fungi and in one study by Fopel & Ham {1983) 50% of the wial annual throughput
of Cin y Psendorsuga forest was respired hy the niyeoerhizal fungi. Stadics in Afies amealiliy {Pacifie silver
fir) forests estimate e C allocated o mycorehizal funpi to be 15% (Vopt et ef., 1983), Ttis evident from these

studies than ECM Tungi play an importatt tole in te C eycle,

Cysling of nutrients

Tt is wed! accepted that mycorehizas enbance the uptake of sutrients froat tie soil, by ahsorhing swiricnis 2t a
distance and then trunstocating them o the ot (Bruedrew, 1991, Harley, 1989)  Lctonveorthizis ahsorh
norpanic phasphates amd gmmonivm compowruds trom sioils of Bigh phepolic Loowent where nittates are

deficient. The mechanism of M ouptahe resaliy in e vapid aceutialinion of plug anine in e fungal yphae, amd
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1989). A number of ectomycorrhizas are smuooth with few byphal connections capible of exploiting nutrients
from the sof).  Evidence sugpests that diese fungi produce diffusible enzymes which provide the host plant with

aecess to sources of N (Read, Leake & Langdale, 1989).

The formation of 4 fungal sheadh around the roots contributes sigrificantly to the amount of fungal tissue
involved it mycorrhizal symbiosis as well as increasing the diameter of the root. Several studies ave shown
that the fungal sheath may account for as much as 39% of the ECM rout mass {Harley, 1989). This figure
excludes the comtribution of fungal tissuae made by 1he hyphal network and fruiting bodies.  The sheath also bas

an sccumulatory function amnd avts &y an orgas fur dw storage of nutrieots and carbohydrates (Harley, 1989).

Most trees and shrubs initiadly develop tap roots in the seedling stage, which will later form the main axes, the
apex of which will grow 1o extend the root system.  From the main axes branches nre formed, nanely, long
routs with unlimited growth and shont roots with restricted geowth and {ife-span,  In the genus Fiay the short
roots are sharply differentisted from the axes which bears therm (Schenck, 1982), When infev i by an ECM
fungus, tiese short roots condnue o grow slowly, branch dichotomously and form mycorrhizal systems, The
dichotomaous form of branching, typical of Pingy ECM, is rare or absent in other plant genera {Agerer, 1987-
1995; Harley & Smith, 1983). Thix increased root branching increases the rpot surfice area available for

absorpton of nuericnts,

Mycorthizal infection of the root system is permaneit, although the longevity of mycorthizas themselves may
vary. [t has been estimated that the foogevity of Pinus mycorrthizal rootdets may be from several moniths 10 4
year, slthough fonger estiniates bave been made,  Longevicy depends on the climatic conditions as well as the
mewsition of roots i the s0il borizon; fur example, root prowth may cease i surface layers during e coldest
periods,  This would result in & considerable mortaiity of roots, which altimately would affect root turnover
(Marks & Kozfowski, 1973; Harley & Smith, 1983). Ancther chiracteristiv of ECM is their ability to grow
upically, producing new active regions, while their prosimal region ages and dies.  During sepesvence the

hyphae may remain active afier the cells hepin o Jepenerate (Harley, 1980,
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Tnectorrophic forests wany types of mycobionrs may oceer, swmbiosis v generally ahligatory and dwe myeohiont
Is often specific to one or anly a few hoss species, The hosts themselves may form dwsociations with a wide
range of mycobionts, often simuliancously. Tt is dwuphe that these diverse assiations alieviate the direct
competition hetween iulividuals growing side by side (Malloch, Pirozynski & Raver, 1980; Vogt, Publicover
& Vuogt, 1991). Zak {1973) estimated that mose than 100 fungal species lave e potential 1o form BECM with
Pseudotsuga menziesit (Douglas fir) some of which appeat 1o be host specific while others are mt.  Trappe
(1977 suggested that this was an under-esiimation and that 2000 fungal species are potential mycobionts of this

bost.

Host plants may also be associated with different mycobionts at different times during their development, or
depending on ecological conditions and climatic fluctuations. The mycobionts on seedlings are usually replaced
as the plant matures, resulting in a succession of ectomyeorrhizal types (Malloch, Pirozynski & Raven, 1980,

Mason ¢t af,, 198%).

1.5.2 The role of ectomycorrhizas in ecosystems

The effectivencss of mycorthizas in ecosystems s influenced by & number of interacting fitctors reguliied by
il host plant, e mycorrhizal fungus, soil conditions and environmental factors (Brundrett 1991 Miller, Koo
& Molina, 1991; Vogt, Publicaver & Vogt, 1991). It tas been well establishod that mycorrhizal fungi benefit
their hosts by enbancing nuneral uptake From the soil and thus contribute to eyeling of nutrients in the
ecosystent. The enliznced mineral uptake ability of mycorthizil routs is related mainly to the increased surtace

arsa effective in lou absorption (Rrundrett, 1991, Harley & Smith, 1983),

Most ECM have a considerable network of hyphae or byphal strands which have Jong been regarded as
extensions of the absorbing surface which serve te expioit the soil and transtocate absorbed nutrients to the oo,
However, nutrient deficiency zones, especially of poorly tebile outrients e.g, P, will develop around the hyphal
metwork,  Another function of these hyphal extensions i to provide new absorbing surfaces o cross the

deficiency zones: the growth of hyplae is Jess expensive in material terms than the growth ot roots (Harley,
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Figure 1.1 A diagram illustrating the anatomy of an ectomycorrhizal root (Brundrett, Melville & Petersen,
1994),

Ectomycorrhizal hosts are generally forest species occurring in the norhern and southern teniperate and sub-
arctic reglons and includes the peous Piaus. The genus Eucalyprus, a temperate and subtropical species from
Australasia, is also ectomycorrhizal (Harley & Smith, 1983 These two genera are the main commercial forest
specles In South Africa. Tropical and subtropical fue- wmmy also be ectomycorthizal e.g. Caswanng amnd

Allocasuaring species, members of the Casuarinaceae amd somw members of the Coesalpinoldeas (Hartey &

Smith, 1983; Thoen, Soygoviara & Dommergues, 1990).
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Figure 1.1 A diagram iflustrating the anatomy of an ectomycorrhlzt root (Brundrett, Melville & Petersen,

1994),

Ectomycorrhizal hosts are generally forest specles occurting in the porthern and southern temperate and sub-

arctie regions and includes the genus Pinus, The genus Fuealyprus, 8 tempernte and subtropical species from

Australasia, is aiso ectomycorrhizal (Harley & Smith, 1983), These two geners are the main commercial forest

species in South Africa, Tropical and subtrupical trees may also be ectomycorthizal e¢.g. Caswaring and

Allorasuaring species, members of the Casvarinacese amd some members of e Caesalpinoideae (Harley &

Smith, 1983; Thoen, Soygoufars & Dommergues, 1990,
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1.5 ECTOMYCORRHIZAS

1.5.1 loteoduction

Symbiotic relationships between fungi and plant roots are ubiquitous in nature, Mycorrhizal associations are
categonized gecording to their morphological characteristics. From these characteristics three main groups can
be distinguished, the ectomycorrhiza (ECM), the endomycotrhiza and the ectendomycorrhiza (Harley & Harley,

1987),

Ectomycorrhizal associations are prevalent in Pimus as well as other forest ecosystems being identified by the
presence of an extenal fungal sheath or mantte which encloses the roots of host plants in fingal tissue. Hyphae
penetrate between the epidermal and cortical root cells forming a ‘Hartig' oet (Harley & Smith, 1983). A
diagram illusteacing the anatomy of an ectomycorthiza is presented in figure 1.1 (Brundrest, Melville &
Petersen, 1994), There is a considerable amoutr of variation be iween ECM in the development of the sheath,
the develbpment of the Hartig net, the extent of intercellular penetration and in the fungal connections between
the sheath and the soil. I is these charscteristics which have been used in the identification of ectomycorriizas

(Agerer, 1986; Zak, [973).

The aryrobionts associaied with ECM include families of the Basidiomycota, Ascomycota, sterile Fungi
Imperrect and occasionally the Zygomyeoa (Harley & Harley, 1987). Field observations, such as the
ceasistent association of freiting bodies with & partivular tree species andfor the presence of fungat hyphal
attachments between fruiting bodies amd the mycorrhizal root, have aided in the identification of the mycobioat,
Pure culture isolations made from fruitng badies, where possible, have been used o inocutate potential host
seedlings under axenic conditions, the formation uf + CM roots confirming the symbiotic relationsbip (Harley

& Smith, 1983).



1.4.2 Hire

Stash burning after harvesting is no longer standard management practise in South African forests; however,
farest wildfires stiil occur and it has been estinated thar + 6430ha of plamativns are burnt annually (van Wilgen
& Scholes, cited in Olbrich, 1995). Buring is known 10 have a marked effect on nuteient cycling in
ecosystems {Gob & Phillips, 19901, The teniperatures attained during bursing are determined by the arganic
matter coatent, its bulk density and moisture comtent. I P, patida compartments the forest floor is beiergenous
in nature due o disturbances caused by thinning aw pruning operations, changes in the microtopography and
bushpig activity (Schutz, 1980); this results in hot spots ecurdng during forest tires,  Substamial quantities
of N and P are lost during burning with a loss of up tw 66% and 35%, respectively, being recorded in New
Zealand forests that have been clearfetled prior o hurning (Goh & Phillips, 1991). Most of the N s lost as
a resubl of volatilization (N;), althoug®. - portion would be comtained in the fly ash. Maost of the P and cations
are lost as particulate matter in the convection ¢ulumn, although volatilization of P has heen reported to occur

during fires of high intensity (Goh & Phillips, 1991),

1.4.3 Leaching

The leaching of autricnts from the soil profile represents a loss of nutrients from the ecosystem.  This is of
particular interest in areas were acid rain is prevalent, s in the escarpment areas of Mpumalanga.  Studics by
Carlson (1992) concluded that water pereolating thoough the soil may become more acidic as the pH of ruin
decreases,  Avidic precipitation could inerease te ainounts of Mg* and Ca®* leached from the soif, reducing

their availability to the plant and resulting in low basic cation concentralions in the soil,



1.3.4 Retranslocaion

Before senescence of needies, nutrients are withdrawn and inteenally redistribuied to support new growth (Proe
& Millard, 1995). It is not clear whether this retramslication oceurs in response to site quality or environmental
factors or whether the response is genotypic (Vogt et of., 1995).  [n a P study conducted by Proe & Millard
(1995) no evidence was found 1o suggest that the amoumt of P remobilized was affected by current P sopply;
however, the fming and rate of N and P remuobilization may differ. The pliloem transport rate together with
the rate of phloem loading and uuloading which is partdally a function of an osmotic gradient from soures to
sink, conirols reteanslocation.  Almost no retransiocation takes place in the xylem (Chnpin I & Kedrowski,
1983; Nambiar & Fife, 1991). This process of retranslocation is heneficial for the nutricat economy of the tree

{Berg et al., 1980).

1.4 NUTRIENT LOSSES

1.4.1 Harvesting

Under natural conditions forest trees would maintain e cycling of nutrients through the process of
decomposition and subsequent return of nutriems to the forest soif followed by upake. However, this is not
the case when logs are harvested for commercial use, This represents ¢ net foss of outrients from the forest
eeosystem. as nutrients contained in the logs nee expotted from the site. The potential annual export of nutrients
(kg ba') from P. patulg sites range from hetween i0,2-15.1 N, 0.5-2.8 P, 4.1-9.4 K*, 6.5-9.2 Cr¥* and 2.2-
3.9 Mg** (Murris, 1986; 1992). Apart from the direct effect of harvesting on autrient loss, the process aiso

mexdifics many soil processes which subsequently affect nutrient availabiliry (Goh & Phitlips, 1991).
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facces which modifies the chemistry of the substrate, remlering it more available o microbital depradation:
comminution, which breaks down litler into smaller pieces; and transiocation which results in the redistribution

of substrates, nucrients and micero-organisois (Seldld of al., 1991; Shaw ¢ af ., 1991).

1.3.3 Nuiriem uptake

Terrestriat higher plants obtain the nutrients required for growth from the soil, These nutrients are maaly
dissolved in the soil solution and solutes of low motecular weight are transported to the roots by Jiffusion or
mass flow. This process is a non-mewbolic, passive provess dependant on availability of nutrients in the soil
solution and the formation of root hairs (Jewsén & Petterson, 1980; Marschner, 1995), Cell membranes act as
a barrier, preventing the rransport of nutrients against a concentration gradient. The movenkat of nutrients
across the membrane invalves specific binding sites or 'carriers’ which facilitate the process. This is an sct
process and requires energy derived from ATP, the main source of which is respiration. Factors affecting
respitation would therefore effect nuttient uptake.  Some of these factors include:

- 0, concentrations: a decrease in O, results io decreased uptake, particularly of K* and P,

- temperature; chemical reactions are temperature dependant, increasing emperatures wontd therefore

enhance mutrient uptake;

- carl vltydrates. this provides the substrate for respiration. There is a close interrebationship beaween

fight availability, cerhohydrate supply to the roots, root respiration ang outriens uptake;

- pH: as H* coucentrations increase pH decreases and cation uptake is generally iohibited at low pHs

(Mye & Tinker, 1977; Marschner, 1995),
The size and distribution of the root system, as well as different physiofogical ages of individval roots are

important in determining the magnitude of nutrient upiake (Jensén & Petierson, 19809,

Ectomycorrhizat (ECM) roots play an important role in the oyeling of nucrients by increasing the surface ures
effective in ion absorption. 1o ECM this benetit is astribuied to byphal and mycelial strand formation, sheath
formation, increased root branching, increased oot diameter, and increased root longevity (Colenun, Reid &

Cole, 1983),



e

Temperature has also been shown to be positively correlated with decomposition with itcreased temperatures
stimulating microbial activity (Kirschbaum, [995; Nicolardot, Fauvet & Chenehy, 1994). This relationship
would only occur fo an optima! limit as the microbial enzymes, such as cellulase, amylase, protease and
phosplatase, to mention a few, which are responsible for decomposition would become insctive after 4 threshold
temperature has been reached (Kshattriyn, Sharma & Mishrs, 1992; Sinsabaugh, Antibus & Linkins, 1991),
These enzymes are also sensitive to pH, and microbial activity is enhanced under neutral to alkaline conditions
{Alexander, 1977, Kshatitiya, Sharma & Mishra, 1992). However, it must be remembered that microbial
activity does not result onfy from the addition of simple effects, but is also influenced by interactions between

the individual environmental factors {Nicolardot, Fauvet & Cheneby, 1994),

Microbial colonization of decomposing organic master involves a number of species representing both the
bacterial and fungal functional groups. During the initiz* phase of decompaosition microbial comnupities able
i degrade cellulose and presumably lignin are prevalent. As decomposition progresses changes in the microbial
composition oecur (Schew & Parkinson, 1995), Changes in the microbial commuuity occur 8s a result of
chemical chanpes in the litter, uotably the changes in the C to uuirient ratios. It is generally accepted that N
is the element which becomes limiting during the early sinpes of decomposition, while C becomes [imiting
during the later stages (Enriquez, Duane & Sand-Jensen, 1993). Coniferous forest litter is acidic and most
stodies have assumed that fungi are the main decomposer organisms, However, studies applying more direct
methods of enumeration have sugpested that bacterin may he more important in coniferous forests than

previously thought (Persson 1 al., 1980).

Soil faung play an important rele in the decomposttion process and the cycling of nutrients.  Soil fauna
commonly distributed in coniferous forests include Nematodna (nematdes), Enchytraeids (potworms),
Caollembola (springtails), Acari rmites), Oligochmetes (earthworms) and Diplopoda (millipedes) (Shaw et al.
1991).  Soil fauna do not possers the range of enzymes required to breakdown orpatic matter and, therefore,
do not influence decomposition directly. Howsever, soil fauna van influeice die mobilization and immohilization
of autrients through ldirect methods,  These niethods include grazing on other micro-organisms, in particular

fungi; predation, which can alier the balance berween fungivores and bacterivores; conversion of litter int,
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Litter that decomposes slowly has been siown to have high C:N ratios, with N becoming limiting for microbial
growth (Witkamp, 1966, Melillo, Aber & Murtore, 1982). The immobilization of N is generally colsidered
to occur when the C:N ratio of litter is 230 (Paroas, 1975). Litter with high lgnin and polyphenolic
concentrations have also besn showu to retard the decomposition rate (Fogel & Cromack, 1977; Mc Claugherty
& Berg, 1987; Palm & Sanchez, 1991; Vanlauwe, #f al., 1995). The phenolic compounds gencrated by the
oxidative degradation of lignin are known ¢ beve an inhibitory effect on the enzymes involved in degradation
by micro-organisms (Kshattriya, Sharma & Mishra, 1992, Tian, Kang & Brussaard, 1992)., Polymer
carbohydrates decompose more rapidly, but because lignin and polymer carbohydrates are both physically and
chiemically lioked, neither group of compounds decomposes independently of the other (Mc Clangherty & 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 ratics are those of lignin:lignocellulose, lignin:N and prlyphenol:N
(Aber, Melillo & Mc Claugherty, 1990; Melillo, Aber & Muratore, 1982; Palm & Sanchez, 1991; Stump &
Binkley, 1993; Upadhyay, Singh & Meentenwyer, 1989). However, other studles have not been aple to show
correlations between litter quality ratios and the rate of decomposition (Mc Clapgherty, er af,, 1985; Moore,
1986). This can probably be attributed to differences in litter chemistry, particularly lignin and N, which varies
widely among species (Aber & Melillo, 1980) and which nmy vary within species for stands of differing site

quality and nutrient stafus (Lamb, 1976),

Rainfall not only Influences the decompusition process during the initial leaching phase, but also influences the
hiological phase by maintaining the moisiure content of litter mt a leve! which sustains microbial activity, The
number of rainfall events, rather than the total ymouni of rainfall, has heen shown to be hetter correlated with
decomposition.  This judicates that regular moderste rainfall, which maintains the fitter's aw isture coment, is
wore favournble than a small number of heavy rainfuli events, which may lead to remporary Heter dryness (Pogt
et al., 1985; Vanlauwe er al., 1995). As the toal amount of raisfall increases, anaerobic conditions may
develop in the litter/microbial environment, retarding their activity, This relationstip would presumably be

affected by soil properties such as dratnage,
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Hypothesis 1: Litter production increases with increasing altitude (Fig. 2.1; chapter 2).

This chapier will examine litter production and accamulation in several P, putidg compartmunts of various stand
ages, at both low and high altitude sites. The relationships of these vanables with stand age and altitude will

be discussed.

4.2 MHTHODS

4.2.1 Study sites

A field study was established in March and April 1992, 0 monitor litter production in P, pettla stanls.
Initiatly, thirty five P. pamia compartments of stand ages batwesn 5 and 30 years were selected from both low
and high altitude plantations in Mpumalanga (Table 3.2; chapter 3). Compartments situated below an altitude
of 1200m were designated as low altitude compartments, while those above this altitude were designated as high
altitude compnnments. At the beginning of the field snudy the guantty of organic mtter oo the forest floor,
from all the compartments (Table 3.2; chapter 3), was assessed. Due io vandalisin and the felling of drought
aemaged trees, a total of 15 compartments remained as the end of the first year of the study (Phose 1, ending
March 1943). Several compartments were re-cstablished in June 1993 w give a totat of 24 comparments, two
cormpartments in each age group at hoth low and high altitude sites (Table 3.2, compartients marked *) were
selected. By the end of Phuse 2 (June 1994) 22 compartments remained, two vomparesents being lost as o

result of fire (Table 3.2; chapter 3).

4.2,2 Litterfnll collection coad grantification

Three liter traps (3m & dm) were erected in each compartinent.  Troaps were initlally consttucted from 40%
shadecioth and were suspended 1m above the forest floor beiwest groups of (our 2. pagida trees.  Lattertall,

comprising mairly needles, branches and ovcasionally cones, was collected from the traps amd quantified every

LM



4 LITTER PRODUCTION AND ACCUMULATION

4.1 INTRODUCTION

Lirter production is a collective tern encompagsing both the above- and belowground titter produced in an
ecosysiem, 1 this study the term litter production refers only t that contributed by the abovegrounsd linterfall.
Litter is an important source of nutricots and cnecgy and is therefore » fundsmental part of the nutrient cycling
process (Meentemeyer, 1978). Litter production provides a major inpui of nutrients into the ecosystem.  This
iput is balanced by the decomposition process or owgut of nutrients.  Any disturbance of this bafance could
result in the liner accumutation observed undet Plmes patida growing in high altitude sites, in the Mpumalanga
plantations. Litter accumulation has been identificd as a potential threat to long term slte productivity, as

mutrients may becomne immobllized in the liter layer resulting in notrient Hmitations (Schutz, 19940).

Beeause of the role litter procuctinon may play in the aceumulation of litter, this input process was quantified
to determine whether incrensed liter procduction wos respongible for the observed accumulition. Many studies
have guantified litter production in forest ecosystemns and plobal estimates have also been made to quantify
annual organic matier prostuction (Bray & Gorham, 1964; Singh & Gupta, 1977, Vo, Grier & Vogt, 1986),
However, in P. patula plantations in Mpumalanga, ltter production hus not lkeen previously measured. o this
study the annual litier production in P. patila compariments of various stand ages v « quantifivd and seasonal

trends were monitored,

Studies by Schuez (1990) showed that litter accumutmion was correlated with several abiotic fuctors, one of
which was altitwle,  Litter necumulation appeated to show an increase with increasing altitude. Keeping this
relatfonship with altitude in mind as well ax the impartance of liger production in the ecosystent as one of the

principrl murient input provesses, the following hypothesis was tested;

il



Plantation Compartment Age Altityde Rotation Comment
{yrs} {m}

Longiom 84 5 13114 1 *

29A 9 171 2 *

6B a5 1647 H
Brankiands Cl § LUK1 l

E15 5 1333 2 o

AdZ 10 1634 2 .

C25H 0] 1087 2

A280 I3 1302 2 *

B1} 20 1278 2

Bl4A 20 1355 2 L

BY 21 13t5 2 -

D49 26 1151 l 4 e

[ 42 1350 | nutrient cycling/

trenching experiment

Berlin [H KR 25 1520 2 *

B4 15 1476 2 .

1315 30 1413 2 i

DIG in 1378 2 *

Compartments wsed foe; * litter product” n study (Phase 23, 4 Jiner decompasition and @ microhial population study.
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Table 3.2 Compartments used as study sites in several Mpumalanga plantaticns.

Plantation Compartment Ape Allitude Rortation Comment
(y15) {m)
Witklip Ad 5 023 2
342 5 1060 2 o 4
Bi4 9 1032 2 *
B39 9 1041 2 .y
B4gA ! 1075 2
A2 15 1017 2 *
D36A 23 1401 I
B35 0 1088 l
Rosehaugh B5 15 1083 2 L
Cc3 20 1029 p] *
F5 21 1161 2 *
F6A 21 1180 2
E2A 25 992 2 * } lost in fire
E3B 25 1011 2 * # ¢ }lostin fire
C10 30 1099 2 *
Mariti €3g 3 1000 2 ®
D48 30 1069 l ,
Swartfontein D16B 15 950 2 '

Compartments wsed far; * litter production study (Fhase 2), # linet decomposition and ¢ microbial population study.
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™ - timher industry began around the muping town of Sabie, owing o the demand for mioe pit props. It
became apparent that the soils, climate and rainfall made the escarpment an deal area for plantation forestry.
Tie govermment forestry department followed ;e lead of the mining companies amd large plantations of plres

and gum frees were begun after the Anglo-Boer war (Poymeon, 1980).

Approximately 17 000ha coutribute 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 incloded several P. paada plantations in the province namely. Witklip, Roschaugh, Marid,
Swartfontein, Longtom, Brooklands and Berlin (Fig. 3.2). These planiations, previously menaged by the
Departiment of Forcsiry, have now been privatized to form the South African Forestry Company Lid,
(SAPCOL),

A total of 35, P. patula compartments were selected from the plantations. Criteria for selection included stand
age. -aton and aldtude. Compartment information is presented in Table 2.2, Several problems were
expenenced during the field studies, these included removal of drought damaged trees, vandallsm and fire. As
& result not all the compartmests were used throughout the study period; those relevant to a particular section
are indicated on the tehle and further information is provided in the relevant sections.  Field swdies commenced

in March 1992 ard continued until july 1994,



Mpumalonga is a summer rainfafl region, precipitation occurning mainly in the form of tdwnderswwms,  The
mean annual rainfatl varies from 350mm in the NE o 16GOmm on the escarpment.  The region's praximity
the Tropic of Capricorn aml the warmy Mozambique current of the Indian ocean results in a sub-ropical, frost-
free climate in the low lying areas of the Lowveld, Cold winters with heavy frosts and occasstonal snowialts

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

Climate statistics, for the Sabie region, are presented fur e DL R et weather station, situated to the east
of Sabie {Table 3.1) (Weathier Bureau, 1986). Data from this station is provided as an indication of the average

long-term ¢limatic conditions prevailing in this forestry region,

Table 3.1 Climate statistics for the D,R. De Wet station, latitude 25° 06'S, longitude 3¢ 28°E, situnted at

an altitude of 915m (Weather Bureau, 1986},

Climate statistics N R, De Wet
Station

Temperature

Min. {°C) 12.2

Max. ("C} 21.9

Range ("C} 11.7

Precipitation

Rainfall (1m) 1200

Now. of days with

2 0. lToun rainfall 4.1

Nuo. of days with

mist STl



3 STUDY AREA AND SITES

3.1 STUDY AREA

The province of Mpumalanga is situnted in the casiern part of southern Africa {Fig. 3.1}, The Drakensberg
escarpment runs roughly north to south through the province and the plateau or Highveld stretches westward
to the provioce of Gauteng. The land drops sharply from the mountains to the foothills, with the steep slopes

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

NORTHERNFROVING |
Fri

NAMIBIA

NORTI! WEST

NORTHERN CAPL

Figure 3.1 Map of South Africa iricating the ousjor forestry regions. CT - Cape Town; PE - Port Elizabeth;

DAN - Durban; JHE - Johannesburg; MLS - Nelspruit and PT - Pietersburg.
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LITTER ACCUMULATION IN Pinus patula PLANTATIONS AND THE ROLE
OR BCTOMYCORRHIZAL FUNGI IN A FOREST ECOSYSTEM

Why docs Miter accumnlalc?

I
INPUTS
Litter production increaszs wilh
increasing altitude. (1)
L

1
OUTPUTS
Litter decomposition decreases with
icreasing altitude. (4)

}

a) Factors afiecting the decompoaitlon af iliter

Linter quality
Litier quality decreases with
incressing samd age, (3)

Litter quality decreases with
increasing altitude. (3)

&) JFupction of microbind populutions Ia the focest ccosystem

|
b} Nuirleat dynsmice of a site in which Uuer
has accumulsted

P. patula scquires the majority of Jis
N ond P from the linkr layers. (6)

The fine feeder roots are mainly
distributed tn the iteer layers, (7)

NUTRIENT CYCLES

I
Microblal sctiviry
The prosence of actlve mycorthlozal
roods decreases microbial activity, (3)

|
| L

Microbia! populatlons Ablotic factors
» gompusition differences -pH
between low & high aluredes | pajaplt

» lemperature

l

Ectomycorrhizas
Ectomycorrlizal fungi can udllze
organic and [porganic N compounda
s & N source. (8)

Eclomycarriizal fungi can utilize
arganic aml complesed inorganic P

compouns &3 a P sourge. {9)

Figure 2.1 Flow diagrom illustrating the links between the study objectives, Numbers in brackets represent hypotheses tested.
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Hypothesiz 5: The presence of active mycorrhizal roots in the litter decreases microbial activity,
Hypothesis 6: The fine feeder roots of P. patula are disiributed mainly within the litter layer,

Hypothesis 7. P. panda acquires the majority of its N and P from the fiter layer,

Hypothesis 8: Ectomycorrhizal funga! isolates of P. parufa can utilize some organic N, as well as, inorganic
N compoonds as their sole source of N.

Hypothesis 9: Ectomycorrhizal fungal isolates of P, paruly can utilize some orgamcally bound or complexed

P compounds ns their sole source of P.

The relevance of these hypotheses and their reladonship 1o the main objective will be expanded on in the

introduction of the various chapters, An outline of the thesis layout 1§ presented in the following section.

2.2 THESIS OUTLINE

In the introduction {chapter 1) a brief literature review is piven, covering aspects refated to litter aecunmulation,
decomposition, nutrient cycling and ectomycorrhizas, The chapters that follow address these aspects separately.
Chapter 3 provides information regarding the study sites used in the Mpumalangs plastations. Litter production
(nutriew inputs) and accumlation in the study sites are examined ix Chapter 4, Aspects of litier decomposition
are addressed in Chapter 5. The cycling of nutrients, parsicularly N and P, within a site in which litter has
accumulated, are discussed ia Chapter 6. Chapier 7 examines the role of ECM fungal isulates within the forest
ecogystem, The characterization of ECM roots, coliected from a site in which litter has accuowlated, is the
subject of Chapter 8. All the chapters are presented in siandard scientific format having an introduction,
methods, results, discasston aod conclusions segtion, As the specific subjects discussed are often inter-related,
cross referencing within the individual chapters is provided. Chapter 9 synthesises the project conclusions as
a whole and puts forward recomni.adations regurding the management of sites in which liteer has accunmlated.

Arcas which require further research are Rlso highlighted.
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2 OBJECTIVES AND THESIS QUTLINE

2.1 OBJECTIVES

Litter accumulation may occur as a result of an imbalance between the input of organic material (i.e.
aboveground litier production) into the ecosystem and the rate of breakdown (or output) of this material {i.e.
decomposition). The relationships of litter accumutation with these biological processes in P. parda plamations
bave not been previously examined in Mpumalanga, If licter accumulation is a result of an imbalance between
inputs and outputs, then it must influence the cycling of nutrients within these P. parela plantations. Th',
would in twmn affect the long term productivity of these sites, as well as, their sustainability over future
rotutions. The main objective of diis study was 1o determine the factors responsible for litter accumularon

under P. pamda. 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 sccnmulated and
¢} the functioning of the microbial population, in particular the ectomycorrhizal fungt, cecurring in a site in

which litier bad accumulated.

To achieve the main ohjective various hypotheses were tested covering aspects of litter production, litter
decomposition, nutrient cycling and the role of ectomycorrhizal fungi in the forest ecosystem. Hypotheses are

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

The hypotheses addressed were as follows;

Hypothesis 1: Litter production increases with increasing altitude.
Hypothesis 2: Lirter quality decreases with increasing stand age.
Hypothesis 3: Litter quality decreases with increasing attitude.

Hypothesis 4: The litter decomposition rate decreases with incrensing altitude,

b
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produce external acid proseases (hat breakdown protein o amine acids and short chain peptides (Abuzinadah

& Read, [985; Abuzinadah, Finlay & Read, 1986).

Mycorrhizal fungi have also been shown to produce surface pbosphatases capable of hydrolysing phytates.
Mycorrhizas have been showa to have the ability 1o decompose organically bound P as & resull of this
phosphatase ac.. ity (Haussling & Marschner, 1989; Vogt, Publicover, Vogt, 1991). In forest soils, 50% of
the phosphotus can be in an orgunic form, which is generally regarded ax being unavailable for plact uptake.
Soil minerals are weathered by mictobial activity as well as physical processes, Myvcorrhizal hyphae have been
<hown to aid weathering by the produstion of calgium oxalae esulting in the solubilization of mineral P

(Lapeyrie, 1988).

Some ECM fungi express peciinolytic activity, as is evident by the breakdown of pectins in the middie lamella
of the host during mycorrhizal formation. It has also been shown that some ECM fungi can decompose lignin,

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

If ectomycorrhizal fungi are capable of utilizing orpanicatly bound N and P compounds in the field, they would
be capahle of successfully compsting with the decomposer micro-organisms for numients, This would result
in decreased decomposer activity, Smdies by Gadgil & Gadgil (1975) have suggested that forest suils permented
with ECM fungi show reduced rates in litter decomposition, as measured by mass loss, and tecumulation of
litter. Whether this Jlose cycling of nutrients has an adverse effect on the nutrients dynwmics of a forest

ecosysten are unknown (Harley, 198%; Newmann, 1988; Vugt, Publicover & Vagt, 1991).



4,3.3 Prediction of litter depth

A multiple regressiou modsl using stepwise, forward variable selection, was used to determine which of the
variables; stand age, attitude and lierer production, could best predict litter depth. The variables altitude and
litter procluction entered the model, accounting for 41% of the varigbility observed in litter depth (Table 4.2).
However, this model showed oo improvement on the relationstup between litter depth and altitude (R 0.41),

indicating tha¢ altitude accounted for 41% of the variability in the liter depth observed.

Table 4.2 Model predicting Huer depth, using multple regression analysis, with stepwise variable

selection.
Independent Regression Sud. error t-value P
varinbles coefficient
Coustant -34.21 25.35 -1.35 0.19
Altitnde 0.44 0.02 2.40 0.03
Litter
production 2.47 3.45 2.75 0.01

R10.41 S.E 1867 MAE 14 65

1.4 DISCUSSION

4.4.1 Litter production

A full two year period of data collection would have been prefecable for the quantification of fitter production.
Studies in the literature recommend a minimum of tiree years in order to overcome annual variations and obtain

o precise estimate (Bray & Gorham, 1964 Birk & Simpson, 1980).

Annual variability was evident on
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contributing ovetall to between 20 50% of the litter on the forest fooe. The F layer contributed between 30
40%, being highest in 5 and 10 year old siands, thereafter declining. The contribution of W1 was variable
berwern 20-40%, heing highest in 5 year old stands. The contribution made by NF litier was between 1-10%,

the highest occurring at 5 and 15 years.

Simple regression maodels were used t determine the relationships between (i) litter depth and siand age, (ii)
litter depth and altirude, (iii) Her mass and stand age (iv) liner mass and altitude, acd (v} litter mass and litwr
depth. Analyses of relationships with stand age vsed pooled data, irmespective of altitude.  Analyses ot

relationships with altitude use pooled data, irmespective of stand age.

Analysis of (i) and (ii} revesled significant but weak positive linear relationships, Indicating that litter depth
increased with stand age (Fig. 4.9) and with altitude (Fig. 4.10). Apalysis of (iii) and (iv) also showed litter
mass to increase with stand age (y=23,54+1.13x, F) =112, p=50.002, R‘=0.28), and with altitude
{y=27.58+0,06x, F|59=18,31, p=<0.0002, R*=0.39), Analysisof (v} showed a high positive relationship with

the result that liner 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+1.02x; F|5,=4.28; p<0.05; R'=0.12.
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‘fable 4.1 Litter depths under P. pamula a; varions stand ages for low and high altitude sites, Mean values,

standard deviations aud oumber of replicates are presented.

Low aftitude High nltitede

Stand age Litter depth Litter depth

{yrs) (mng) (mm)

5 43418 66136
n'=60 - ’30

10 51424 91438
n=§0 n==30

15 39424 60128
n=45 n=30

20 M+29 81430

25 33414 121150
n=45 n=45%

30 42417 9119
n=45 n=30

15 years where the L layer made up 55% of the litter. The ¥ layer contributed 30-35%, with vadues of
approximately 20% being vecorded for 15 and 25 yeer old stands. The contribution made by WL was between
20-50%, with the highest percentnge occurring at 23 years amt Jowest at 15 years. The contribution made by
NP litter wag low (1-3%), occurring ntostly in 3 year old stands and declining as the stand ages. In high

altitude sites (Fip.4.8) the L layer increased up to a stand age of 10 years and then remoined constant
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yeur-old stands, high altitude 17 gear-old stands ete,) (F 4 =4.03; p=0.0003). Multiple comparison revealed
that these differences were atiributed to significantly (p = 0.05) lower litier production in § year old stands,
when compared with the other age groups. There was a significant increase in liter production in low altitude
20 and 30 year old stnds, when compared with the corresponding high altrude stands, and a significant
increase in litter production in the high nltitude 25 year old stands, when compared with the corresponding low

altirude stands

Seasonal trends in litter production for Hoth the low (Fig 4.5) and high (Fig. 4.6) altitude sites were obtained
by combin:ng all the data regardless of age groups. Line graphs of the average mouthly temperatures {1992-
1994} ure provided as an iudication of :easonal changes. Temperuture date were obiained from the D, R. De
Wet and Makobulaon stations, for the low and high altitude sites, respectively (Foiestek, Climatic Group). In
both low and high altitude sites (Figs, 4.5 & 4.6) litter preduction increased from March to September, with
the highest litterfall being measured in September, during the early spring season. However, the mid-winter

(Juse) enllections of 1994 showed the highest levels for both low and high altimds stes.

4.3.2 Livter accumulation

The averuge litter depths recorded under P. pgudda, in stands of various ages, at low and high altitudes, are
presented in Table 4.1. The variability around the means as indicated by the stendard deviations might be
attributed to the heterogenous natvre of ¢ litter and changes in the micro-topography The table dogs indicate
a8 weak wend of increasing litter depth with stand age, as well as thicker Litter lsyers in the high altirude sites.
The maxiymam Jner depths recorded in low and high altitnde sites were in 20 ang 25 year-old stands,

respectively,

Histograms, for low (Fig. 4.7) and high altitude (Fig. 4.8) sites are preseated o illustrate the composition of
litter on the forest floor. It is evident that the pccumulated litter mass in the low alttude sites was lower than
that in the high altitude sites, which confiring the trends shown in Table 4.1, [n low altinnle sites (Fig. 4.7)

the L layer contributed between 24-32% of tie forest floor at all stand ages, the exception being in stands of
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fairly constant at 20 and 25 years wah & declioe at 30 years. At high altinades, litter iocreased in production
up to 15 years, followed by a decline at 20 years, and a dramatic increase «¢ 25 years, declining again at 30
years. Litter production in 5, 10 aad 20 year-old, low altitude sites was bigher than the corresponding high
altitude sites. At 25 and 30 years high altitude sites produced more litter with a very distinctive peak occurring
in high altitude 25 year-old stands. It i5 important to note that the number of seplications for each age/altitude
group was seriousiy compromised throughout this collection period although it never fell below three, Dunng
phase 2 (Fig. 4.2) a similar increa: = in lhier production up to age 10 for both low and high altitude sites was
shown, Thereafter, litter productic. . remained fairly constant with dips in production for low altitude siiss at
25 years and for bigh altitude sites at 15, 20 and 30 years. Litter production was slightly higher in high altitnde
sites up to age 15, and ayain 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
ardl (ii} liger production and alttude. The average annusl litter production data for each compartment, from

both phase 1 and 2, were used both separately and in combination, for thie analyses.

Analysis of (i) revealed a significant positive relationship berween titter production and stand age during phase
1 (y=1.68+40,06x, F, »=5.21, p=0.04, R?=0.23), However, no significant linear relationship was evident
when avalysing the phase 2 data, Examination of the combined data sei {(phase 1 and 2) revealed a significant
positive, multiplicative relationsbip (Fig. 4.3} which indicates an overall increase in litter procluction with
increasing stand age. This increase was rapid up to 10 years after which Jitter production continued to increase,
but at a slower rate. Analysis of (i) revealed that there was no relationship between litter production and
altitude from either phase 1, phase 2 or combined (phase 1 and 2) data sets {Fig. 4.4), Therefore, litter

production did not significantly increase with increasing altitude.

The relationships were clarified by one-way ANOVA (Phase 2 data only} which revealed that there were
significant differences between litter production at different stand ages (Fy 5 =23.22; p£0.01) and age/altitude

groupings (7.2, dat prouped as low altitude 5 year-wid stands, high altitude 5 year-old stands, fow altinde 10
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Figare 4.2 Litter production, June 1993-Jupe 1994 (Phase 2), in both low and high attirude P, patula gites,
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deseribed above. To obiain the total litter mass, the masses of the various components were summed. Ash free
dry weights (atdw, g in 0.9m?) were thea converted to litter mass (t ha') by multiplying these by a correction

factor (0,0111) (modified from Schutz, Bredenkamp & Herbert, 1983).

4.2.4 Data unalysis

Statistical analyses were conducted using Statgraphics version 5.1. Analyses of litter production and litter
accumulation (litter depth and mass) data included . . aple regression models to determine whether there were
any trends between these variables and stand age or altitude. One-way analysis of variance (ANOVA) was used
10 determine whether there were any significant (p=0.05) effects between litter production, age and alticude,
Where significant differences were evident multiple comparisons, using least significant differences were
conducted betwgen all varisbles (Sokal & Rohlf, 1981). Because of the problems experienced during phase 1
of the licterfall collection, statistical analyses were ornly conducted on the averaged two year data where
indicated. Generally, analyses were conducted on the data b the two phases separately or only from phase
2. ‘The 1953/1994 data set {Phase 2) was considered to be wepresentative 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 mmltiple regression analysis, using stepwise, forward variable selection was conducted (Sokal &

Rohlf, 1981).

4.3 RESULTS

4.3.1 Litter production

Litter production for the period March 1992-March 1993 (Phase 1) 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
(Fips. 4.1 & 4.2). In phase | litter production at low altitudes increased up to age 10, thereafier a slight

decline in litter production at age 15 occurred (Fig. 4.1). Litter production then increased again, and remained
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310 4 months, 1o July 1993 as a resuft of thefis of the traps, steps were taken to ensure the reliability of the
data for phase 2 of the study. These measures involved removing all rematning littertraps and clearing the
forest floor directfy beneath ihe position of the traps. In compartments where traps had gone missing, the forest
floor was ¢leared in the exact location of the previous trap and to the samw size.  Litter wax collected every

3 months, directly off the soil suiface.

Litterfall was quantified by measuring the field wet weight of the litter. A subsample of litter was returned to
the laboratory for dry mass determination, samples were dried at 60°C for 72hrs, Samples from the first
cotlection were heated in a muffle furnace for Shr at 400°C, The organic matte: content was determined by
quantifying the loss of mass after ignition (Hesse, 1971). The average organic matter content (96 %) vs nsed
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 determing the annual litter production, data from each collection period were

summed giving a measurement in ¥ m?, dara were then - verted into tons per bectare (t ha'),

4,23 Assessment of litter accomulation

In order to quantify litter accumulation or the forest floor, five trees were randomly selected around each
littertrap, giving a total of 15 sites per compartment, A 0.3m x 0.3m frame (surface area 0.9m’) was placed
on the forest floer, approximately Lm from the base of the tree {Schutz, 1990). A sharpened long biaded knife
was used (o cut into the litter. The koife blade was guided by the frame. Litter was collected to the mineral
tayer, placed in polythene bags and teturned to the laboratory. Depth measurements, down the middle of each
of the litter sample walls, were taken and averaged to obtain litter depth (mm). Litter samples were separated
into various components, these repreventing the litter (L) layer, fermrentation (F) layet, woody litter (WL) and

non-pine litter (NP). The components were dried, weighed and the organic marter content was determined as
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5.2 METHODS

5.2.1 Stuwdy sites

To assess P. patula litter quality, peedle litter was collected from all initiat littertraps in July 1992 (Table 3.2,
chapter 3). In order to measure the decomposition of P. patula litter, decomposition experiments were
established tn July 1993 for which one compartment in each age proup at both low amd high altitudes was
selected (Table 3.2, matked *). To determine whether there were any differences in the soil microbial or soil
faunal populadoas, litter/soil core samples were collected in August 1994 From two 25 year-old stands, one
represepting a low altitude site and vne a high altitade site (Table 3.2, marked €, samples taken prior to loss
of onz compartment in a fire). These rwo sites were chosen as the high altitude, 25 year-old stand produced
the maximum amount of Lter wid hed the thickest litter layers (Table 4.1, section 4.3.2; chapter 4). An
assuroption was made that if differences in the microbial populations cxisted, they would be more readily
detected by compuring these two sites, To determine whether ECM roots retarded microbial activity in the litter
of a P. patulu compartment a field study involving the menching of sites was undertaken in a compartment in

which litter had accunmlated (Brooklamds, F2; Table 3.2 chapter 3),

5.2.2 Litter quality

To assess litter quality, meedle litter samples were oven dried at 60°C for 72brs, crushed and chemically

analyzed fur total nitrogen (N}, total phosphorus (P), ligoin, cellulose, polyphenolics and tannins,

Digestion of litter for defermipgtion of total N and P

The analysis of total nurients in the liver samples required the somplete oxidization or breakdown of the
organic matter, A rodified Kjeldahl, wet oxidation procedure was used to oxidize the litter samples. This was
achieved by using voncentrated H,50),, with an additional oxidizing agem, H,0,, To promwote the process a
selenium catalyst was added. The samples were digested on a heated block until the acid vleared (Anderson &

Ingram, 1989},
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Hypothesis 2 : Litter quality decreases with increasing stand age (Fig. 2.1, chapter 2),
Hypothesis 3 : Litter quality decreases with increasing altitude (Fig. 2.1 chapter 2.

Hypothesis 4 @ The liter decomposition rate decreases with increasing altitade (Fig, 2.1; chapter 2).

Ectomycorthizas (ECM) and their associated microbial population are an importat component of the Pinns
forest ecozystem. Thy role that ECM play in the uptake of nutrients b .. been well documented {Harley, 1989),
Studies which excluded roots of P. radiata from areas of the forest Aoor have shown that the presence of living
roots and their associated micro-organisms suppressed litter decomposition (Gadgil & Gadgil, 1971; 1975).
As the ECM root/fungus partnership is the dominant biotic influence in the main rooting zone, Gadgil & Gadgi)
{1971; 1975) attributed this reduced activity of the decomposer vrganisms te the competition between these
organisms and ECM roots with their associated extecnal mycelta, for both nuirients and moisture. In view of
their impnrtance in the ecosystem, and the ahundance of ECM rovis observed in the accumuiated litter layers
{Chapter 6), the microbial activity in a site in which litter has accumulated was assessed and the following

hypothesis was tested.

RHyputhesis 5 : The presence of active setomycorrhizal roots in the liver decrepses microbial activity (Fig.

2,1; chapter 2).

Other micro-organisms are associated with ECM roots and organic maner in the forest ecosystem.  The
composition and quantity of the soil micro~organisms and soil fiuns are afso factars which influence the
decomposition ratg.  This study briefly compared, by means of coumeration, the soil microbinl and soil fauaal
populations in both & low and a high altitude P, panda site to determine whether there were any significant
differences in the decomposer populations.  The rosults from these studies and their influence on the

decompasition process and ultimately on litter accunwlation vill he discussed in the following ssctions,
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5 LITTER DECOMPOSITION

5.1 INTRODUCTION

The input of nutrients into an ecosystem oceurs in a number of ways, one of which is through aboveground
litter production. The ouirients in the litter are released by the process of decomposition, which represents the
output of nutrients, These nutrients are rewurned to the soil and are made available for plant uptake, completing

the nuirient cycle (Auiwill & Adams, 1993; Dickinson & Pugh, 1974),

The accumulation of litter on the forest foor, under P. patula in high altitwde sites, may occur as a result of
an imbalance berween the input and cutput processes operating within the ecosystem, Chapter 4 examined the
litter input process and litter production; and concluded that litter accumulation, in high altitode sites, was oot
a result of increased litter production, This chapier will examine the decompositice of P, patela litter, o
process which if retarded, will result in the accemulation of organic matter on the forest floor (Swift, Heal &
Anderson, 1979), Litter acrumulation resalts in the immobitization of nurrienss within the liter layer. This

is o situation which could potemially threaten the longterm productivity of plantation sites (Scinuz, 1990).

This section of the stady examined the quality of P. parula liner collected from varions stand ages at both fow
et high altitude sites, The decomposition process was also monitored o determing the decomposition rates

of +he litter ot various sites end the changes in litter quality.

Liner decomposition is a complex process and is regulated by o number of abiotic and biotic factors.  Abiotic
factors juclude the litter's physical structure, tempetature, moisture, relative bumidicy and pH, while biotic
factors include litter quality, microbial activity and the composition of the soil micro-organisms and soil fauna
(Dickinson & Pugh, 1974; Swifi, Heal & Anderson, 1979). This siudy not only momitored the decomposition
of P. patela litter bt also assessed the relationship between decomposition and various regulatory factors,

These studies were conducted w address the following hypotheses,
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4.5 CONCLUSIONS

P. patula litter production was quantified for various stand ages with the maximum, overall average of 5.8%
ha! of litter heing produced anmually for 25 year-old platations and with production iocreasipg during the
cooler, drier winter to early spring season, Lidter production was shown to increase up to a stand age of 10
years, wiun a continual but more graduai increase in litter production thereafter. No significant relationship
existed between litter production and altitude therefore hypothesis 1 which states that litter production *nereases
with increasing altitude can be rejected. The retationship between increased litter acowmulgtion with increasing
altitude, previously reported by Schutz (19%)), was confirmed. Increased litter production, in high altimde
stands, was not responsible for the litter accumulation observed in these sites. ‘The input of organic matter into
these P. patule plantations was not responsible for the {mbalance proposed between the input and oulput
processes, Chapter 5 will examine the output or decomposition processes within the P. patula ecosystem to

investigate what causes litter w accuraulate.
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Litter depth (Fig. 4.10) and mass were also shown to increase with altitude which confirms Schutz's (1990
findings which indicated that altitude was an o peariant variable influencing lier accumulation under P. patula.
Multiple regression analyses (Table 4.3} confirmed the influence of altirude on liger depth.  Altitude should
uot, however, be considered in isolation. Climatic changes occur with increasing aftitude with bigher altitude

sites experiencing cooler minimum temperatures, mist and higher rasfall (Schuta, 1990).

Lilter depth can be used o predict litter mass (Fig. 4.11). Litter depth measurements are more convenient to
obtain for study purposes and can then be converted to litter mass using the regression equation presented in
figure 4.11, A similar model obiained by Schutz, Bredenkamp & Herbert (1983) was based ot a quadratic
relationship resulting in a enevilicear plot hetween Log liter depth and Lop litter mass data.  This quadratic
relationship was explained ns resuiting from the presence of compacted, more dense litter in thicker litter layers.
Log transformations of the data obtained in this study did not improve the mode] presented (Fig. 4,11}, This
may be a result of differcuces in stand ape, which was not a varisble in the study conducted by Schutz,

Bredenkamp & Herbert {1983).

Comparisons of .ne litter composition in the low altitude (Fig. 4.7) and high altirude (Fig, 4.8) sites indicates
thal the litter component contributes substantially 1o the forest floor composition, particularly in high altitudes,
The variability in the WL component can be atiributed to silvicultural practices, the preseoce of slush in second
rotetion sites and increased natural pruning in odder compartments. The decling in NP litter, particularly in the
low altitude sites, results from increased shading as the canopy closes. The NP litter recorded in the high
altitude sites was composed not only of litter from understorey plant growth, but also from purtially decomposed
grass which was found occurring under the liner layer in some compargments.  This represented the origina!
vegetstion acewring at the site prior 4y afforestation, the presence of which was also noted by Schuez (1990).
firom the data collected it was not possible to determing witether seasonal changes oceursed in the compuosition
of the forest floor, However, data from litterfall collections suggests that any changes 1o the forest floor
composition would mainly resubt from flvicultural pracuces amd loeal climatic conditions such as oucasional

heavy sturms and strong winds,



4.4.2 Litter pccumuolation

The collection of likker depth measurements is time consuming, as the forest floor has a high spatial variability
resulting in large aumbess of samples being required (Schutz, 1990).  The large standard deviations observed
in depth measuremenis presented in Table 4. are attributed to the accumalation of litter in high altitude sites;
1o disturbances of the litwer caused by removal of logs from thinning uperations and 1o the action of bushpigs
which turn over the litter in search of food {Schutz, 1990). Other factors which influence litter accumulation
include changes in the micro-topography, the rotation of the stand and whether the stand was subjected to slash
burning ufter clearfelling or wildfires, which would result in a reduced litter layer (D= “unde, 1993).
Information regarding burning is difficult to obtain for a particular compartment, Howeves, e presence of
charcoal within the litter did indicate that for at least a lew of the compartments used in the study fire had
caused a disturbarice in the forest floor development. The majority of the compartments selected were in their
secomd rotation, bowever, (o obtain oider stands, as well as some of the 5 year old stamds, firsi rotation

compurtments hiad to be used (Table 3.2; chapter 3},

The litter deptis measurements (Table 4. 1) recorded in this stady (39-12 1 mm) were within the lower range {30-
350msm) reported by Schutz (1990). These low range values can be accounted for by the younger stand ages
selected for this study: in Schutz's (1990) study, the average stand age was 38 years, Litter mags figures
reported for other Pinus forests are presented, for comparison, in Table 4.4. Comparing these reported figures
with litter mass recorded in this study (Figs. 4.7 & 4.8) emphagises the high levels of litter accumulation wunder

P. pamla in Mpemalangs: only New Mexico shows higher levels under P. ponderosa.

Liwter depth (Fig. 4.9) and mass were shown t itcrease with stand age.  This trend was expected s liter
production generally incrensed with stand age {Fig. 4.3). Singh (1982} reported that forest floor accumulation
under P, patula in India reached a maxinum at o stand age of 34 years. The development of the forest floos
lias been reported to increase up to canopy closure, renching a maximum about 8 1/3 w0 213 of the way through
4 rotation {De Ronde, 1993). This developmental pattern, which is similar to reponied litter production wrends,

would be influenced by thinning and pruning.
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Significantly mon litter was produced in low sltitude 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 wanmer

climatic conditions (Miller . al., 1979),

The significantly higher licer production iu the high altitude, 25 year-old sitvs, 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 1, litterfall was obtained only from a single low altitude 25 year-old stand whereas
during phase 2 slthough livterfall was coliccted from two stands the last three moaths data was not oblained
because of fire. However, if a 12 month period from March 1993 - March 1994 is taken for the 25 year old
stands annval Jitter production figures of 5.21 +0.103 and 7.9+ 1.32t ha' is obtained for the low and high
altitude stands, respectively. Comparison of thess figures still results in slgnificaatly more litier being produced
in the high altitude stands. Therefore, the problems experienced during colléction would pot account for the
difference obscrved. The reasons for this increase in litter prodection are unclear but may possibly be related

to Jocal wind corditions which may have contributed to increased woody liter production.

No relationship was gvident between litter production and altitude, thus, increased litter production would oot
explain why litter accumulates in high altitude stands. Further examination of the balasce hetween nutrient
inputs and outputs are required. Therefore, as litter production did not increase with increasing altitude,

bypothesis 1 was rejecied,

Litter production was found to be continual throughout the year, althnugh production increased from March to
Suptember, with high levels in June and Septerober which correspond o the winter/spring months {Fips. 4.5
& 4.6). This confirms cbservations made by Morris (1992), that litter production peaked after the summer
rainfall ssason. Becsuse leter production was only assessed quarterly, precise seasonal trends, nelated to either
rainfall or wwmperature, could not be made. However, the trend in P. patuwle liter production indicated an
anmual peak during the cooler, drier séason, The second peak (F me-Juby 1994) ohwerved in thess geapls (Figs,
4.5 & 4.6) probably reflects the higher litterfall of Phase 2 which followed the proceeding season's low rainfall

{Table 4.3).
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The initial increase in liter production with stand age {up to 10 years) confirms previous studies (Bray &
Gorham, 1964; Marts, 1986, Millar, 1974). This increase vccars until canopy closure, which for P. parula
is reported 1o be 4-5 years (Poynton, 1980). However, in the compartments studied, trees are thinned amd
pruncd at approximately 3-8 years and again ar 15-18 years. This will have an effect on litter production and
would account for die decline observed in I3 vear okl stands recorded during the 1992-1993 collection perind
(Fig. 4.1). These silviculrural practices would also account for the genera) 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 in Swaziland, and thereafier remained constant.  However, these P. patnla trees are

grown for pulp production and are not thinned.

Litter production is dependent on peedle production amd hence crown biomass, which lias been shown o
increase (o a peak followed by a decline (Morris, 1992). This is important considering the relationstup of leaf
area to photosynthetic rates, both of which will decling 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 producticn results in
reduced litterfatl (Morris, 1992). However, the influence of stand age on the total annual litter pre luction may
be masked, after canopy closute, by the increased contribution of branches to the literfall. This trend has heen
observed in other pine stands (Das & Ramakrishnan, 1985; Gholz, ef al,, 1985) but the trend i this study
(Fig.4.3) indicates a continual increase in litter production, although this increase gceur- at a slower rate after
10 years. This may he attributed o increased woody litter production because of increased natural pruging in

vlder stunds (Morris, 1992) and silvicultaral practices, which promotes needle production and heowe Literfali,

During this srudy the coatribution of branch litter (o the total bitter production was not measured, however, from
the observations made, increased branch litter was evident in older compartments and thinned or pruned
compartments, comprising approximately 7% of the total Hiter production.  On oveasions when strong winds

and hewvy storms oceurred, this percentage may rise w approximately 10% io the older compartments,
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Species / Localion Stand age Latitude Litter Liller Relerence

(vrsh prewluction accumulalion

{tha' vt") it ha )
Pelliotti § Western Cape # ERE i Wienand 11992); Wicnand &
Stucke 1995)

20 2490

25 2.40
P. radiata ¢ Ausiralia a8 369 11.83 Yoat, Grier & Vogl (1986)
P. raeda  Carclina 35N LS 18,44 Yogt, Grier & Vopl (1986)
B. penderusa 1 Arizona 3N 2.12 1283 Vagl, Grier & Yopl {1986)
P. purlerosa | New Mexico 36N 232 IBRELY Vopl, Grier & Vogt (1986)
P. radiata { New Zealand R 222 286 Vopt, Grier & Vogi (1986}




Table 4.4 Litter production and accumulation lgures for various Phae species incuding £, patude,

Species / Localivn

Stand ape
(yrs)

Latitude

Litter
produetion
itha' srh

[Litter
accumuialion
("

Reterenge

P. patula + Mpumalanga

P. patila ! India

P. patulalTanzania

P. etlioni

P. elliotti ! Florida

15
20

258

27N

JN

164+ 1.64
4.83+2 12
4844137
4.394+2.15
5.89+2.25
53.52+2.31
375

370
4.4949
4.49
4,99

47

15.504+33.30
J20417.63
34211345
302341161
£5.52429.50
49.5B ¢ 15 Ra
B.R2
7.22
7.9]

18.84

This study

Siugh (1982)

[undgren (1978)

Nemeth (19730 cited in Morris
{1YR6)

Ghiolz er al., {1983



Table 4.3 Monthly i 2fall data recorded at the D.R. De Wet for 1992-1993 and 1993-1994 seasons, compared

with the long term average (Forestek, Climatic Group; Weather Burean, 1986 ).

Rainfall

Month 1992.1993 1993-1994 Average

{mm) {mm) (g
Mar 68.8 429.2 104
Apr 24.2 46.6 98
May 5.4 23.8 31
Jua 1.8 6.0 17
Jul 3.4 2.4 19
Aug 2.8 19.4 14
Sep 35.4 18.0 42
Oct 136.0 112.6 94
Nov 184.6 1916 170
Dec 242.6 286.2 213
Jan 87.5 0 204
Feb 18.4 53.8 194
Total 844.9 1189.6 1200




examination of the y axis scaling for the phase 1 amd 2 histograms (Figs. 4.1 & 4.2). The overall average
annual litter production during pbase 1 was 2.85t ha ' and during phase 2, 6,20t ha ', This increase in litterfall
may be an anifact related to the change in collection wechnigue althow¥h every precaution was taken to ensure
that both the location and size of traps, i.e. the collection areas, remaine! constani. Therefore, it was unlikely
that the collection technique was responsible. It was expected that & reduced quantity of litter would be
collected during phase 2, as a result of the loss of finer litter which is difficult 1o collect off the soil surface
and the loss of mass due to the onset of decomposition which occurs as the litter comes into cu-ntacl with the

soil surface.

Ann.al variation hag heen reported to be considerable in otfier foress ecosysterns, with as much as a 5 fold
difference between the mazimum and ruinimum anoual litter productios heing recorded (Milla-, 1974). This
difference is normatly between 1.5 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 daia for the D.R,
De Wet station are presented as Makobulaan rainfall data was sparse. During drought conditions necdles are
retained on the tree for longer, Once the stress has been alleviated the neelles retained from the previous season
a5 well as the current season’s senescent needles will drop, resuiting in increased litter productinn {Hendricks,

Nadelhoffer & Aber, 1993; Turner, Lambert & Holmes, 1992),

The average annual litter productior of P, patrdn compares favourably with that reporied for P. patula by Singh
1982) in India andt lundgren (1978) in Tanzania up to & stand age of 20 years. The average anmual litter
production in older stands was lower in Mpumelanga than that reported by Singh (1982) (Table 4.4). This mey
be atmbuted to the a1 bility in litter production in these older stands between low and high aliitude sites
(Figs. 4.1 & 4.2). The latitude of the site also accounts for differences observed in litter production, with liter
prodvction increasing towarnds the equator {Bray & Gorham, 1964). Table 4.4 includes, for comparison, littex

production figures for other Pinus species.
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Table 5.3 Madel predicting litter deptty from licter (uality variables and site characteristivs, using multipke

regression analysis, with stepwise variable selection.

Independent varjables | Repression Sud. error L-vatue P
Coeffivient

Constant 8.02 40,92 0.20 0.85

N 35.27 12.58 2.80 0.009

Tannins -21.08 6.68 315 0.004

Altitude 0.09 0.02 5.35 0.000
R 056 SE 2184 MAL 16 92

Substitution of litter mass for litter depth in the multiple regression model vesulted in no Litter quatity variables
being selected when these were entered alope.  However, on addetion of the site characteristic variables, the
madel selected the variables tannins and altitude to predict litter mass, accounting for 34 % of the variability

{Table 5.4)

Table 5.4 Model predicring liter mass from litter quality variables and site characteristics, using multiple

regression analysis, with stepwise variable selegtion,

Independent vartables | Regression Std. error t-vatue p
Coefficient

Constant 35.89 4T 1.03 0.31

Tannins 12.60 5,82 -2 16 0.04

Altitude 0.07 .02 .15 0.0003
R0w SE w27 Mal 1341
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Fiy=7,58; p=0.01; R 0.21); lignin: N ratios and stand age (v 2.17-0.16x; Fyy, = 1 1.54; p=0.002; R10.28);
lignin + ccllulose + polyphenslics:N ratios and stand age (y+59.41-0,59x; F, o+ 15.84; p<0.0005; R?0.37);
aad N:tannin ratios and stand age (v 107,12-12.02x; F, 4, =4.58; p=0.04; R? 0.13). Analysis of {iii) indicated

thai thers were no significamt relntionships between any of the litter quality variables and altitude.

5.3.2 Relationshyp< between litter quality variahles and litter accumalation

Litter accumulation, as assessea by hoth litter depth and Jlitter mass was examined in chapter 4, In order to
determing which lister quality varisbles sed site characteristics (stand age and altitude) could best predict either
litter depth or masy, multiple regression mouls, asing stepwise, forward variable selection, were used,

When only litter quality variables were entered into the analysis, the final model vsed to predict Litter depth
selected litter N and polyplenclics, which accounted for 24% of the variance observed (Table §5.2). When the
gite characteristics, age and altide, were included as variables in the model, the final model used to predict
litter depth sefected the variables litter N, tannins and altitude. This mode] aceounted for 56% of the variability

obsetved (Table 5.3).

Table 5.2 Model predicting litter depth from litter goality variables, using muleiple regression anulysis, with

stepwise variable selection

lndepemxlent variabies Repression Stl. error t-value p
Coefficient

Constant 64,45 37.80 1.76 0.09

N 51.17 16.79 .08 0.004

Polyphenolics -3.55 105 -2.42 0.02
R0 24 SEHTY MAY 20 96
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Pigure 5.2 Linear regression of litter quality variable, N and stand age, y=1.37+0.018x; F,,,=12.05,

P<0.002; R'=0,29,
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Table 5.1 Litter quality of P parda at various stand ages. Mean values, standard deviatiens and the number of replicates are presented.

Stand age N p Lignin Cetlulase Palyphenoiics Tannins
(yrs) {%) (%) {%) (%) (%) (%)
5 1,43 4+ 0.07 22.0 £ 293 ¢ M3t 5.8 +
0.14 0.0l 2.2 3.2 3.2 0.5
n=18 n=18 n=6 n=6 ne=6 n=6
10 1.49 £ 0.07 4 207 + 27.0 % 32,1 ¢ 56 +
0.17 0.04 2.3 1.5 52 0.9
n=18 n=1[§ n=6 n=6 =6 n=6h
15 1.61 + 0.08 ¢ 19.6 + 294 LT % 5.6 +
0.36 0.01 2.1 5.2 8.3 0.7
ne=l3 n=15 n=5 n=35 n=3 n=3
20 1.80 £ 0.08 + 213 ¢ 27.0 + 337+ 5.6 &
0.28 0.02 0.9 2,7 31 0.5
n=1§ n=18 n=4 n=G n==6 ne=fh
25 §.80 4 0.08 £ 214 ¢ 27.1 4 211 + 53 ¢+
0.29 0.01 1.8 1.6 5.2 0.3
n=15 n=15 n=35 n=35 n=35 n=5
30 .64 £ 0.09 20,1 £ 284 + 332 + 59 ¢
0.45 0.0} 1.7 2.1 35 0.9
n=15 n=1i5 n=>5 n=35 n=3 n=5
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N and P concentration, Where siguificani difterences {(p :0.05) were eviden: multiple comparisons using least
significant differences, were used to establish which variables contributed to the differences observed (Sokal
& Rohlf, 1981; Zar, 1984). The overall decomposition raie of the litter i.e. the & value, was determined using
non-linear regression avatysis (Weider & Lang, 1982; Woomer, pers. convm ). The 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 the trenching experiment, two

sample t-tests were used (Sokal & Rohlf, 1981},

5.3 RESULTS

3.3.1. Lider quality

The average initig] chemical composition of P. patilo needle litter at the various stand ages is presented in
Table 5.1, which shows litter N ranging from 1.5% to 2.0% of the dry masg of the litter and P ranging from
0.07% 10 0.09% both elements tending to increase with increasing stand age. The percentnge polyphenolics,
ceblulose, Tignin and tanains, {n decreasing magnitude, make yp the bulk of the chemical components ia the

litter, but they show no specific trends with regards to stand age.

Simple linear regression modals were used (o determine the relationships between (3) litter guality variables and

stand] age, (li) mtios of litter quality variables and stand age acd (iif) litter quality variables and altitude,

Anatysis of (i) showed significant positive relationships between litter N and P with stand age (Figs. 5.2 & 5.3,
respectively). However, no significant relationships were evident between either ligain, cellulose, polyphenollcs
or tanning with stand age.  Analysis of (1) showed significant pegative refationships berween C:N ratios and

stand age (y:=30.08-0.27x; Fy 4,=13.09; p=0.001; R7 0,31} C:P mtios am! stand age (v=593.55-4. 108x;



K.50, (Mueller, Joerpensen & Meyer, 1992). Noun-fumigated (Time 0) and fumigated (Time 1) samples
containing 200m! 0.5M K,S0,, were placed on a shaker for 1 hr to extract the €. Extracts were filtered usiog

‘Whatman No, | filter paper (Vance, Brookes & Jenkinsom, 1987),

The total organic C in the extracts was then determived using 4 method by Heanes (1984). A 10m! aliquot of
extract was placed in digestion tubes, to which was carefully added 10ml K,Cr,0,, and 20mls 98% H.S0,,
Tubes were placed on a digestion block, prebeated to 135°C, and digested for 30min afier which they were
removed and allowed t0 cool. Sawples were made up to 100ml with deionized water., A blaok and sucrose
standaids were also digested. After complete oxidation the difference berwesn added and residual X,Cr,0O, 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 gurve (Heanes, 1984).

Assessment of mycorthizal root colonization

To determine whether trenching had successfully eliminated active ECM roots, a subsamples of roots (50g) from
each sample (T aml CON ploty) were examined using the gridlioe intersect method (Kormanik & Mc Graw,
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 ling. A minimum of 100 gridline intersects

were coutted.  Results were expressed as perceuntage active mycorchizal roots.

3.2.6 Dnta analysis

Statistical analyses were conducted usin: phics version 5.1, Linear regression models were used 1o
determine whether there wene any relationships between the litter quatity variables and stand age or ahitude;
and berween litter decomposition tates, as determined by mass loss and changes in the N and P concentrations,
and stand age amd altitude, A multiple regression analysis, with stepwise variable selection, was used (0 predict
litter depth from the above mentioned variables. Litter decomposition data were subjected to ong-way ANOVA

to determine the effects of stand ape and altimde on nass loss durlng decomposition as well as, the changes in
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sul Inhyed iration (SIR)
A sample block of litter was removed from each plot (T & CON) and placed in plastic bags. Samples were
stored at 4°C and returned to the laboratory, where they were divided into L and F [ayers. 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 comtaining 0.01ml of Tween 20, and incubated overnight, at 4°C (Beare, ef al.,

199C; Beare, et al., 1991).

Saraples were brought to room temperature and 2.5ml of glucose (16g 1) was added to each sampl;, Sampie
tubes and tubes containing oaly glucose (blank) were secured to a continuous air flow apparats (Cheng and
Coleman, 1989). Tubes were allowed 10 stabilize for 30min after which time they were connected to CO; traps
containing 0,040 NaCH. Respiration was aliowed to continue for two hours (Beare, ef af,, 1990; Beare, ef

al., 1991).

To prevent further absorption of CO;, 3M BaCl, was added to each sample to precipitate out the carbonate as
BaCO, (Page, Miller & Keeney, 1982). The concentration of CO, in the solution was determived by ttrating

with 0.04M EICI, using phenoiphihalein as the indicator. Blanks were titrated and used to correst all values

for CO, absorbed during handling.

Two 50g (w wt.) samples of both the L and F layers were placed into 100ml beakers. Samples were moistened
amd beakers were covered with parafilm and were left in ar 5°C for 7 days. A subsample was oven dried {at
60°C for 72hr) to determine the moisture content. One heaker of cach sample was placed in a desiceator
contalning a beaker of alcohol-free chloroform.  Wet blotting paper was placed argund the inside of the
desiccator to keep the chameber moist, The desiceator was closed and evacuated using B vacuum pump, until
the chloroform started to boil, The tap on the outlet was closed nnd the desiceator was kept in the dark for §
duys (Anderson & Ingram, 1989, Vance, Brookes & Jenkinson, 1987). Chioroform fumigation destroys cell

membranes and causes autolysis thereby increasing the amoeunt ol organic carbon rendered extractable by 0.5M
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Soda lime was oven dried at 100°C overnight and 30g was placed imo tins (Scm x 8cm). The tins were
weighed, sealed and placed in & container containing silica gel, for transportation to the field, One tin was
placed in the centre of eact plot {T and CON). On placement, the lids of che tins were removed and 2 51 plastic
bucket was placed upside down over each tin. Prior to placement the top i0cm rim was cut off the buckets.
This rim was placed correct way up onto the litter mat. To ensure 2 Gght fit on the litter a shaflow cut (£ 1cm)
was made into the litter around the rim. The rim was then pressed down into the fitter. The remainder of the
bucket was placed upside down over the tin, fitting firmly into the tim. 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 feld
for 6 hours. On removal of the tins, theyweresmledmdmﬂmr:dlothelabomiorywhmlhe}'were oven
dried overnight at 100°C. After drying the soda lime was reweighed amd the difference {.e. the increase in
weight was recorded. To determine the amount of CO;, absorbed the following equation was used;
mgCo, hr ! = (Wi-w2) x $:2 (Equation 5.1)

where, W1 = initial weight of the soda lime (g}

W2 = dry weight (g) after the messurement period
(Edwards, 1932; Raich, Bowden & Steugler, 1990).

T

rubber stopper

inverted bucket

— o tin
cut bucket rim — /
soda lime

e

st R SUCfACE

Figure 5.} 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 voots retards decomposer activity in a P, patulg site in which
litter had accumulated, (Brooklands, F2 - Table 3.2; chapter 3) a trenching experimem was conducted. A
description of the experimental design and the site preparation follows. Twelve 1.5m? plots were randomly
selected between P, patule trees within a lha study site. reoches 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
techmiques were used to pssess microbial activity and microbial biomass accumulation, these included two
methods to determine respiration and ooe to determine microbial carbon (Coer). The methods used were;
- the soda lime technigue to quantify the amount of CO, evolved from the forest floor i sit (Edwards,
1982);
- the substrate induced respiration (SIR) technique to assess CO, respired from the litter in the
laboratory {Beare, et al., 1990; Beare, et ol., 1991;
- the chloroform fumigation extraction technique to quantify Cy,.,, (Heanes, 1984; Vance, Brookes &
Jenkinson, 1987),

Details of these techniques are provided below.

Soda hni
Soda lime is used for sbsorbing moisture and CQ,, the CO, becoming chemically bound to the soda lime. The
principle of the technigue was to dry and weigh the sota tlime before and after a measurement period, The
difference in weight represents the amount of CO, ahsorbed minug the water released during the chemical
reaction. The amount of chemicatly released water is predictable and a correction 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 peticd of only one year, information regardiog the
decomposition of recalcitrant compoumls 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 accunmlated (information veganding this site is provided in Chapter 6). [t was assumed that
newly fallen lirter 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 chemiruly
analyzed tor lignin, cellulose and polyphenclics (Section 5.2.2). Foliar samples collecied for the mtrient
cycling study (Chapter 6) were also analyzed for lignin, cellulose and polyphenolics and compared with the litter

saraples. Core samples were also apalyzed for N and P these results are presented in Chapter 6.

5.2.4 Soil microbial and soil founal populations

Core samples collected from the two sites (Table 3.2; marked ©), were divided into their litter/soil
componenis. To enumerate the soil microbial population the ggar plate method for totat microbial counts was
used (Wollum If, 1982). In this method appropriately diluted sample suspensions were placed ou suitable agar
[ates and after incubation colonies growing on the agar plates were counted, Litter/soil samples wese examined
to determine the relative proportions of the functional groups, bacterial and fungal, at the two sites. To
determine total bacterial counts, samiple suspensions were plated onto mutrient agar (pH 4.5), while Mintins-
Rose Bengal agar {pH 4.5) was used to determine fungal cownts (Wollom IT, 1982). The bacterial and fungal

populations were recorded as colony forming units (cfu) per gram sample.

The remuaining litter/soil core samples were examined for soil fauna (body length greater than 2mm}. A bandful
of a sample was placed on one side of a tray and progressively spread out acrogs the tray and any soil fauna
observed were removed. This process was repeated until the entire sample had been examined (Anderson &

logram, 1989

59



Polvphenolics

Total extractable polyphenolics, including hydrolysable tanning and comdensed tannins, were extracted using
50% methanol and heating at 77°C (Sauvestry, Page & Hunt, 1992). \Jsing the Folin-Denis method
polyphenolic concentrations were colorimetrically determined at 76(mm, using a visible light specsrophotometer

(Allen, 1974; Anderson & Ingram, 1989),

Tannins

Tannios were extracted from saniples using 50% methanol {Sauvestry, Page & Huot, 1992), and were quantified
vsing 2 radial diffusion pssay technique (Hagerman, 1987). In this method the annin contaiming extracts are
placed in wells of a protein containing agar gel, Bovine serum albumen (BSA), was used as the proein. As
the tamning diffuse into the gel, they react with the BSA and a visible ring of precipitation d velops. The square
of the ring diameter is proporitonal to the quantity of tannin in the extzact, these values being compared with
a tannic acid standard (Hagerman, 1987).

5.2.3 Litter decomposition

For the litter decomposition expreriment, 15 ltterbags {EScm x 20cm) were buried under the litter layer, in each
of the selected sites. The depth at which each bag was buried was dependent on the Titler depnh at each site
(Table 5.5). Litterbags were constricted from PVC shadecloth which had o mesh size of approximately 3mm?
(Singh & Gupta, 1977; Woods & Raison, 1982), Each litierbag contained 10g of dried needle litter taken from
the respective compartments, Three literbags were sampled from cach compartment, at intervals of 6wks,
13wks, 23wks, 39wks and 52whks. The litterbags once remeved from the litter were placed in paper packets
to prevent loss of material, O retum to the aboratory weight loss was recorded after drying and chernical
analyses were conducted, to monitor changes in litter quality; these Included total N and total P (Section §.2.2).
Dry mass measuremonis were not converted to ash free dry mass as it was found that soil did oot adhere to the
dried bags or conteminate the litter. Data are presented as percentage mass or nuiriens remaining, The rate
at which mass and nwrient loss occurred way determined by obtainiag the slope betweea two thne periods this

was Calculated as a percentage loss per week.
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Determinatio.. "f Nitrpgen

During digestion the N in the sample was converted to ammonium sulphate (NH,*),80,. The NH/*-N
concenration in the samples was then determined colorimetrically at §55nm, using 8 Stquois-Tormer visible
light spectrophotometer. The colorimetric procedure used a solution containing sodium citrate,
salicylate, sodium tartrate and sodiur - aitroprusside mixed with sodium hydroxide and sodinm hypous. -w
solutions. The mixed reagent, reacts with the NH,*-N to give a green colowr, the intensity of which is

proportonal to the N concentration (Anderson & Ingram, 1989),

Detrermication of Phosphorus

The concentration of P in digested samples was colorimerrically determined using the ammonium
molybdate/ascorbic acid procedure. This methad 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 biue coiour. The intensity of the colour is proportional to the
P concentrations, which was determined on a visible light spectrophotometer at 700um (Anderson & Ingram,

1989; Olsen & Sommers, 1982).

Lignin and celtulose

The percentage lignin and cellulose of the litter samples was determined using the Acid Detergent Fibrm (ADF)
technique (Van Soest, 1966, Van Soest & Wine, 1968). Dried litier samples were finely crushed using 3 pestle
and mortar and sieved through a 430pm sieve. The ADF was prepared from the samples by boiling with a
H,S0, solition of cetyltrimethyl ammonium bromide (CTAB), The CTAB dissolves the nitrogenous
constitpents «ad the acid hydrolyses the starch to leave a residue of lignin, celtuloss and ash. Sampiles wete
then oxidized using & buffered potassiym permanganale 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, 19566; Van Soest & Wine, 1968).
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amd not stand age: there was an overadl decrease in remaining N o fow altitude 15 year-old stands, when

compared to an increase in remaining N in high altitude 15 year uld-sfands,

Analysis of (vi) indicated that there were significant differences in e rae of P loss amongst the diffeeent
ape/altitude  proupings during phase PL (#), 5, -7.44; p=0.0001) and phase P2 (5, - 2.7 p=0.02).
Differences during phase PU were attrihutable o e faster loss of P from 25 and 30 year-old siands when
compared with P loss rates of § and 15 year-old stands and to slower P loss from low altitude 10, 25 and 30
year-old stands when corapared with their corresponding stands in high altitudes, and faster P loss mies from
the low altitude 15 year-old stand when compared with it's corresponding high altitude stand,  Differences
during phase P2 were atribusable only o stand age, with a faster loss of P from 30 year-old stands when

compared with the other stands.

Simple Tinear repression models were used to test the relaticnships berween (vii) mass loss rates and stand age,
maxs loss rates and alticode (vii) N loss rates and stand age and, N loss rates and alticade, and (ix) P [oss rates
and stand age and, P loss rates and altitude.  Regressions on fhe N and P loss rates were canducted on the full

decomposition period (0-52 weeks) av well as the two phases of decomposition.

Regression analysts of (vii) revealed that there was wo sipnificant relatinoships between the mass loss mte {Phase
M 1) and stand age, and mass foss mee and altitude.  No relationship was evident between miass loss race (Phase
M2) and statd ape.  However, there was o significant relationship between the miss loss rate (Phase M2) and

altitude, indicating & Jecrease in mass loss rate with increasing abtitude (Fig. §.16).

Regressiop analysis of {(viil) indicaed that there were sipnificam positive relationships beeween the overall N
loss rate and stund ape (Fig. 5,175, as well as the N loss rade during phases N1 and stand ape (Fig. §.18),
indicating un increase in N Joss re with increasiog stand age. Significam oegative relationships between the
overitll N loss eate and altitude ckig. 5191, and the N Joss rie dunng phase N2 and altitwde (Fip, 5 200 were

evident, indivating decreasing N loss rates with increasing altitude.
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Loss rate values were determined by using the slope or change in mass or nutrient, over timc.:ll: . Thesc data
are expressed o5 the perventage mass or nutrient lost per week,  Using the percentage lose per week or loss rate
data the following statistical anatyses were conducted, One-way ANOVA was used to determine the effects of
stand age and altitude on (iv) rte of mass loss data durivg phases M1 and M2, (v) rate of N loss, during phases
N1 and N2 2d {vi) rate of P loss, during phases P1 and P2, To determine the effect of stand age and wtitude,
the data were grouped as low altitude 5 years, bigh altitude § years, low altitude 10 years, high altitude 10 years
ete, Where sipnificant differences {(p=0,10) were evident multiple comparisons, using least significant
differences (p<0.05}, were used to determine whether differences in the rate of loss were attritutable to stand

age or altiwce,

Annlysis of (iv) indicated that there were significant differences in the rate of mass loss (Phase M1) amongst
the different age/altitude groupings (5 3,--2.08; p=0.06). These differepces in mass loss rate (Phase M)
were not attributable to stand age, but raher to differences in altitnde. More specifically, there was a faster
toss of mass from low altitude 15 year-old stands when compared with the corresponding high altitude stand,
amn slower mass loss from low altitade 30 year-old stands when compared with its corresponding high altitude
stand, During phase M2, significnrt differceces in mass loss rate, amongst the different altinede/nge groupings
were evident (F) 3, =2.90; p=0.01). These differences were attributable again (o altitude differences, with a
faster loss of mass from low altitude 10 year-old stamds when compared with the corresponding high altinude
stand, and slower mass loss from low altitude 15 year-old stands when compared with its corresponding high

altitude stand.

Aunlysis of (v) indicated that there were significant differemnces in the rate of N loss amongst the different
age/pltitude groupings during phase N1 (Fy; 4+ 18.62; p=0.0000) and phase N2 (F; 3+ 2.44; p=0.03).,
Differences during phase N1 were nttributable to faster loss of N from 23 year-old stands when compared with
5 and 10 year-old standsi, and to differences in N loss mies in all the direct alt'oade comparisons. Thys there
were faster N loss rates in low altitude 5, 15 and 25 year-old stands when compared with their cormesponding
high altitude stands, and slower N foss rates in low altilude 10, 20 and 30 year-old stands when compared with

their corresponding high altitude staids. Differences in N loss mte during phase N2 were attributable to altiude
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Table 5.6 Litter decormy wition rate constants (&) for ail stand ages at low and high altitude sites; ty, i5 the time

(days) required for S0% of the litter to decompuse.

Stand age | Low altitude High altitude

(yrs)

5 k £.51 k -0.49
R? 0.87 R’ 0.90
ts 493 by 514

10 k }.66 k -0.40
R’ (.82 R? 0.76
Len 380 toy 636

15 k .43 k .51
R} 0.69 1 0.81
fo 584 tw 492

20 k 0.44 & 0.34
R? Q.66 R 0.72
[ 571 tio 744

25 k .54 k 0.34
R? 0.78 R? 0.82
tsg 470 (P 142

30 k .35 k .54
R? 0.66 R? 0.71
tey 731 tso 469

Simple linear regression analyses were eonducted to determine whether any relationships existed between the
decomposition constants and either stand age or altitude. However, no significant refationships were evidenl.
Trends may be masked as a result of the high variability of the data which is indicated by the standard
devistions 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, caleulated fur all samples regardless of stand age.

The N and P lost from the fitter was monitored over a 52 week period and can alio be divided into 2 phases
(Figs. 5.8, 5.9, 5.12 & 5.13). Phase N1 and P1, necurred during the first thirteen weeks, where the N and
P luss rate was rapid. During phase N2, from 13 to 52 weeks, N was no fonper lost from the litter, hut rather
showed an increase, 1o conirast during phase P2, from 13 (o 52 weeks, P continued to be lost from the licter
but more gradually, The variability of the N and P loss data is shown as standard deviations on figure 5,10
(low altinude sites) and figure 5.11 {high abitude sites) for the N data and figure 5. 14 (low altitude sites) and

figure 5.15 (high altitude sites) for the P data.
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model, the decomposition rate constant (§), for each wamdd age at both low and high altitude sies, was

determined (Table 5.6). The equation used was as follows;
71 = BXP tevct {Equation 5.2}

where, Lr = litter mass remaining
Li = initial titter mass
k = decomposition rate consiant
t = time

(Weider & Lang, 1982; Woomer, pers. comm.).

From the decomposition constanis 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, the litter
in the low altimde 15 and 30 year old stands decomposes slower when compared with their corresponding high
altimude stands. This is further emphasised when comparing the t. i.e. the time required for 50% decomposition

(Tabie 5.6). The ty, was calculated using the following equation;

Lx
£{0.5) = ..{.i?ff_._l’(‘r}l]. (Equation 5.3)

where, t(0.5) = time required for 50% decomposition
Lr = ltter mass remaiving
Li = initia! litter mass
& = decomposition constant

{Weider & Lang, 1987; Woomer, pers. comm.).
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Table 5.5 Mean lister depth, litter N and P values for sites of various stand ages at bath low and high altitudes

selected to be used in the decomposition study. Standard deviations and number of replicates are presented.

Stand age Litterdepth N P

(yrs) {mm) (%) (%)

Low altitnde

5 B+19 1.4940.48 0.074£0.02
n=15 n=3 n=3

10 42414 1.2240.14 0.06 +£0.01
n=15 Huw3 n=3

15 33+20 204 £0.61 0.1640.03
=15 nm3 n-3

20 30118 1,48+0.04 0,08 1002

25 56+14 1.9640.03 0.0840.02

30 524135 1.4310.14 0.07+0.02
n=15 n=3 n=3

High sldtude

5 95428 1.3140.18 0.07+0.01
n=:15 ne=3 n=3

10 92 +44 1.58+0.29 0.09+0.04

15 76 +£26 1.51+0.27 0.08+0.02
0=15 n=3 n=3

20 B5427 1.8210.44 0.09+0.04
a= 1§ n=3 n=3

25 95128 1.92+0.26 0.1240.04
n=13 n=3 n=3

30 71121 2,111+0.26 0.1040.02
ne=15 n=3 n=3
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To determine additional models that can be used to predice eithes litter depth or litter mass, simple linear
tegression models were used to examine the relationship between ratios of litter quality variables to litter
accunmilation.  Anatysis showed significant but weak megative relationships between litter depts and N:tanting
(y=107.12-12.02x; F,;,=4.58; p=0.04; R?0.13), linter mass and N:tannins (y=77.733-9.832x; F; =5.567;
p=0,025; R? 0.16), litter depth and N:polyphenolics (y=117.19-2.57x; F, ;;=6.87; p=s0.01; R 0.19), lLitter
mass and N:polypbenolics (y=-84.92-2.06x; ¥, 4, =7.69; p=0.01; R? 0.21), litter depth and N:polyphenolics
+ tanming (y=118,43-2.24x; F, =6.91; p<0.00; R? 0.19), litter mass and N:polyphenolics + tannins
(y==86.18-1.8Lx; F,,="7.88; p=0.0L; R? 0.21), lier depth and lignin + cellulose + polyphenolics:N
(y=109.52-0.88x; F, 3, =4.46; p=0.04; R 0.13) and litter mass and lignin + cellulose + polyphenolics:N

(=77.16-0.67x; F,;, =4.55; p=0.04; R? 0.14),

5.3.3 Litter decomposition

Litter decomposition in a stand of each age group at both Jow and bigh altitudes was . onitared, litter depth

and litter N amx P data for the specifi: sites used in ihis study are¢ provided in Table 5.5,

Decomposition was measured as mass fost from the litter in buried litterbags at wntervals over a 52 week time
period. The data, expressed as perceniage litter mass remaining, at both low and high altitudes are presented
graphically in flgures 5.4 and 5.5, respectively, Decomposition can be divided into two phases, Phase M1,
occurring during the first six weeks, where mass loss was rapid sad phase M2, from 6 to 52 weeks, where mass

loss ocourred more gradually. Using the following decomposition mte equation in a non-linear regression

a9



of the litter quali'y variables and altirude. Hypothesis 3 can therefore be rejected as lieter guality does not
decreace with increasing altitude. P. patnla growing in high altitude sites does not have a poorer lister quality
than trees growing at low pltitudes.  Although litter quality does influence the mte of decomposition, the litter
quality of P. patula, examined in this study does not account for the observed litter accumulation in high

altitude sites.

5.4.2 Liner decomposition

The litter bag technigque is commonly used in decompasition studies despite concerns regarding the exclusion
of soil fauna, changes in the micro-clinate and compression of material (Woods & Raison, 1982). Initally,
litter drcompusition was 10 be determined using the ltterfall method, which compares the amount of Litter
acvumuobated over n specific period with tie amount of litterfall collected during the same period (Singh &
Gupta, 1977; Woods & Raizon, 1982), Howewver, as a result of problems experienced with the collection of
litterfall data, *his method was abandoned.  The litterbag method was subsequently selected (o determine
decomposition rates, and afforded the opporunity of following the changes in litter quality during
decomposition, an exercise that would not have been otherwise schigved.  Litterbags were placed unger the
L layer in the region of tw F layer, which s regarded ax 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 M 1 10%; this
reprresents the mean mass lost over 52 weeks, caleulated regardiess of stand age and can be compared with other
moss foss figunes obtained in previous sidies for other Pinee ecosystems (Table 5.10).  Decomposition was
divided into two phases, M1 and M2. A mapid loss in mass occurred during the first six weeks {Phase M1),
1 his phase can he attributed to the initial lenching phiase of decomposition when water soluble compounds are
released from the litter (Thrahimy, Joffre & Gilion, 1995%). The biological phase of decomposition would have
cceurred concurrently with the initial leaching phase and continued thereafier, continuing ino phase M2, during
which a moore gradual loss in mass oceurmed (Parsons, Taylor & Pavkinson, 1990; Sohuup & Binkley, 1993}

This twe phuse pattert in mass loss is similar w that ohserved it other studies (Smolasder ef of., 1996) although
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Tabie 5.9 Comparison of P. pumia litter quality with other Pinws spevies.

Species Titter qualiy Referetive
{ampanent %)

P. paiiia N 1.65 £ U.IB Thus gudy
P N0R 4 0N
Lagnin 2084 +0 8%
Celholose 47 £ 134
Potypheneics IO 496
Tannin 565 + DI9

P panda N D57 Fremmond. 1991

P ethonti N 035 Gholz eral., 1985
P 0
Lageen 21
Cotlulose PR X ]

P sylvestns N 04l Betg & Wesséns, 1984
P (1117
Lignin 200
Cellulose 2900

P resiosy N 4t Aber, Melillo & Mc
Lignin 2470 Clougherty, 1990
Cellulos 46 50

P aba N 044 Aber. Melillo &
Lignin 250 Mc Claughetty, 1990
Cellulose 44 T

P. kesiva Lagnin 35.00 Kshattriya, Sharmo &
Cellulose 2600 Mushiea, 1992

P. contorty N (.45 Stump & Binkley, 1993
Lignin 25 2%
Collulose 3699

unsaturated substances which may appeor as lignin, and which is also sensitive to heat, these factors may result
in inceeased lignin values. Permangapate ligein represents o wue theoretical lignin vatue, the ADE method
being less sensitive to the above mentioned factors (Van Soest, 19661, However, P. patule litter can be
regarded as a high lignin substrate with the lignin concentration falling within the 17-29% range (Stump &

Binkley, 1993).

An increase in litter N and P was evident os the sands aged, indicating that older trees retranslocated fess N
and P from the needles prior to seedle fall.  Hlowever, very lintle change was evident in dw other litter quatity
variobles s the stands aged. Stwdies on P. kestva also showed thit there were ne differences fo both lignin and
cellulose comeentrations of it between 5 and E5 year old stands (Kshanriyn, Sharma & Mishen, 1992), This
can he apributed to die uniformity of senescent ieedles in ape, shape and size, 5o wat structural co upounds

such oy liguin awd cellulse world show littde variability as the oee aped (Berp & Wessén, [984). Several



9) The loss of N from the hiter increased with increasing stand age (Phase N1). Overall N foss decreased with
increaging altitude, indicating an immohklization of N within the litter at high altitudes.

10 During decotposition, changes in litter P oceurred i two pluses, phase P1 (0-13 weeks) and phose P2
{13-52 weeks), Litter P decreased during both phases,

il) The loss of P from the litter increased with increasing stand age. A rapid loss of P was evidem irom high
altitude sites during phase P1; this rate slowed down during phase P2,

12) The enumeration of the soil microbinl populations, at a low and high altitude site, indicated that there were
uo significant differences between the hacterind sud fungal Rapctional groups,

13} Microbial activity and biomass was reduced in menched plots.

5.4 DiSCUSSION

5.4.1 Litter quality

The Gitter quality study used ler collected from litter traps which had fallen over a three month pericd. This
mised some concerns regarding the effects of leaching and onset of decomposition, by both epipitytic and
endophytle organisms, on the titter guality (Dickinson & Pugh, 1974), However, as the three month collection
period was during the drier, cooler months of winter, it was assumed that any loss of nutrients from the litter
wis minimnl. The average ltter quality of P, pasuda (Table 5.1) can be compared with other reports for Pines
spp. in the literare (Table 5.9), Litter N and P was higher in this study than thet reported for other Pinus
spp. and for P. patuda livter studied by Freimond (1993)  Vartability both within and berween species has been
reported previously and may be ateributaple to site factors (Dickinson & Pugh, 1974). Sessonality in litter N
cotcentrations has also been reported (Versield & Donald, 1991 although seasonal ~hanpes in liter quality was
not monitored in this study. Litter lignin and cellulose peycentages were Lowver in this srud - ian those reported
in some of the other spreies and may be attribwed to variahility berween species (Mevatemeyer, 1978) awd the
analytical method employed (Van Scest, 1966). Muost stwdies cited in ible 5.9 have wsed the 72% sulphuric

acid method for quantifying lignin, A method which is susceptible to the presence of polyphenalic and other



M hizal colonizai
The CON plots were significantly drier than the T plots in both the L (4, ~ 1.40; p<0.1) and F Layers (1, 3.20;
p£0.05), with the F (CON plots 6.9%; T plots 10.9%) layers being moisier than the L layer (CON plots
1.6%; T plots 2.5%). With regard fo mycorrhizal colonization CON plots bad significantly higher levels of
mycorrhizal roots at 32 £ 11 %, than T plots where colonization was only 31 1% (4,~=6.43; p<0.0001). InT
plot samples rots were dying or dead with cortical tissue sloughing off the roat axis, indicating that the

majority of active mycorrhizal roots were successfully excluded from the trenched plots,

5.3.6 Summary of results

To clarify the major findings of this section a summary of the results is provided.

1} Liner N and P concentrations were shown to increase with increasicg stand age,

2) The litter quality ratios, C:N and lignin + cellulose + polyphenolics:N, gave the most significant negative
Unear relationships with increasing stand age.

3) No relationships were evident between any of the litter quality variables and the altitude of the site.

4) A model predicting litter depth using the Jiter quality variables, N aml tannins, and the site chamcteristic,
altitude accounted for 56% of the variability observed in litter depth.

§) Litter decomposition, as measured by mass foss, occurred in two phases. During phase M1 (0-6 weeks)
mass loss was rapid. Mass loss continued during phase M2 (6-52 weeks) but more gradually.

6) The Lister decomposttion rate consiants 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, 15 and 30 year old stands. In the high
altitnde 20 and 25 year old stands o pertod of fwo years would be required to decompose 50% of the licter,
7) The rate of decomposition during phase M1 showed no significnnt relationsbips with either stand age or
altitude, while regression analysis of phase M2 data indicated that the rate of decomposition decreased with
InLreasing altitucke.

&) During decompuosition, changes in liver N occurred n two phases,  Phase N1 (0-13 weeks) showed a Toss

of N from the litter, while phase N2 (13-52 weeks) showed an accunulation of N



5.3.5 Microbial activity and biomass

Respiati

The quantity of respired CO;, absorbed by the soda lime from the COW and T plots in the high altitude 42 year

old site nre 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 1, and

F litier 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 (4= 1.57; p<0.1).

Although the L layer samples from the CON plots respired ore than the cormesponding sammple in the T plots,

significant differences were masked as a result of the variability In the data.

Table 5.8 Respiration and microbial C values for control and trenched plots as measured by the soda lime,

SIR and microbial C teciniques. Mean values of six replicate satmples and standard deviations are presented.

Mellod

L. layer

Conml otk

F layer

Tmoched plois

L loyer T layer

Razpiration
Snda lim

(tmp<e), hr 'y

5IR
{mgCO, g ' bl

Microbral €
C

mgC gt

Microbial C

8.86 + 7.59

0.7 £+ 0.49

0004 £ 0.0A1

072 4+ 0.2

oM + 00

79 £ 695

0.54 & U336 040 + 0.19

0.00% + D002 0001 £ 2401

Results of the microbinl C measured in CON amnd T plots for the 1. and F layers are presented in Table 5.8,

Using two sample t-test, the CON plots, in both the L amd F layers, showed significwudy higher C,,..

concentrations tian the T plots (L layer - 1, 1.49; ps0.1 and F layer - ¢, 150, p0. 1),

88



]
o
|
1
1

TlLow ﬂlllludj
{_JHigh altitud

o)
o

(5
o

E-N
Q

[ ]
o

Number of bacteria (cfu x 104

INT Soit

Figure 5,25 Bacterial counts of the Luer (L), interface (INT) and soil layers of the forest floor at a low and

high altitude site, Standard deviations (+) shows on bars; ¢fis + colony forming units,

70

&
==

kd Low altilude
U High anitude]

F-3 t
o a
—_ i

[ 4+
Q

Number of fungi {cfu x 10%)

L INT Soil

Fisare 5.26 Fungal counts of the litter (L), Interface (INT) and soll layers of the forest Boor st a low and

high altitude site. Standard deviations { +) shown vz bars; ¢fe - colony formng units,

a7



Table 5.7 Changes in percentage lignin, cellulose and pelyphenolics through a litter profile, compared with

follar samples, Mean values of three replicate samples and standard deviations are presented.

Sample | Ligoin Cellulose Peiyphenolics

(%) (%) (%)

Foliar | 15.304£0.91 25.07+£1.16 27.3740.35

LI 20.86+2.47 28612717 11172085
L2 31174£7.38 24481277 9.5740.51
F 29.8540.33  17.9442.85 6.30+1.25

Using ont-way ANOVA and multiple comparisons, analyses indicated that the foliar lignin concentration w+
significantly lower than lignin in the litter layers (F, 4=11.01; p<0.003) and cellulose concentrations wes.
similar in foliar and Hrter samples but becoring significantly lower in the F layer () y=4.71; p=(.03).
Polyphenolics in the follar samples were highest and then decreased throughout the [itter profile (F, ,=397.00;
p=0.000001).

5.3.4 Soli microbint and soil faupal populations

Examination of litter/soll core samples indicated an absence of soil fauns = 2mm. Results for the microbial
plate counts of the various litter/soil layers in a low and a high altitude 25 year-old site are presented in Agures
5.25 and 5.26, mapectively. ANOVA showed 5o significant differences between low and high altide sites
with regard to either bacterial or fungal populntions, However, generally baclerial numbers decreased down
the litter/soil profile nnd ambers of hacteria tended to e higher in low altitu, ¢ sites. Fungi showed a general

decrease down the litter/soil profile with fangal numbers being higher in high altimde L and soil Inyers,
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Regression analysis of (ix) indicated that there were signiticant positive relationships berween the overall P loss
rate and star) ape (Fig. 5.21), ad P loss rate (phase P1) 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 alticade (Fig. $.23), while during phase F2 a negative relationship was evident (Fig. 5.24) which
indicates a more rapid loss of P from high alnitude sites during the first phase of decomposition which slowed
down during the second phase. No relationship was evident when exarining overall P loss rate (D-52 weeks)

probably due to the masking of the phase P) aml P2 relationships.

The effect of decomposition on Tignin, celluloer and polyphenolic concentrations can be seen down a litter
profile which represents change over time, litter at the botiom of the profile being older than newly fallen liter
at the top of the forest foor. Results from these analyses compared with the concentrations in [oliar samples

are presented in Table 5.7,
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H and excl ble acidi
Soil pH has a controlling influence on the availability of tutrients, as well as the cation exchange capacity aml

aluminium toxicity. Measeremenis of plf were tken of the liver and soil samples using a IM KC1 solwtion

(1:5 dilution).

Exchangeable aluminium is the dominant cation associated with soil acidity (pH <4.5). At higher pH values
AP* is not found in solution hut is howded to clay particles, at lower pH values Al comes off the exchange

complexes, going into solution which results iu aluminium toxicity (Barnhise] & Bertsch, 1982; Sanchez, 1976},

There is a strong correlation between exchangeable AP+, pH and decrensed plant productivity (Okalebo, Gathua
& Woomer, 1993), for this reasou exchangeable acidity was determined for the INT and soil layers. Samples
were extracted in a !M KC! solution. Extracts were subsequemty titrated with a 0. 1M solution of NaOH using

phenolphthalein gs the indicator {Anderson & Inpram. 1989; Sanchez, 1976).

N_miperalizati
The porential N mineralization raws of the INT and soil layers were determined using the angerobic incubation
technigue. This method provides a rapid index of the labile pool of plant available N, although it does not
adequately reflect field mineralization, Presh INT amd soil samples were incubated voder waterlogged
couditions, for 7 days at 40°C (Time 1) (Waring & Bremner, 1964). Uunder these conditons organic N iy
ntineralised o NH,*-N (Alexander, 1977). The NH, *-N prosluced was then extraceed using  0.5M K,80,: this
extraction was also conducted un unincubated sqmples (Time 0).  Concentravions of MH,*-N, ia both Time |
and Time O sample extrmcts were determined colorimetrically st 620nm using the indophenol method (Dorich

& Nelson, 1983).

The indophenol bue reaction, occurs between ammonium, phesol and hypochborite in an alkaline medium.
Lidopheno! is an amino derivative of phenylquinone-monoumine, The resulting blue colour is shmilar to that

of the indoplienu] dyes, and its incensicy is proportional to the ammoniuvm concentration.  The iadopheno)
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6.2.4 Chemical anclysis of forest floor and soil components

Jotal N and B
All litter and oil samples were chemically analyzed for total N and P, using the Kjeldah] procedure followed

by spe.lfic colorimetric analysis (Anderson & Ingram, 1989; Section 5...2; chapter 5).

Resi bl ilable P
Phasphorus oceurs in many different forms io the soil, each with different solubilities. The form of P extraeted
is depetident on the extraction medivm, The rate of extmetion has been shown to be deperdent on the rate of
release of P from the soil into an aquecus medium, Studies have shown tha: anion exchunge resin bags bebave
in a similiar manner to roots and that resin extractable P correlates well with plant P uptake. The method used

in this srdy war one modified by Sibbensen, (1978),

Resin extractable P was determined for litter and soil samples, The concentratons of the extracted P were
determined colorimetrically at 700nm, using a visible light spectrophotometer (Okaleby, Gathua & Woomer,
1993). The colorimetric technique used was the ammonium molybda, ascorbic acid technique where samples
are allower! 1o react with a composite reagent of motybdate, ascorbic acid and trivalent antimony. The molybdic
acids formed are converted by reducing agents o & blue-coloured complex, the intensity of which was

projortionsl to the P concentration in the sample extract (Anderson & Ingram, 1989; Murphy & Riley, 1962).

Cations

All liner and soil samples were chemically analyzed for the major cations K*, Mg®* and Ca?*, Litier samples
vere digested using a modified Kjeldah] procedure (Amderson & logram, 1989; Secdon 5.2.2; chapter 5).
Caticns from soil samples were extraceed ina 1M NH,0Ac solution which ensured thar the maximum exchange
oceurred hetween the NH,* and e cations originally occupying the exchange sites on the soil surfice, The
soil extract and the digested litter samples were diluted with lanthanun chioride and cation determinations were

made following the procedure outlined in section 6.2.3 (Kowdsen, Pelersen & Prait, 1982; Thomas, 1982).
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patural leachate collection,  Ten plastiv feachate collection trays (0.9m x O.5m were placed under the litter tayer
at the interface of the liter ad soil - A section of liter, [.2m x |.0m, was cut through with a sharp koife and
lifted to facilitate plecement of the leachute trays. The trays were positioned at a slight angle to ensure renoff
of leachate imto plastic collection tubes.  The collection tube drained into a dak, 21 plastic collection bottle
which was placed helow the leachate teay (Anderson & Ingram, 19895, On collection the samples were fruzen
and returned to the laboratory for analysis. The amount of leachate collected in each bottle and the rainfall

during the collection period was recorded.

6.2.3 Chemical ansltysis of vegetation components

Towl N and B

Needle, branchwood, stemwood, bark and root samples were analyzed for tofal N and P using a modified
Kjeldahl proscedus e followed by specific colorimetric analysis (Anderson & Ingram, 1989; Section 5.2.2; chapter

51

Cutions
Needle, branchwoexl, stemwoc and bark samples were gnalyzed for the major cations K*, Ca®*, and Mg?*,
" ensure that all the nutrients were brought into solution, samples were first digested using wet oxidatdon bused

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 & releasing agent w prevent the
formation of refracrory compouends, which could interfere with the determination {Okalebo, Gathug & Wooner,
1993, Cation concentrations were determined using an atomic absorption spectrophotometer (Koudsen,

Petersen & Pratt, 1982; Thomas, 1982).
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these branches mature needles from the previous seasons growth were collected. Cross sections of the hranches
were teken, for branchwood samples  Stemwod samples were taken using an iocremem borer (diameter
10mm) and bark samples were also collected from the sample trees.  All samuples were oven dried at 60°C for
72hr. Needle samples were crushed and put through a 2mem sieve, Branchwood, stemwowd and bark samples

were ground in a Fritsch sample mill.

Thirty litter/soil core samples were collected from the forest floor using o stainless steel, 1m long, soil corer
(infernal diameter, 8cm), Three samples were taken from underneath cach sample cree approxintately 1.0m from
thie buse 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 in plastic sleeves and sealed, Cores were returned
to the labomtory and divided into Huer and soil layers. ‘The depth of ench layer was recarded.  The lieer/sol)
layers were as follows;

-« L}, newly fallen litter lying loosely on the forest floor;

- L2, thick mat of litter, tightly interwoven will ectomycorrhizal (ECM) fine roots;

- F, fermentation layer, interwoven with ECM roots but being fooser than the previous layer;

- INT, the interface laver between litter and soil;

- Soil layer to the shale.

The respective layers of the threg liter/sail samples, tor ench iree, were bulked o provide sufficient material
for analysis. Ting roots, with o diameter of < 2mm, were separated from the ider by hand, and from the soil
samples by sieving (Nadethoffer & Raich, 1992). Al litter, soil and a portion of the ot samples were oven
dried at 60° for 72 irs,  After drving, litter samples were crushed awd put through 4 2mm sieve, Where finer
samples were required they were ground further, usiog 4 pestie and mortar, and sieved through a 430um sieve.

e Jeae »

Leachate from the litter was coflected w determine whedhier nuirients were sransported Trom the litter into the

sl Lister leachate was collected during s five day perivd in December 1993, the rainfall senso, ensuring
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nutrient are cycled the foliowing hypotheses were tested;

Hypothesis 6: The fine feeder roots of P. patula are distribuled mainly within the litter layer (Fip, 2.5,
chapter 2).

Hypothesis 7: P, parafe acquires the mujority of its outrferms from the litter layer (Fig. 2.1; chapter 2),

Studies by Mouris (1996) indicated that there was a4 relationship 1. owoen litter accumtlation and decreasing
topsoil Ca* concentrations. The decrease in base cations may ave occurred us a result of a greater degree of
teaching due to increased rainfall at higher altitudes and/or the inability of tw soil o supply catioits.  Because
catons influence micrabin! activity (Alexander, 1977} and concerns that scid rain in the Mpumalangs
escoTpment may increase the leaching potentinl of cations (Carlson, 1992, Olheich, 1995 the status of the

cations, K, Ca™ and Mg**, was examined in the high-liteer, high abtitude site.

6.2 METHODS

6.2.1 Study site

Nutrient cycling studies were conducted in ¢ 42 year-old P. pentda compantment in the Brooklands plantation
{Table 3.2; chapter 3} The 36l compurtment was planted in 1951 and the trees were last thinned in 1975 ©
274 siems per licetare (sph).  Studies were conducted within & Tha area which had a gende slope and was

sltuated at an altitude of 1350m. The geology of the site was shale, with shallow soils,

6.2.2 Bampling

Ten trees were randomly selected from within the study area.  Sempling was conducted during Jutie us seasongl
variation of foline nutrient concentrations has been shown 5o he minimized by winter sampling (Paya, Schaez

& Clough, 1989). Branches from the upper third of the canopy were selected from each tree and cut. From
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6 NUTRIENT CYCLING IN A LITTER ACCUMULATION SITE

6.1 INTRODUCTION

The nutrient supply to an ecosystem is halanced by both inputs and outputs 2nd invalves the interactior of the
plant community with its environment (Hil & Schaaf, 1995; Vitousek, 1984), Nutrients within the system
are utilized to incvease biomass i.c. net primary production. Nutrient supply may increase as a result of
deposition and fertilization or it may decrease ds a result of nutrient immobilization, harvesting and increased
leaching. Therefore, the conservative use of murients is inportant to ensure that there is sofficient nutricnt

teserves to allow for the growth of succeeding plant communities (Hanl & Schaaf, 1995; Olson, 1963).

In monaged, even-aged plantatdons nuteient cycling studies are important in order to ensure sustained
productivity of the afforeseed sites, over successive rotations.  Studies by Morris (1986, 1995) have shown
reduced growth in second rotation, high altitade P, patula plantations when compared with first cotation growth
and proposed hat this was a result of N deficencies induced by contlnued litter accumuistion. This raised
congern that litter aecurmulation in P. panla plantations taay have adverse affects on the vycling of nutrients
and mny result in decreased long-term site productlvity,  This study was designed to determine the nutrient

dypamics of a P. pamla site in which litter bas acecumulated.

The autrient dynamics of N and P within the system were exantined, as N is regarded as most timiting in forest
ecosystems, in addition there is incrensing evidence that for a nutnber of forests P is immobilized in the firmt
stages of decompuosition to a significantly gecater extent than is N (Attiwill & Adams, 1993). Phosphorus levels
are alsy thought to enntrol the economy of uther nwrients in the ecogystem, Reports have also supgested that

there is m high level of interaction between the N and P oycles (Atowill & Adams, 1993),

To esblish a complete nutrient budget fou a high liver, high altitude, 42 year-old site the nuerient levels of

the furest floor, roots and above-ground companents were measured, To futther elucidat the route by which
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activity, Therefore iheir presences is not responsible for retarded decomposition rates and ultimately
accumulation of liter. Rypothesis 5 can therefore be rejected.  Thus conclusion confirms e findings of other
similar studies which cot cluded that exclusion of ECM roots did not increase microbial activiry or biomass
{Dighton, Thomas & Latter, 1987; Harmer & Alexander, 1985). A recent study by Zhu & Ehrenfeld (1996)

showed that the presence of P. rigida mycorrhizal roots stimulated litter decompaosition,

5.5 CONCLUSIONS

The output of outriew.s from the litter i.e. the decomposition process is influcoced by litter quality. Litter
guality studics of P, patulz bave shown that litter N and P increases will increasing stand age, thereby
improving litter quality (rejection of Hypothesis 2). However, increasing aktiode was not accompanied by
a change in litter guatity (Hypothesis 3 was rejected). The mie of decomposition, as measured by 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 evidv.t that in hiph aitiude sites the decomposition process is
compromised, resulting in an imbalance between the input and output processes, wiich is manifested by the
accumulation of litter on the foresi floor, This decrease in decompaosition cannot be attributed to any significant
differences in tue litter/soil microbial populations between low and hiph altitude sites, although there are
ind’cations that bacterial counts are lower and fungal counts are higher in high altitude sites. This aren would
require further investigation. There is alss no evidence to suggest that the presence of active ectomycorrhiza!
roots suppresses the decomposition of litter in hiph altitude sites as a result of competition between saprotroplic
micro-organisms and mycorthizal fungi. It is therefore, probable that abiotc eavironmental factors such ax
temperature, rainfall and pH are responsible for the decrease in decomposition observed in the high altitude
sites, by way of their influence on microbial activity These interactions will be dscussed further in chapters

6 am! 9.



litter in low altitude siles when compared with high altitude sites, However, the present study examined the
population at only one point in time and significant differences may becarne evident if the population were to
be mouitored regularly over a longer time period, Seasomnal differences may also be jraportant as during the
drier, winter months or wnder drought conditions the composition of the microbial community may change with
fungi becoming more dominant. Under these conditions the differences between low and kigh altitade 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 sods lime sarnples (Table 5.8) possibly reflects localised pockets of
microbial activity which respomnd to moisture availability in the litter, To reduce variabilicy would require a
bigger sample size, The quantity of CO, absorbed by the soda lime in the CON samples (Table 5.8) was higher
than values recorded during a pilot study (5.48 4 1.80mgCO, br') which was conducted in July 1992, The
variability observed during the pilot study was lower, which could be attributed to the drier, winter conditions

during which the study was conducted. [n this case localised nwisture pockets wuald b less infl eotin.

1t was evident from the SIR and C,,., expetiments that the elimination of active ECM roots resulted in reduced
wmicrobial activity and biomass (Table 5.8) which iy contrery to the 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; Harmer & Alexander, 1985; Stasf, 1985) or
microcosm experiments in the absence of roots (Dighton, Thomes & Latter, 1987; Zhu & Ehrenfeld, 1996) have
reported an increase in moisture emphasizing the important role of roots in the wpiake of water, The increased
moisture may have resulted in anaerobic conditions becoming prevalent in the litter layer which are inhibitory
to mictobial (especially fungal) respiration. Reduced microbial activity may also have resulted from
limitations due to the absence of root exudates and die loss of micro-organisms usually associated with the
“mycorrhizosphere’.  Although it is certainly true that there are many competitive and synergistic interactions

berween saprotrophic micro-organisms aad mycorrhizas, the presence of ECM does not suppress microbial
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concenirations were similar in foliar, L1 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 ie the litterfall (Table 5.1)
were lower (28%) thag those measured through the profile but the reason for this difference is unknown.
Polyphenolics decreased from 27% in Foliar samples to only 6% in the F layer, showing a continual decrease
throughout the litter profile (Table 5.6). Polyphenotic conceatrations in the litterfail (Table 5.1) were similar
(31%) to those measured in folizr samples, the reduction of polyphenols in the liner probably refects changes
in the extractable nature of the phenolic molecules resulting from their polymerization during decomposition
(Mc Key, 1979). Many studies have shown that afier an initial period during which various compounds are
Tost, the rate of decomposition decreases anct the lider becomes more resistant to breakdown. This is caused
by the accumulation of condensed or polymerised polyphenols which may originate from the 1itter itself or be

synthesised by micro-organisms (Singh & Gupta, 1977).

5.4.3 Soil microbial and soil faunal populzations

No soil fauna, = 2mm, was recorded in the ltter/soil samples. However, this is not conclusive as microscopic
frana e.g. Acari (mites) were not examined, Studies by Setild ef al., (1991) and Shaw er af,, (1991} have
shown thal coniferous forests have low total soll 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 bicmass, of which Oligochaetes (earthworms) are dominant. Mor layers have low soil fauna

biomass, Jominated by Acari (mites) and Enchytracida (potworms) {Setdld, ef al., 1991, Shaw et al., 1991),

From the soil microbial study no significant differences in the levels of bagterial and fungal populations were
apparent between the low (Fig, 5.25) and the high altitude sites (Fig. 5.26) examined although scveral trends
were apparent.  These tremds included a general decrease in both bacterial and fungal numbers down the
litter/soil profile with higher bacterial counts occurring in fow allitude sitys, and higher fungal counts being
muensured in the L and soil layers of the high altimude sites. The lack of significance in these differences may
be a result of the high variability observed, Studies conducted in India by Kshastziya, Sharma & Mishra (1992)

found that fungal amd bacterial counts and inventase, amylase and cellufase enzyme activity were greatest on
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old low altitude stands and in the 10, 20 and 30 year old, high altiude 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 N1 (Fig. 5.18). Therefore, as the
stand ages, N is lost faster during the rirst 13 weeks due to the higher initizl N concentrations (Fig. 5.2). The
immobitization of N both overall and during phase N2 was also shown o be related to altitude, with N
becoming increasingly immobitized in the higher altimde sites (Figs. 5.19 & 5.20). Immobilization of N,
indicates a N deficiency which uliimately affects microbial activity, resulting in reduced decomposition of litter,
The majority N would rcmajn bound in organic form with only & limited amount of N being made available
for plant uptake.

The changes in liter P were also monitored deriny decomposition and two phases, phase P1 and P2,
representing a contimual loss in P were evident (Figs. 5,12 & 5.13). The mean petcentage P lost during the
52 week period, calculated regardless of stand age in low and high altitude sites, was 88+4% and 751+ 16%,
respectively, Analysis revealed that the rate of P loss (Phase P1) was faster from okder stands, this may be
attributed to the increave in initial litter P concentrations with stand age (Fig, 5.3), this was further substantiated
by the regression snalysis (Fig. 5.22). Differences in P loss related to altitude can zlso be linked to higher
initial P concentrations (Table 3.5) in the high altirede 10, 25 and 30 year-old stands. Regression analysis
indicated a more mpid ioss of P from bigh altitude sites during phase P1 (Flg, 5.23) which slowed down during

the second phase (Fig, 5.24), as a result of P becoming Yimiting.

The litter core samples collected were assumed to represent current licterfall at the top of the profile, ageing
down the profile to +20 years (hatf the stand age; Chapter 6), Lignin chacentrations in the litter layers (30%)
was twice that of the foliar lignin {(15%) (Table 5.7) with the concentration in the litterfall being 21% (Tahle
5.1). These trends hightight the recalcitrant nature of lignin which would adversely affect the production of

rmicrobial enzymes, resalting in reduced decomposition rates (Kshattriya, Sharma & Mishra, 1992), Cellulose
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the fow altitude site which may have contributed to faster mass loss during Phase M1, resulting in a N
deficiency during phase M2, hence the slower mass foss rates. Faster mass loss rates from 10 year old stands
in low altitude sites (Phase M1) 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 deconpnsition. Slower mass loss rates were evident in the low altitude 30
year-old stand (Phase M1) which can also be attributed to the higher initial litter N coocentrations in the

corresponding high altitude stand (Table 5.5),

No significant relationships were evideut between the decomposition rate constants or mass foss rate (Phase M1)
and either stand age or altitude, Large variability in the mass loss data mask any sigaificant trends (Figs. 5.6
& 5.7). However, the mass loss mate 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 peneral decrease with increasing
altitude,

The changes in litter N were monitored duriog decomposition and two phases weie evident, phase NI
represented a loss in N while phase N2 showed an accunmulgtion of N in the litter, indicating that N becomes
immobilized (Figs, 5.8 & 5.9). The mean percentage N fost during the 52 week period, calculated regardless
of stand age in low and high altitude sites, was 51+12% and 40+ 14 %, respectivelv. ANOVA and multiple
comparisons of the N loss rate data (Phass N1) revealed that N was lost faster from oider stands which may
be attributed to the increase in litter N concentratious as the stand ages (Fig. 5.2). Comparisons between low
and high altitude stands revealed siguificant differences with faster N loss rates frora 5, 15 and 25 year old low
altitude stands and siower rates in the 10, 20 and 30 year old low altitude stands. These differences could be

Hoked to higher initial litter N concentrations (Table 5.5) in the 5, 15 and 2§ year
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the dnration of plase 1 is variable, a factor which is dependent on the frequency of sample collsctions. The
overali loss of mass was further emphasized when examining the decomposition rate constanis (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 decowposttion

rate in the Jow altinede, 30 year old stand is not clear, but may be related to the sites south-east aspest.

Table 5.10 Anmual percentage mass toss from litter for verious Pinus species,

Species / Location Mass loss Reference

(% yr')
P, parulal Mpumalanga 34 This study
P. patula / Tndia 13 Singh, 1982
P. sylvestris | England 12 Singh & Gupta, 1977
P. syivestris | Sweden 20-36 Berg & Staaf, 1980
P, syivestriz { Finland 34 Smolander et al., 1996
P. alba | Tennessee, USA 40 Singh & Gupta, 1977
P. toeda | Tennessee, USA 44 Singh & Gupta, 1977
P. radiatn | New Zealand 50 Gholz er al., 1985
P. contorta { Wyoming, USA 18-23 Fahey, 1983
. elliottii { Florida, USA 13-17 Gholz et al., 1985

ANOVA and multiple comparisons conducted oo mass loss rate datz (Phases M1 & M2) revealed that rate of
mass loss was oot linked to stand age, confinning 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 high altitudes.
Faster mass loss rates were evident in 15 year old stands (Phase M1) at low altitudes follov-ed by slower roass

loss rates during Phase M2. This can be attributed to the higher initial liter N coacentrations (Table 5.5) in

94



The stemnwood biemass was the largest componeit in the aboveground component (excluding the forest floor),
foltowed by branchwood, needle and bark biomass. The average litter depth was 217.00+ 3.41mm, which was
converted to a litter mass of 143 000kg ha '’ (Fig. 4.11; chapter 4). This figure would include the root biomass,
85 the majority of routs are distributex in the liwer, The biomass of the litter minus the roof biomass (128

475kg ha") therefore forms a significant portion of the forest ecosysten, equal 1 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 fipures presented in table 6.5, it
was possible 10 determine the size of the nwrient pools. The soil nutrieat pools were calenlated using die

forirula,

- % B} x D (Equation 6.9)

where, NC = nutrient concentration converied w mg kg !
BIY = bulk density in kg m?
I3 = sobl depth inm

Schutz, 1990).

The bulk density of the soil was teken to be 1, 18g cm? (1180kg m") (Morris, 1986), The sl depth meusured
at this site wes 9em, bowever, hechuse af the high exchangeabde acidity, kow pH and lintiled distribution of

raots within the soil, nurent pood figures are presented only for the op tem,

Nutrient cycle diagranw are presented for the N {(Fip, 6.1} and P {Fig. 6.2) cycles.  Perventages shown
respresent the contribution made to a prrticular mgtriens poal e 48% of the tree N pool is tound in she teedle
component (Fig. 6.1). The distritmtion of the vations, K*, Mp?* and Ca?*, in the blomass componens are
presented in Table 6.6 The Dighest K' content is found in the L2 layer,  Stemwood followed by the 1.2 tayer

had the highest Mg?* content, with Ca?* being lughest in the soil fayer. OF the cations, in the e poal, Mp®”
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6.3 5 Rool distributipn and mycorrhizal pereentage

Nu roots weee found in the L1 layer. The majority (40% ) of the e rovts aveur in the 1.2 iaver, followed by
% inthe F layer, 26% in the INT and 3% in the sail, There were signiticantly less roots within the soil
layer (Fyp=6.40, p=0.02). The highest percetitage of mycorrhizal roors oceurred in the £.2 aver, altbough
differences in the mycorrhizal percentape between the L2, 1 INT ane soil layers were not sipnificant,
Approximately, half uf the roots occurring in the L2 (53% s and F (485} lavers and a significant proportion

of roots occurring in the INT (41%) and soil (36%) Llayers were ectomygorrhizal,

6.3.6 Above- and belowground biomass

The DBH, height and crown heipht of the study site were measured as 40.73 + 5.23cm, 24,6 + 2, 28m and

9.61 + 2.06m, respectively. The histmass of the above- and belowgroumd components are presented in Table

6.5,

Table 6.5  Biomsss of the various above- and belowground companents inchwing the o est floor,

Compaonent Biomuss

kg ha )
Needle 14 250
Stemwiod 125 000
Branchwood 21000
Hark 6 940
Liner 143 000
Rowts 17525
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6.1.4 Mutrient content of the leachate

The average amount of leachate collected was 1717, during a period which received 37, 1mm of raiofall. The
gutrient content of the leachate is presented in Table 6.4. The cation K*, was found in the highest
concentration, followed by Mp** and Ca?*. This confirms the highly mobile nature of K*, which is resadily
leached from plant material (Olbrich, 1995; Zamierowski, 1975). Total and inorganic NH,*-N were found in
higher concentrations than the total and inorganic P. The pH of litter leachnte 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 ane

presented,
Lenchate ug ml’
analysis
N 0.79+0.17
P 0.23£0.12
Inorg, NH,*-N 0.24+0.17
Inorg, P 0.1810.12
K* 31.6046.53
Cui* 6.054 1.87
Mg? 9.88+1.39
pH 1.8810.15
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Litter pH wor found to be 3.26 in the LI layer, decreasing to 2.16 jo the F layer (Table 6.2), Significant
differences in the pH between the fitter/soil layers were evident (Fy y 135,07, 75 0.00001), with pH in the L)
layer being higher than that of the L2 and F layers. The pH of the INT layer was similar to that of the L1
layer, with the »H of the s;l heing higher. The litter layers were more acidic than the soil.  The high
exchangeable ncidity of the INT and soil layers (Table 6.2) indicates the presence of aluminium in the soil

solution,

6.3.3 Nutricat content of the root compoaent

No raots were found in the L1 layer, i.e. newly fallen liter, The N and P values for roots within the litter and

soil layers are presented ir Table 6,3, No sipnificant differences were evident between the roots occurring in

the L2, F, INT and =oil iayers with regard to either N o1 P concentrations.

Table 6.3 Nutrient content +:f the root component. Mean values of 10 replicates and stendard deviations are

presented,
--\.nmplmcnl N p
%) (%)

LI - -
L2 1.1340.28 0.12+£0.03
F [.O8+0.16 0.08 +0.004
INT 1.04 +0.28 (.09 £0.0i
Sail 0.9010.22 0.0910.02

114



Table 6.2 Nutrient content of the litter and soil components.  Mean values of 10 repticates and staadard deviations are presented.

Component N N-niin P Res BEx.P B Cal* Mg pH Ex. acid,
(%) #gN gld! (%) (%) (%) (%) (%) emol* kg?
L1 1.12 & 0.07 £ 0.006 + 0.70 + ud* 0.62 ¢ 326 ¢
0.53 0.0l 0.001 0.30 0.14 0.09
L2 1.32 & 0.09 ¢ 0.006 £ 0.99 + ud 048 1 230 £
0.23 0.0 0.001 0,32 0.03 0.04
F 1.24 + 0.0 + 0.003 + 0.09 £ ud 0.29 + 2,16 &
.20 0.0l 0.00] 0.03 0.049 0.08
INT 0.67 x 4.35 + 0.07 £ 0001 % 0.21 + 0.07 + 0.04 & 329 11,22 &
0.42 [.68 .02 0.001 0.05 0.02 0.01 0.36 2.82
Sail 049 1.60 1 0.08 + 0.001 + 0.19 0.04 t 003 x 4.08 + 570 £
0.30 0.94 0.0l 0.0001 Q.05 .01 0.004 0.23 2.58

* ud, undedected
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6.3.2 WNutvient content of the litter and soil components

The nutrtent contents of the litter/sotl components are presented in Table 6.2, The tter peacrally had a higher
murient coment than the soil.  Litter N was found in bigher concentrations than litter P, and of the cations,
Mg?* and K* were found in faisly large guantiies white Ca?* was undetectable within the liter layers.
Significant differences in the distribution of N throughout the litter/soil layers were evident (Fy g 42,54,
p=0.0001), which can be attributed to the significantly lower N content in the INT amd spil layers when
compared with those found in the litter layers above, The percentage N coment of the LI, L2 and F layers

were not significantly different fror that found in the needles (Table 6.1).

Significant differences were evident in the distribution of P io the liter/soil layers and when compared to needle
P (Fyq=110.74, p<0.0001). The percentage P in the L1 layer was significantly tower than the needle P
content {Table 6.1), Uxlicating a retranslocation of P prior to liverfall. The percemage litter P of the F layer
was not significantly different from that of the INT and soil layers. Significant differences were evident in the
diseribution of resin-extractable P in the liver/soil tayers (F, o 35.048, #<0,00001) with muore available P ip
the L1 and L2 layers andd half of this quantity in the F layer; this decreased further in the INT and soil layers.
The rados of total P to resin-extractable P throughou the liger/soil profile increased from (2: 1 in the L1, 15:1
inthe 1.2, 27:1 in the F, 70;1 in the INT and 80;1 in the soil layers. No significant differeaces were evidem
between the K* concentrations of die needles and the litter layers, however; the Mg?* concentration of the

needbes was significanty higher than that of the liter layers.

The levels of K* were concentrated in the Lt amd L2 layers while there was g progressive decrease in Mgt

from the L1 layer tirough to the soil,

The comentration of K6l N was greater than seil P, and of the cations, K was found in higher concenteations
than ¢ither Ca®* or Mp?*.  Using g two sample test, no sigoificant differences were tound between tie N

mineralization rates of the INT and soil layers (4 - 0.51, p=0.621



6.3 RESULTS

6.3.1 Nutzicut content of the vegetation compon;nts

Of the vegetation components needle foliage had the highest percentage concentration of all the nutrients with
N being the major nutrient (Table 6.1). This component, being photosynthetically active, requires an adequate
supply of nutrients, especially N, to be effective.  Bark samples had higher N concentrations than either
branchwood or stemwood, although this difference was oot statistically significant, This Glference may be
atributed to the microbial opulaton, including Behens, suppotted on the bark surfaces, There were no
signiticant differenwes in the distribution of either P, or the cations Mg?* and Ca?’, berween the stenywood,
branchwood and bark components. However, K™ concentrations in the sterawood were lower than i cither the

branchwood or bark.

Table 6.1 Nutrient coutemt of the vegetation components. Mean values of 10 replicates and standard

devintons are seeented,

Component N P K* Ca?* Mg
(%) (%) (%) (%) (%)

Needles 1.67 ¢ 015 1 0.84 1 0.21 » 1.06 3
0.7 0.02 u.t7 0.19 0.09

Stemwond 0.03 ¢ 0.02 + 0.04 ¢ 0.0t + 0.30 +
0.01 0.0l o.M 0.001 0.08

Branchwood 0.05 0.02 + 0.28 ¢+ 0.05 ¢ 0.34 ¢

0.03 0.0l .07 0.03 .08

Bark 0.13 0.02 | 0.45 ¢ 0.04 ¢ 0.21 1

0.05 0.005 0.26 0.02 0.04




Aboveground biomass is presented gs kg ha' and was hased ou 274 stems per hectare (sph).

6.2.16 Belowground bipmass

Root mass was determined using the following equation;

Rootmass (kg) = 2.7% + 0.0015x {Equation 6.8)

where, x = DBEH? (cm) x height (m)

(Morris, 1986).

Belowground biomass i5 presented as kg ha'! and was based on 274 sph.

6.2.11 Data anzlysis

Although the nutrient contents of the different components were statistically anatyzed, using one-way ANOVA,
it must be noted that all samples were collected from within one comparimeat therefore, samples were pseudo-
repticated und were not independent frotn each other. ANOVA was conducted to determine whether there were
any differences in nutrient content between the various components. 'Where significant differences were evident
muliiple mpge tests, using least significant differences, were conducied (Sokal & Rohlf, 1981; Zar, 1984). Data
on N nineralization were aualyzed using a two sample (-test,  All analyses were carried out using Statgraphics

version 5.0,
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6.2.9 Aboveground hiomass

Moxels predicting relationships between biomess components and tree dimensions were used o delermine the
aboveground biomass of the study site. The only mocls available for P. patula were those developed for die
species growing in the Natal, Drakensberg (Bosch, 1985}, Tree dimensions used in the models were diameter
at breast height (DBH, measwred in ¢m o 1,3m), tree height (m) wtwd crowat height (m), Fifty trees within the
study site were measured. Height owasurements were taken with 2 Bluin Liess Hypsometer and DBH
measurements with a diameter tape. Height measurements were taken t 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 bioinass determinations were as follows;

Stem masa (kg) = 50.782 + 0.104X + 0.0003%* (Equation 6,4)

where, x = DBH (cm; x height (m)

Branch mass (kg) = 9.78 + 0.171x (Equation 6.5)

where, x = DBH {cm}) x crown height (m}

Nesadle maas (kg) = 4.57 + 0.028x {Equation 6.6)

where, x —~ DEH {cm) x crowa height (m)

Bark masa (kg} « -35%.78 + 1.50x% {Equation 6.7}

whene, © = DBH (o)

{Bosch, 1983).

104



While determining root length (Tennant, 1975), ECM colonization was assessed, by recording the number of
mycorthizal root tips intercepting a line. These data were con. ctied to mycorrhizal root length, using eguation

6.1. Percentage mycorrhizal root length within a panticular layer was determined using the following equation;

_ ML .
MR = TR 100 {Equation 6.3)
where, MR = mycorrhizal roots (%)
ML = mycorzhizal mot length {cm) within a particular layer
Rl. = root length {cm) within & particular layer

(Schenck, 1982).

6.2.7 Litter depth

Fifieer randomly selected litter samples were cut from the forest Avor, using a 30cmx30cm frame (Fig. 4.3;
chapter 4). To convert litter depth measurements (o lifter mass {1 ha'*) the equation presented in figure 4,11

was used (Section 4.3, 2; chapter 4).

6.2.8 Litterfali
Litterfall production has been shown not w increase with increaging alticudes, and to increase only gradually

after 10 years (Section 4.3.1; chapter 4. To guantify litter prosluction in the study site, the average litierfall

data (1992-1994) for the 30 year uld P. panile compartments was used {Tabke 4.4, chapter 4).
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6.2.6 Deilermination of root distribution

A subsample of roots from each litter/soil layer was used (o determine root length. Root [ength was deterntined
by using a mudified grid line intersect method (Tevnant, 19755, Length estimates made by this method are less
timie consuming than direct measurements. For length estimates a lem x 1em grid, drawn onto a transparency
sheet, was ptaced into g shallow white plastic dish (25¢m x 35¢m). Water conrsining the roots was poured into
the dish and roots were held i~ place over die grid with a piece of perspex, The 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
e touched the line or if the curved portion of the oot wuched the line, A couat 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 (cm)
N = number of intercepts

{Tennant, 1975},

To determine the percentape of roots disributed within the layers equation 6.2 was used;

R - _Elf x 100 (Equation 6.2)

where, R = percentage ol roots (%)

RL == rwat lengt within a particular layer (cm)

RT = total reest length (em)
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colorimetric reaction has heen modified hy the introduction of a catalyst, nitroprusside, which accentuates the

blue colour at toom emperature (Dorich & Nelson, 1983).

6.2.5 Chemical aralysis of leachate

Total and inorgapic N and P

The use of the alkaline persnlpbate digestion for total dissolved N in water samples was developed by Karoleff
in 1969 (Langler & Hendrix, 1982), The method was larer modified and combined with an acid persulphate
digestion for determination of rotal dissolved P, The decomposition of persulphate proceeds via two provesses,
Fitstly, by thermal decomposition and secoxdly by an acid catalyzed decompusition. Both pH and temperatute
are important factors in the recovery of N and 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 vontaining

components (Langler & Hendrix, 1982},

Leachate samples were brought to room tempesature, and 100m] aliquots were digested with 5 % K;S5,0,. Flasks
were covered with foil and autoclaved at 121°C for 30min (Langler & Hendrix, 1982). Digested and undigested
samples were colorimetrically anafyzed for N using the indophenol method (Dorich & Nelson. 1983; Section
6.2.4). Digested samples provided determinations of total N and undigested samples, inorganic NH,*-N
(Harwond & Kihn, 1970; Scheiner, 1976; Wetzel & Likens, 1979). Digested and undigested samples, were
colorimetrically analyzed for P using the ammonium molybdaie, ascorbic acid technique (Murpby & Riley,
1962; Section 6.2.4). Digested samples provided dete: minations of total P and wodigested samples, inorganic

P (Wetzel & Linkens, 1979).

Cationy
The major cations K*, Mg?* and Ca®* werte derermined by diluting Jeachate samples with lanthanum chloride
and determining concemtrations on the atomic absorption spectrophotometer {Knudsen, Petersen, Pram, 1982,

Thomas 1982; Werzel & Likens, 1979 Section 6.2.3}.
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as is evident from the exchangeable aciduty values {Tahle 6.2). P-fixing is a process by which available P in
acid svils is transformed into relatively insoluble aluminium amd iron phosphates thereby reducine the gmount
of P avvilable for plant uptake (Sanchez, 1976). The P reserves in che 42 vear-old, high-litter, high alticude

P. patula compartnieni was 246.8kpP hu !,

Cations

The cation Mg?* serves a8 constituents of vrgatic structures, especially enzymes, K° functions mainly in
osmoregulation snd the regulation of enzymic reactions and Ca®* provides reversible intermolecular linkages
in the cell walls and ac the plasma membrane 8 functions which aets as a control mechanism for growtl amd
developuent (Marschner, 1995). Complete nutrient eycles for the cations, K*, Mg?* and Cal*, were nol
determined although their distribution throughout various hiomass componeni were examined (Table 6.6). O
these cations, Mg?*, had the highest concentration within the tree pool, accumulating mainly in the stiemwood,
K* accumulated mainly in the licter and soil pools with the highest concentration aceurring in the L2 layer,
The disteibution of Cal* was low in (he tree, liter and soil pools (Table 6.6). OF e wital nutrient reserves

K* was the highest with 1182kg ha ', followed by Mg?* (996kg ba ") and Cu?* (93kg ha ') {Table 6.6).

6.4.8 Nutrient allocation

Altocation of nutrients within the tree pool indicates that utrients are stered in differen: components (Fig. 6.1,
Fig. 6.2 & Tahle 6.6)). The major nutrient within the needie compunent was K*, followed by N, Mg**, (ot
and P in decreasing onter.  The distribution of nutnents within the stemwod component wes Mg?* > N »
K* > P > Ca'* with muximum sriounts of Mg?* and P accumulating in this component. 1o branchwood the
distribution of nutrients was Mp®' > K* > Ca'' > N > P with Ca®* being poeferentially stored in this

component,  The distribution of autrients ip e bark component was K* > Mg*t > N > Ca¥* > P,

Within die forest Aoor paof, the distribtior of matrients within both die 1 and 1.2 layers tollows the pattern,
N > K*' » Mpf* > P The pattern changes, with regand to the storage of cations, within the I+ layer with

N > Mp** > K' > P, and the INT Javes with N > K* & Ca?* > P > Mg?*. The main starage laver for
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The litter P puxtt is approximately 3 times protet than e P opool i the trees (Fip. 6.2), 67% of the !
veeuering in e stenewoud and only 22% weeurring in the peedle compoient, A signifivant proportion (43%)
of P iy retratslucated from the meedles priar (o aeedle tall iedicating soil P lrdation, leaving 7% of the P
o be returned o the forest foor annually via the lterefall.  This retranslocation of P indicages that soil P is
limiting (Proe & Millacd, 1995} The quantity of T retranslocated would be greater io younger stands of £,
potula Bs s evident from the liter quality studies which show that liter P oeoneentratior  increase with
increasing stand age (Fig. 5.7, chaoter §). This internal cycling of P osuggeses a deficiviey of 7' within the
systent. The pool of P siored in the liter Yayers represents an accumulation of 26 years of Poinput, this apain
assunies that the rate of liertall is comstant over the rofation. The reot P pool is approximutely half of the ree
pool. 1n calewlating the liter and rout pooks, sume double accounting may again have wecurred. Results from
resin extraciable P oanalyses showed thar 0.006% of available P is present in e hioer layers (L1 & L4, an
smount which is hatved in the F layer and decresses furthier in the INT and soi) layers. The amal amouth of
P mineralizsl by microbial activity was difficalr to detecmine from this study. I8 owy be assumed thad an
amount of autrients equivelent 1o one yeurs litterfall is minernlized each year from the forest floor {1lelmisaari,
£995) indicating a potentin! wnnual mineralization of dkgP ba ', From hiter decomposition studies it was shuwn
that 75% of the titer P was lost from the litter in high altitude sites (Fig, 5.13; chapter §) reducing the
tuantity of P minerdized from dwe lireer @ 3kgP ha', The piosphonas coitent required for optimal plant
growth is 0.3-0.5% of the biomass (Marschner, 1995), The wial hioniass {Table 6.5 was 184 TESkp ha ',
therefore plants would have reguired bemween 300-923kpP ba ', Given the stand apre it is possible 1o calculaty
that & musimum of 126kgP ha' could be supplied by liter devomposition sssunting thad all the P mioeralized
wutld be taken up by the roots, This weld be an over-estimation as i assumes thae Loer production is
constant as e stand ages, whereas it has been shown that the relatiouship is curvilinear wi a pencral increase
with increaung stand age (Fig, 4.3, chapter 43, From figure 6.2 P reserves in the biomgss were lower at
0.03% . Phasphorus, buth orginic and inorganic were shown e lost from the Seer as o resubt ot leaching
{Table & .4, the annual magnituds of which was ditfeult o assess. B wis estinated thar the potential assioun
amota o P, bedh otpanic atd inorpanie, Jose froo the licter would be O.00000 ket ha ', This respresents i
fractivn of the P stored inthe e ridayers, 10is assumed that P lost bron tle laer throogl leaciiing would be

inmediaely taken up by the plant coots in the sl The soils in the study area aee knowa @ be Plixing soils
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g' d”, respectively,  This respresents N mineralized under optimum conditions,  Some studies assume that an
amount of nut. - nis equivalest to one years litterfall is minerahzed each year from the forest floor (Helmisaari,
1995) which in this case would amount v 62kgN ha'. This essumes 100% foss of N from the litter during
decompasition bowever, decomposition studies (Fig, 5.9; chapter 5} revealed that only 40% of the litter N was
{ost from the fiter in high aftirude sites. Therefore, it can be estimated that only 25kgN ha ' is made available,
The nitrogen content required for optimal plant growth is 2-5% of the biomass (Marsrhaer, 1995). The total
bioinass i.e. addition of needle, stemwond, bruchwood, bark und roots (Table 6.5) was 184 T1Skg ha',
therefore plants would bave required between 3700-9200kgN ha!, Given a stand age of 42 years it is possible
to caleulate that a maximuom of 1050kgN ha ' conld be supplied by litter decomposition assuming that all the
N mineralized would b taken up by the roots. This would be an over-estimation as it assumes that litter
production {s constant as the stand spes, whereas it has been shiown that the relationship is curvilinear with 2
peneral incrense wity increasing stam) age (Fig. 4.3; chepter 4). From fgure 6.1 the N reserves in the biomass
were considerably lower at 0.18%. An averape amount of [717mis of leachate was collected trom the leachate
trays, during a period which received 37.'mm of rainfall. 1t is difficult 1o determine the snnual amount of
leachate as this wauld he dependent on the rainfall intensity and the moisture hotding capacity of the forest floor
it the time of the min. Nitrogen, both organic and inorganic, was lost from the litter as a result of leaching
(Table 6.4). Estimating that asmual rainfall is approximately 32 tdmes higher than that collected during tie
leachate collection period it 1s possible tw calculate the meaximum quantity <f N lost from the liner,  This
indicates thot there is o potential for 0.00002kgN L' (total N} and 0.000004kgNH,* ha ' (inorganie NY to he
lost From the Heer annaally, This represents a Fraction of the N stored in e Litter layers. 1t s dssutied that
N lost during teachiug would be immediately aken up by the roots in ¢ » woil, The N reserves in the 42 year-

old, high-litter, high altitede 2. pamla compartment were 2358kgN ha ' (addition of all N pools).

The P cycle
Phosphate once taken up by plant roots remains in an uxidized form amd is essential in the forination of organic
compounds particularly nucleic acids, inorganiv P is also involved in many eozyme reactions {Matschoer, 1995},

Because of the importanee of this element 1o plant growth 4 study of 1he P eycle was considered essential,



6.4.7 Nutrient cycles

Stogh (1982) reported that the nutrient capita of N and P, in P. poruela stands in Tndia, are distrituied 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 forest floor poof followed by the soil and tree pools,

The N eysle
There ate two sou.rces of inorganic N taken up by plant roots nitrate and ammonium, NG, is mobile in the
x/iem and can be stored in vaculoes, NH,* is immediately incorporated iato orgaric compounds. such as amino
aclds and amides. in the roots (Marschier, 1995). Plants growlug in acid soils e.g. P. pamula have a preference
for NH,* tather thaa NOy (Marschner, 1995} for this reason mitrate was not examined for the nutrient cycling

srudy.

The N pool in the liter layers is approximately 10 times gremier than the N pool in the trees (Fig. 6.1), with
43% of the N in the ree pool being stored in the needle component.  Eighiy-seven percent of the needle N is
returned to the forest floor annyally via the litterfull which means that 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 13 evident from the litter quality swdies which show that liiter N concentrations increase with
increasing stand age (Fig. 5.1; chapter $). The quantity of N stored in the litter pool represents an
accumulation of 23 years of N iaput, over half the stand age (42 years). This figure may be an over-estimation
as it is based on the assumption that the rate of litterfall remains constunt throughout the rotntion,  However,
litter production shows & curvilinear refationship with stand age (Fig. 4.3; chapter 4). The root N vool is
greater than the tree pool. I calculating the livter and root pools, some double accounting sy have oceurred
a9 & fesult of the intimate association of the roots with the litter which resulted in the roots heing difficult
remove from the litter. The anoual amount of N mineralised by microbinl activity was difficull to derermine
from this study, as the quantily wouid be dependent on emperature and moisture comditions throughout tee
year. Without adequate sampling throughout the year the atnual N mineralized chtciot be estimated. Results

from minerakization studies did, however, show tiae the INT and soil layers mineralized 4pgN g d ' aad SpgN
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{1982} reponed a DBY of 44,58cm sl beight ol 23.60m for 34 year old P. paruly in lndia, values which are
similar to those reported in this study. oot mass Bguares (Table 6.5) caleulated using an equation from Morris
{1986} may have overesimated the belowground hiomass in this study site as the equation was derived from
stuchies of younger trees grown without thinuing (1330 sph).  Under these circumstances the tree roots may be
more compact us they compete for spuve and outrients with neighbouring trees, 1o this study site the wrees have

been thinned to 274 sph, allowing the roots 1o spread.

6.4.6 Nutricat reserves

Schutz (1990) calculnted the nutrient reserves in the litter and soil of two P, pamla compartments having litter
depths of 10.4cm ard 35cm, respectively. These values are presented in Table 6.8 for comparison.  Nitrogen
reserves in the soil pool were ol caleulated in Schutz's study, The thickness of the titter in this study site way
21.7¢m (217mm), which is intermediate o the two sites shown in Table 6.8. The N reserves L the licter pool
in this stady (Fig. 6.1} were intermediate to the two values given by Schutz (1990). Phosphorus (Fig. 6.2) and
Ca?* (Table 6.6) reserves were lower, while Mg?* and K* reserves were higher in this study than tiose reported
by & hutz (1990) (Tabie 6.8). Io the soil pool the P (Fig. 6.2), Mg®* and K reserves were Jogher in this study

am) Ca'* (Table 6.6} was within the range reported by Schutz (1990) (Tahle 6,8).

Table 6.8 Nutriert reserves for the litter and sobl pouls caleulnted for P. patnde compartments with

accummlated leter depths of 10.4cm (Compartaent A) and 35cm (Compuniment B), respectively (Schutz, 1990).

Nutrient Pools N P K My Ca

e ha ¥y thy ha kg ha 1 [ITRITR kg ha '
Litter
Compariment A 1045 130 82 65 229
Compartment B 2204 l 8 5 21
Soil
Compartmem A 9 54 27 62
Compartment B a 15 7 2




6.4.4 Root and mycorrhizal distribution

Schutz (1990} showed that there was a correlation between thick litter layers aml rooting density in the liter,
indicating that thicker litter layers had greater root colonization, vccurring in the lower part of the litter layer,
Raating was, however, only assessed visually. In this study 7% of the roots were found in the L2 and F
layers. ‘The tocallzation of roots in the litter layers can be atiribuied to several factors for example, ingreased
rooting volume as liter accumulates; wmore favourable moisture conditions in the lirer layer;, nutrient
deficiencies in the soi) caused by increased nutrient immobilzation in the litter; Fe and Al toxicity which inhibits
oot gronvih in the soil and reduced sofi temperateres (Majdi & Persson, 1995; Schutz, 1990; Vogr or of.,

1983),

Approximately hulf of the roots witiin the luer layers and soil were ECM (Section 6.3.5); this association was
sccompanied by the presernce of emapating hyphal threads and hizomorphs wihich tncrease the absorption
potenitial of the roots, Because of the proliferation of ECM fine rovts, turnover 15 expected to be slow as
mycorshizal infection prolongs the function of fine rools (Majdi & Persson, 1995). 1n assessing nutrient pools
no attempt was made to quantify the contribution of ECM associations to the nutrient reserves.  lnndventently,
nutrient reserves within the hyphal threads and hizomporphs would have been assessed in the litter, soil and
rosyt pools, maindy as a result of these components being difficult to remove from the samiples. However, no
atremipt was made to evaluae the nutrient reserves in the funyal structures such as sporocams as o result the

nutrient budgets preseated here would be underestimated.

6.4.5 Biomass

The DBH measurements reported for P pamda in the Natal Drakensberg by Bosch (1985) were similar ar
40.78cm, while height (22.57m) amd crown height (8.77m) measurement; were less than those reparted tn this
study (Section 6.3.6). Trees mensured by Bosch (1985) were younger than those in the swudy site and this muy
account for the height dilferences, The biomuass of the ree components (Table 6.5) were similar with the

exception of brancliwood muss which was considerahly kess in the younger srees of the Drakenshery.  Singh
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6.4.2 Nutrient content of the litter and soil components

Schutz (1990) reported similar kitter N and higher litter P econcentrations (double) {Table 6.7) than those
reported in this study (Table 6.2}, In Morris (1986) the N and P concentrations in the the L and F layers were
similar to those reported here.  The concentrations of the cation K*, in the L1 and L2 layers were considecably
higher (7-8 times higher) chan those reported in either Morris's or Schutz's study. The concentrations of Mg**
in the L1 to F layers were also higher (3-7 times hisher) than those reported by Morris {1986) and Schutz
(1990), Calcium was only detected in the INT layer in this study and was lower tha values from Morris's and

Schutz's studies (24 times higher),

The pH of the litter was within the kwer range (2.25 - 5.13) reported by Schuz (1990), The pH of the soil
layer was slightly lower than pH values reported for first rotation stands by Morris (1986) which muy indicute
that ag litter accumulates over time pH levels decresse, prohably as a result of the acvumulation of erganic
acids, This increase in protons may contribute o soil acidification, although this process is controlled by the
buffering capacity of the soil which prevent sharp changes in pH (Sanchez, (976). A build up of protons may
also result in: @ decrease 10 the uptake of nutrients which depends on H* eatrusion from the roots: a foss of base
cations; a reduction in the cation exchange capacity of the soil and an increase of A" in the soil solution (Du
Toit, 1993). Aluminium displaces caticns from adsorption sites such as cell walls and nembranes and therefore

influences the nutrient supply to the plam (Kuhit, Bauchk & Schrider, 1995),

6.4.3 Nutrient comten! of root component

Morris (1986) reported raot N oand P corcentranions 1o be 0.65%-0.30% N and 0.01%-0.04 % P which were
considerably lower than the values reported in this study.  Morrs did not examine roots within the vatious
liner/soil layers, as was done in this study. The tine of riot sampling may be relevant, in this study roots were
sampled only onee, during the active growing season.  Tdeally roos should be monitored diroughout the year

ter adequautely assess biomass, nutrient concentrations and wptake.
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6.4 DISCUSSION

6.4.1 Nuirient contenl of vegetation components

Nutrient concentrations in various vegetation and litter components reported for 2. patuly in studies conducted
by Morris (1986; 1992) and Schutz (1990) gre presented for comparison in Table 6,7, Morris ([986; 1992)
reporied higher N concentrations in branchwood (6 (imes higher), back (4 times higher) and stemwood (4 times
higher), but similar concentrations in the needies. The P concentrations reported by Morris (1986; 1992) in
the needles and stemwood were sinsitar to those reported in this study (Table 6. 1), while P concentrations in
the branchwood (double) and bark (2.5 times higher) were slightly higher. The Ca** concentrations in needles
and hranclhwood were similar to those reported by Morris (1986; 1992), wherers Co'* concentrations in the
stemwood (S times higher) and bark (6 times higher) were higher than thase reported in this swdy, However,
Mg?* concentrations in all components in this study were higher, and K* concentrations were similsr to those
reported by Morris {1986; 1992). These differences in nutrient concentrations may be atwributed to differences
in the tree age #s Morris's study included trees up to the age of 21 years, half the age of the compartnient used
in this study, Tue decline in some putrivnt concentrations with increasing tree age was briefly examined in
Morris's (1986) study. He suggested a possible curvilinear relptionship, indicating & more mpid decline in
concenirations earlier in the rotation, This indicates that as the tree ages nutrients are probably removed from
the woody components, Nutrients such as N, P are nwbile in the xylem and K* is highly mobile within the
xylem and phloem and can be retranstocated within the plant, The mobility of C&®* from celi 1o cell and within
the philfoem iy however restricted (Marschner, 1995). Although Mg?* is mobile within the xylem (Marschiner,

1993) the element sccumulated in the older irees of dhis study (Table 6.6).

Concentrations of needle P, K* and Ca?* in Schutz's (1990) study were simitar 1o those reparted by Morrs
{1586; 1990) {Table 6.7) and to those in this study (Tabie 6.1). Needle N concentrations were sliphtly higher
than both Morris's (1986; 1992) study and this stody and Mg?* concentrations were hower in Schutz's (1990)
study (Table 6.7) thon those repuried in this study. The differences in nutrieat concenirmtions hetween tiese

three studies nuty also he attributed to differences in analytical webiniques used in the determinations,

1



Tree

2 7 Needles
Q1% Retransiocated
Wi%
21 Stemwood
67%
4.
Litterfall
Brunchwood | 1 [ Bark
3
J Uptake?
S
Litter
103 [LT 12 Res.er.P 0.006 % |
12%)
L2 46 Hes.ex. P 0.006 %
12 9
152%
F 28 Res.ext.P 000358 |
Qe ¥ _4
23%
INT17 Res.ext.P 0.001% INT 4
6% 23%)
Total P 0.23up mi?
oy 0TS P18 mi? | Leachate joss?
o
94.4 Res.ext P 6.001% Soil
0.4
1 kg hat

Figore 6.2 The Peycle of a P, patida standd in which lirter has accumualated. Blocks Tepresent nuthent pools

(kg ha''} and arrows represent mytrient fluxes (k ghat yrh,

E20



Tree

149 I7I {48 %) Needles
5 0% Retransiocated
50 09% Stemwood 3%
L9 Bark
62
Litterfall
Uptake?
Litter
1442 JL1 194
(13%) ] Roots 191
L2 650 Roos o1,
o 429
F 59
4
Fcz9%}25 G1%
INT 173 N min. 4,358 g* ¢* T
2% % T4
Total N 0.79 ml* ’ K‘
NH,*-N 0.24p¢g ml* Leachate loss?
Soil
- N sty ar | IS0
5 kg hat D

Fi 6, . i ich li
gure 6.1 The N cyele of g P, Patirda stard in which litter has sccumulated, Blucks represent sutrient pools
(kg ba'') and arrows represent mutrient fluxes kg ha'! yrty,

119



g

avcummslation was highest, followed by K* and Ca'°. I the furer and il pools the accumnulation of K* was

the highest follows hy Mg and Ca’.

Table 6.6 Vhe distribution of cations in the biomuass compoeats.

Components K* Mg Ca*’

tha lia '} the ha's tkp ha')
Trec poot
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vbserved. Statistical analyses were conducted vsing S1atgraphics version 5. The temperature, N and P growth
curves for each iscdate were Logly + 1) transformed 1o produce Jinear growth muodels.  The slopes of these
mndeds were tested for homogeneity and any significant difterences (p<0.05) were subjected (0 multiple
comparisons using the Tukey test a2 D), o cases were £ <3 comparisons of slopes were mide using a t-test

(Zur, 1984},

7.3 «BSULTS

7.3.1 Isolatcs

Culteres were obtained from the two types of ECM roots (WITS 0 and WITS 06) and che litter (WITS 02),
Culoures of all isolates (including WITS 04) growing on MMN plates ure shown in Plae 7.1, Culurat
descriptions are presented below:
- WITS 01: Sluw growing, pale yellow, velvery culture, margins smooth, hyphae septate with clamp
conmections
~ WITS 02: Fast growing, olive green/brown, flat culivre, marging smooth,
hyphat septate with ¢lamp connections.
- WITS 04: Fluffy white with aerial growth, margin irregular, hyphae joining 1o form yetlow to brown
threads, byphae septate with clamp connestions.
- WITS 06: Growth intermediate, beige, velvety calture, margin smooth, hyphac septate with clamp

conneetions,

Al isolates were inoculated individually onto germinated P. putida seedbings, however, thycorrhizalb infection
was poor, although not totally absent.  Few roots showed dichotomous branehing and no mantles were
ohserved.  Roots sectioned with a freeze microtome were examined microscopically and poor “Hartig' net

formation was observed in all seedliogs,
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7.2,5 Utilization of various P compounds as a source of P

To determine the ability of the four ECM isolates to utilize orgsnic or complexed forms of P, a runge of P
containing compounds were ince rporated into the growth medium.  These compounds provided the only source

of P in the medium,

The basal medium used was MMN (Table 7,1}, excluding the P sources, KH,PO, and (NH,),PO, aml N was
supplied as (NI1,3,50, at 60mg!N 1!, Phosphorus sourges were then added at a conventration of 15mgP 1 and

the pH was adiusted 0 4.5, Phosphorus sources included:

an inorganic P source, KH,F0,:

o complexed inorgasic P source, AIPO,;

- & complexed P source, phytic acid;

- an organic P source, RNA which would oceur natarally in the litter and being of plant, microbial
or animal origin;

- an urganic P source, glycerophosphete

(Jayachandran, Schwab & iletricl:, 1992; Lupeyrie, Renger & Vairelles, 1991,

Flve replicawe plates of cach of s amendud media were centrally inoculated, An agar dise (Tmm in diamete '}
of each isolate was inoculated onto the amended media.  Each isolate was tested individunlly. Plates were
incubuted a 23°C. The colony dismeter was measured periodically alony two trnsects for o periad of 30-35
days. Dinmeter measurements we-¢ averaged (o ensure that any irregular colony growth was taken inte account,

Overall growth rates were caleuluted by dividing the growth measurement by the number of days growth,

7.2.6 Data analysis

The overntl growth rates of diffe vnt isolates were subiected o ome-way ANOVAS o determine the effect of
virdous N and P sourees, Whiere s pnificant {p £0.05) differences were evident multiple comparisons using least

significant differences, were conducted to establish whicl nutrient sources contnbuted to the differences
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243mpN 1'. The pH of all the media were sdjusted w0 4.5, Nitrogen sources included:
- an inorganic NH, " -N source, supplied as (NH,),80,;
- an inorganic NOy =N source, supplied as KNQy;
- g protein source, supplied as bovine serum albumin (BSA); This source of protein would not oceur
rarurally in liteer but was included as a refereace to other studies;
- a tri-peptide source, glutathione,
- various amino acids sources which would oceur numurally in the litter and have been reported in forest
stands (Abuzinadah & Read, 1988), these included;
Dl.-uspartic acid (acidic)
L-glutamic acid (acidic)
L-arginine (basic)
DL.-sering (neutral)
Glycine (neutral)
L-alanine {neutral)

(Abuzinadah & Rend, 1986; Finlay, Frostegird & Sonnerfeldt, 1992; Littke, Bledsoe & Edmonds, 1984),

Five replicate plaes of each of the amended medin were centrally inoculated.  An agar dise (7mm in diameter}
of each isolate was inoculated onto “he amended media, Each isolute ws wsted individually, Plaes were
incubated at 25°C for atl isolates except WIS 06 which grew best at 18°C. The colony dismeter wis measured
periadleally along two transects for a peciod f 30-35 days. Diameter measurements were averaged to ensure
that any lerepulur colony growth was taken inlo atcount.  Overall growah rates were caleulaed by dividing the
growth messurement by the number of days growth.  Lsolates were qualitatively grouped into "protein fungi',
'intermediale proteio users’ and ‘'nonsprotein fungi’ by comparing the isolates growth curves when growing on
the BSA and the (NH,), SO, amended media,  Protein fungi’ were those isoletes whose growth on BSA
exceeded their growth vn the inorganic N source. ' Intermediate profein users’ wen those isolates having similar
growili on both BSA sud the inorganic N source,  "Non-protein isolates’ did not grow or only grew peorly on

B5A, preferring the inorganic N source (Abuzinadeh & Read, 1986).
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agar plrgs (Tmm diameter) onto the amended media (Erland & Sodersirom, 1990).  Each isoltate was tested
individually. Plates were incubated at 25°C which was the standard incubation temperature used in this
Iaboratory and a temperature ar which all isolates grew, with the exception of WITS 06 which grew best at
18°C. The colony diameter was measured periodically along two wansects for a period of 30 days.  Diameter
measurements were averaged to ensure that any irregular cofony growth was taken into account. Overgll growth
rates were calculated by dividing the growth measurement by the sumber of days growth,  From these results

the optitoum pH for prowth For each of the isolates was determiaexd,

Table 7.2 Buffer solution used 1o adjust the pH of MMN medium (Erland & Soderstram, 1990; 1991).

Buffer 1000ml
Sodium suecinats 1.35¢
Glycylplycine 0.66y
Sodium tartrate 1.15g
PIPES bhuffer 1.51g
HEPES bufter 1.19g

7.2.3 Utilization of various N compounds as a source of N
Ta determine the abllity of the four BCM isolates (o utilize both inorganic and organic forms of N, o range of
M conwining compounds were incorporated into ihe growta mediuni,  These compounds provired the only

source of N in the melium.

The basal medium used was MMN (Table 7.1), excluding malt extract and the ammonium source.  Nitrogen

sources were then added at a concentration of 60mgN 1', except BSA witi 4 .5 added at & coucentration of
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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 & Siderstrom, 1990).  After a period of incubation in a growth chamber,

secdlings were examined for ECM routs.

7.2.2 Growth responsce to tempemture

Bach of the four isolates were centrally inoculated onto MMN agar plates (Table 7.1}, using agar discs {(7Tmm
diameter) as inoculwn, Each isolate was tesied individvally. Inoculum was pisced at the intersection of two
lines drawn across the botom of the petri dish, Plates were incubated at 7°C, 18°C and 30°C, Five replicate
plates of each isolate were incubated at each temperature. The colony diameter was measured periodically along
the two transects for o period of 30 days. Diameter messurements were averiged t ensure that any irmegular
colony growth was taken inlo accoum. Qverall growth rates were celeulated by dividing total growth by the
number of days growth. The growth rates for each isolate az 7°C and 30°C were compared with its growth rate
ai 18°C, These values were used o determipe w which gt wwth response category the isolates belonged. Three
growth response categories were recoguized for cuch temperature,

- lerant: where the growth rate is > 50% of the growth e at 18°C;

- semi-tolerdnt; where the growth rate is 20-50% of the growth rate at 18°C;

- sensitive; where the growih rate is < 20% of the growth raw at 18°C

{Mutchinson, 1990).

7.2.3 Growth response to pH

The growth response of the Tour BCM isolates grown on an MMN agar nixlium (Table 7.1) covering 4 range
of pHs was deteripined.  The pH of o buffer bt solution (Table 7 23 and the MMN mediuvm was adjusted to
thnt required with either NaOH or HCE, and niixed, after autoclnving. Tie pH values tested were 2,00, 3,00,
4.00, 5.00, 6.00 pon 7.00. These pH values were ¢hosen to cover the range of pH in the liver and the soil
(Tabde 6.2; chapter 6) and the higher pH values were included o determise the effect that the pH of lime might

have on the growth of eclotvycorthizas.  Five replivate plates of each isolate were centradly incculated, using
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Table 7.1 Full strength modified Melin Norkans medium (Muolina & Palmer, 1982).

MMN medium HC20mi
Malt extract 3.00g
d-Glucose 10.00g
(NH,),HPO, 0.25g
KH,PO, 0.50g
MgSO,, TH,0 0.15g
CaCl, 0.05g
FeCl, 1,2ml (1% solution}
NaCl 0.025g
Thiamine HCI 100ug
pH 5.5

Four isolates which wene used ia this study (2 of which where lsolated from ECM root tips), these isolates were
designated;
- WITS 01, isolated from white ECM root tips collected from the P, pasula compertment, Breoklands,
F2 (Table 3.2, chapter 3},
- WITS 02, isolated from liter collected from Brooklands, F2;
- WITS 04, isolated from P, pamic ECM moot tips by Dr. Cotin Straker:

- WITS 04, isolatex] from brown ECM roots collected from Brooklands, F2.

To confirm the mycorrhizal ability of the four isolates used in this sudy, P. parela seeds were surface stevillzed

by lmmersion in 30% H,0, for |5min. After germination, P. patda seedlings were inoculated with agar plugs
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of the Pinns litter would contribute to its slow decomposition as decomposition proceeds faster in more neutral
environments, the enzymes responsible for decompositinn, such as cellulases and amylases, being sensitive (o
changes in pH {Alexander, 1977), In Mpumalanga, there is concern regarding acid rain and its effect on soil
fertility and acidification. The spplication of dolomivc lime has been suggested as a measure of addressing
these concerns (Qtbrich, 1995). This measure has also been recommended 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. pamia roots may change in response to artificially applled acidic rain, Because of
these recommendations and the agidic environment in which ECM grow, the growth response of the ECM

izolates used in this study, to various pH values was examined.

7.2 METHODS

7.2.1 EBctomycorrhizal igolates

To isolate ectomycorthizal fungi, blocks of litter were collected (Section 4,2.3; chapter 4) from a site in which
litter hnd accumutated (Brooklands, F2; Table 3.2; chapter 3). Two types of ECM roots were observed in the
litter. Because of the intimute assoclation of the BECM roots and the llaer, ECM roots were removexd by hand.
Approximately 30 ECM rwot tips of each morphological type were removed from the litter and placed in
scparate nylen mesh bags. The roots were immersed in 0.2% Tween 80 for Smins and then rinsed in water,
This was followed by surface steritization in 30% H,0, for t arin, ARer rinsing, the rooty wete removed from
the bags, placed in 4 sterile petri dish and mocerntes) (Erlangd & Soderstrdim, 1990}, Pigces of macerated roots
wert placed on % strength modified Melin Norkans {MMN) agar mediam (Table 7.1). The medmm congndned
I0mg 1" streptomycio amd 1mg I'' Beromy! to reduce bacterisl and some fungsl contnizarion. Maceratd roots
were also plated onto a medium containing only strepte i, 50 o5 not W inhibit any growth by ascomycetes.

Plates were incubated at 25°C for 21-30 days and examined pericdically for growth am contamination.
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have access to unavailable soutces of N and P and might, therefore be able w enhance the cycling of nuerients,

the following hypotheses were examined;

Hypothesis 8: Ecternycorthizal fungal isofates of P. patla can wtilize some organic N, as weil as, inorganic
N compounds as their sole source of N (Fig. 2.1, chapier 2).
Hypothesis 9: Ectomycorrhijzal fungal isolates of P. pafula can wilize sonwe orgenically bound or complexed,

inorganic P compounds as their sole source of ™ (Fig. 2.1; chapter 2).

Ectomycorrhizal planis have been successful in a range of habitats,  The success of the mycobiont, in
colonizing host roots, is dependent on many envirommental factors such as temsperature, pH, nutrient

availubility, soil moisture and the influence of other rthizosphere micro-organiams (Marks & Kozlowski, 1973).

The accumulation of litter under P. panda has heen shown to be correlated with altide (Schutz, 1990), with
thicker litter layers occurring in high altitude sites (Fig, 4.10; chapter 4). This relationship imflcates that
climatic factors associated with higher altitedes couid markedly influence ecosystem processes such as
decomposition and nuerient cycling as a result of the generally cooler and wetter conditions experienced (Schuts,
1990). Once the forest canopy has closed, soil aod 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 degrease in decomposition rate observed during the second phase of decomposition

{Phase M2; Fig. 5.16; chapter 5).
Because of this intersction with temperature, the growth response of ssolated ECM fungi 1o various temperatures
was exantined. These tests were conducted us & physivlogical exercise as well as a taxonomic aid (Hutchison,

1990).

The accumulated titter layer under P, patida has been found to be very acidic with pH values decreasing from

a pH 3.26 in the upper litter layers, to pH Z.16 iu the lower layers (Table 6.2; chapter ). The acidic natuee
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lowers the thizospbere pH.  Ectomycorrhizas have also been shown 1o prodduce oxalic acid which acts as a
chelating apent releasing P from compounds complexed with iron, caleium or aluninivm, thereby rendering P
more available for uptake (Gianinazzi-Pearson & Gianiuazzi, 1989; Nye & Tinker, 1977). In forest soifs up
to 50% of the phiosphorus may be in organic form and a subsantial portion of this could be made available by

the BCM fungi (Haussling & Marschuer, 1989),

Both N and P have been shown to he important in forest ecosystemss.  Nitrogen is regarded as a fimiting factor
and there is locreasing evidence that, in many forests, P is immobilized in the first stages of decomposition
{Artiwlll & Adams, 1993,. Decompowsition studies (Figs, 5.8 & 5.9; chapter 5) in P. pandda plantations bhave
ghown that N is initially mineralized and then rapidly immobilized in the litter layers, while P continues o 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 accumulnted, it was shown that approximately 50% of the oeedle P
is internally retranstocated prior to literfall;, this indicates that there is a P [imitation in this forest gcosystem
(Fig. 6.2; chapter A), which bas probably resulted from the complexing of P with aluminium oxides and the
P-fixing properdes of the soil, thereby reducing availability (Attiwill & Adams, 1993). From the mstrient
cycling studies it was evident thet the majority of the N nod P reserves (1442kgN ha' and iG3kgP ha',

respectively) were found in the litter layers (Figs. 6.1 & 6.2; chupter 6),

If ECM funpi are capable of decomposing vrganicalty bound N compounds and organic or complexed P
compounds, they would have the ability to suceessfully compete with the decompuoser micro-organisms for
nutrients. Jt is possible that this would resubt in decreased microbial aetivity as suggestl by Gadgil & Gadgil
{1971; 1975). However, results from the trenching experiment conducted in a P, patula cor gartment, in which
litter liad aceumulated, indicated that the elimination of active ECM roots did not resuit in tncreased microbial
activity and hinmass (Table 5.8; chapter §). Ectomycorrhizas were, therefore, not responsible for suppressed
microblal sctivity whicu would coneribute o rerarded decomposition rates and ultimately accumulation of litter.
Conversely, the ability of ECM o utilize organically bound N and organic or complexed inorganic P
compaunds as sources of N and P would positively contribute to the cycling of nutrients by making wiavailatie

sources of these nutrients awre accessible.  To determine whether ECM fungi 1solated from P, patida stands
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7 THE ROLE OF ECTOMYCORRHIZAS IN NUTRIENT CYCLING

7.1 INTRODUCTION

It has been well established that ectomycorrhizal (ECM) fungi benefit thelr hosts by enliancing mineral uptake
from the soil and thus contribute to the cyciing of nutrients in the ecosystern. The enhanced mineral uptake
ability of ECM roots is attributed mainly to the increased surface area, effective in ion absomption (Brundrett,

1991; Harley & Smith, 1983).

This snudy has shown that ECM roots are a major component of the accunmlated litter layers under P. panda
(Section 6.3.5; chapter 6) and are in intimate contact with the licer. The ECM roots in the liter are well

placed to optimise the absorption of nutrients mineralized brv the activity of saprotroplic micro-organisms,

Several gtudies have shown that some ECM fungi are able to utilize complex compounds such as organically
bound N and P. Initially, it was thought that ECM fungi lacked the enzymes necessary to exploit complex
organic spurces of N and that they were dependent on simple orgagic forms of N such as aminoe acids, urea and
glutamic qeid (Marks & Kozlowski, 1973). Experiments bave demonstrated that some species of ECM fungi
are capable of producing external acid proteases that breakdown protein 10 amine acids and short chain peptides,
and are thus able to utilize proteins as their sole N source (Abuzinadah & Rend, 1986; Abuzinadah, Fintay &
Read, 1986; Finlay, Frostepird & Sonnerfeldt, 1992; Litthe, Bledsoe & Edmomnds, 1984). The major sources
of N in the litter are Jikely to be proteinsceous ma.n.al derived from the liner and from the micrabial

population itself (Abuzinaduh & Read, 1986; Read, Leake & Langdale, 1989),

Ectomycorrhizal fungi have also been shown o produce surface acid phosphatases, of broad specificity, capable
of hydrolysing phytutes (Antibus, Sinsabaugh & Linking, 1992; Vogt, Publicover & Vogt, 1991). They nnt
oaly have the sbility 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 CO, and organic acid production which

F3i



N, P, K* and Mg?* was e L2 layer, which was also the layer in which the majority of toats are distnbuted.

This suggests increased microbial activity and nutrient uptake within this layer.

The soil layer holds less nutrients than the lister tayers above, with the exception of Cz**. The distribution of
nutrietits within the soil was as follows, N > K* > P > Mg > Ca?'. The major nutrient within all e
litter/soi] layers was N, The accumulation of nutrients within die litter lavers and the distribution of roots
mainly within the litter fayers indicates that nutrients are taken up primarily from these layers, This suggests

that nuirients are cycled through a plam-litter-plang in preference to a plani-licter-soil-plant cycle,

6.5 CONCLUSICNS

From the nucrient cycies presented (Figs, 6.1 & 6.2 & Table 6.6) it can be concluded that P, panila, growing
in a high altitude site in which fitter has accumutated, acquires a significant propordon of its nutrients from the
litter layers, as is evident from the distribution of roots which oceur mainly within the litter layer and the large
nutrient reserves within the litter pool, especiatly with regard 1o N, K* amd P. Therefore, hypothesis 6 and
hypotbesis 7 can be accepted. 1t is evident that litter plays 2n important role in the cyeling of nutrients, with
the litter N pool, fitter K* pool and litter Mp?* pool being 2.5 timwes, 3 times and 14 times larger than the soil
pool, respectively, The litter P pool s similar to that of the soil, bowever, the P-fixing capacity of the soil may
result in a P deficiency which results in the n2transiocation of a substantial quantity of eedle P prior to needle
full. Nutrients are therefore being cycled through a planc-licter-plan) cycle which emphasises the importance
of the litter lyers. 1o addition, autricnts ar: also cycled through a plan-litter-soil-plant cycle as is evident from
the leaching of a small quantity of nutrients trom the litter into the soil, as well as the presence of roots in the
soil layers, However, because of the potential A 1oxicity of the soit, which decreases the ability of roots to
successfully exploit the soils nutrent neserves, it is helieved that the plant-litter-plant cycle plays a sipgnificant

role in the cyeling of nutricnts in sites which have accumuland liter layers,
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Figare 7.8 Utilization of varicus P compounds as a P source, isolate WITS 01, Overlapping blocks (similat
letters) and compounds within the same block are aot significantly different with regard 1o their overall growth
rates, Compounds shown in blocks that do ot overlap (different letters) are significamly different (p50.05)

from each other. Phosphorus sources listed bn descendling order according to growth rates,
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Pigure 7.9 Uiilization of vatious P compounds as a P source, isolate WITS 02, Overlapping blocks (similar
letters) and compoursds within the szne block are not significantly different with regard to their overalt growh
rales, Compounds shown in blocks that Jo not overlap (diffecent Jetiers) are significantly different {7 £0.08)

from cach other. Phospborus sources listed in descending order according to prowth raies,
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7.3.5 Utilization of varioous P compounds as a source of P

The pverall growth rates of isolates growing on P amended media are presented in Tabie 7.6 Al isolaes grew
on all the amended medin.  However, significant differemces in growth rates of isolates o the va

were evident for all the isolates: WITS 01 (Fi 49 - 5.86:; psD.003); WITS 02 (Fy 5 13.35; p<0.0001); WITS

04 (F, 31,75, ps0.0001) and WITS 06 (F, = 68.69; p=0.0001).

differences in overall growth rates on the various P media and are presented praphically (Figs. 7.8, 7.9, 7.10

& 7.11).

Tahle 7.6 Overall growth rates (mm o ' of ectuncearrhizal fungat isolates on media amended with various

Using multiple comparisons the

P-sources.
lsolates
P source WITS 01 WITS 02 WITS 04 WITS 06
KH,PO, 037 1.36 U.44 0.97
AlPO, 0.41 L1l 0.52 0.90
RNA 0.30 0.76 .11 0.18
Glyeerophosphate 0.20 120 0.8¢ 0.76
Phytic acid 0.33 1.17 0.38 0.87

Logty + 1} transformations were conducted on the growth curves to obtain linear growth models which were
subjected to stacdstical npalysis o assess difterences in the stopes of the models. None of the isolates showed

any signiftcant differevces hitween twe stopes of all models Tor growdh oo all tie P amended media




Growth curves for each isolate growing on (NH,*150, and BSA anxnded media are presented in figure 7.7,
The isolaie WITS 04 can be categorized as a ‘protein user” as growth on BSA exceeded that on the inorganic
source. Jsolates WITS 02 and WITS 06 are both ‘imermediate profein users’ as both isolates showed similar

growth on BSA and (NI, *},50 . Isolate WITS 0! was a 'oon-prtein user', being unable to grow on BSA.

Log(y+ 1) transformations were conducted on the growth curves to obfain linear growth models which were
subjested o statistica] apalysis io 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 on all the N amended media,
The isolate WITS 04 showed significant differences between the growth mode! slopes (Fy g3 ¢),9,=7.89) this

was attributable 1o the slower growth on the {(NH,*%50," medium.

100 -

80

[2z)
o

Growth (mm)}
-9
o

20

Days

Figure 7.7 Growth of ectomycorrhizal fungal isolates (numbered on graph) on media with (NH, )80, (AMM)

and the protein bovine serum albumin (BSA) as the sale source of N,
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Fignre 7.6 Uiilizadon of various N compowsds as an N source, isolute WITS 06, Overlapping blocks (similar
letters) and compounds within the sarae block are not significantly different with regard to their overall growth
rates, Compoundds shown in blocks dut do not overtap (different letters) are significantly different (p=0.05)

froum each other.  Nitrogen sources listed in descending oeder according o growth raies,
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Figure 7.5 Utilization of varivus N compounds as & N source, isolate WITS 04. Overlapping blocks (similar
Tetters) and compounds within the same block are not significantly different with regand (o their overatl growth

retes, Compounds shown in blocks that do mt overlap (different letters) are significantly different (p<0.05)
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faom each other. Nitrogen sources are listed in descending order according to growti mics,
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Pigure 7.4 Utilizzton of various N compounds as a N source, isofate WITS 02, Overlapping blocks {(similar
letters) and compounds within the same block are not significantly different with regard to their overall growth
mates. Compounnds showu in blocks that do not overlap (different letiers) are significantly different (p=0.05)

from cuch other. Nitrugen sources am listed in descending ordet according to growth rates,
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Figure 7.3 Utilization of verious N comprounds as a N source, isolale WITS 01, Overlapping blocks (similar
letters) amd compoumds within the same block are not significantly «ff ferent with regand to their overall growth
rates.  Compourds shown in blocks that do oot overlgp (different letters) are significandy different (# <0.05)

trom each other, Nitrogen sourcey are listed in descending order aecording to prowth rates.
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7.3.4 Utilization of various N compounds as a soarce of N

The overall gre wth rates of isolates growing on N amended media are presented in Table 7.5. A 1isolates grew
on all the amended media, with the exception of WITS 0] which did 1ot geow on BSA and Wits { 4 which grew
extremely poorly on ammonivm, However, significant differences in the growth rates on the va ious N media
were evident for the isolates WITS 01 (Fy0=21.66; p<0.0001), WITS 02 (Fy 4~ 10.34, p<0,0001), WITS
04 {(Fy x,=999.99; p=0.0001) ad WITS 06 (Fy 5= 26.99; p=0.0001}). These differences can attributed to the
overall growth on the two inorganic N media as well as on the organic N media and are presented praphicatly

{Figs. 7.3, 7.4, 7.5 & 7.6).

Table 7.5 Overgll growth rates {mm d'') of ECM fungal isolates growing on media amerded with virious N-

Tsolates
N sowree WITS 01 WITS 02 WITS 04 WITS 06
(NH )80, 0.44 2.34 0.42 1.33
KNO, 0.47 1.81 7.64 (.68
BSA 0.00 229 7.64 1.04
Glutathione: 7 2.98 7.54 1,22
D1.-pspartiv 0.31 .37 7.38 (L85
[ -glutantiv 0,36 213 7.40 0.8%
L-arginine 0.40 2.60 7.43 1.34
DL serine 0.37 236 T 1.08
Glyeine 0.41 1.91 7.45 1.00
L. alamk .19 238 7.40 117
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WITS 06 grew paarly at 7°C (Fig. 7.1d) with significatly faster growth being achieved ar 18°C (Table 7.1
and no growth at 30°C. From the overall growth rates obtained for the three temperatures, she isofates can be

categarized into their rolerance proupings (Hutchinson, 1990 which are presemed in Table 7.4

Table 7.4 Tolerance groupings of ECM fungal isvlates as indicated by their temperasure fesponses.

Isulate ¢ Klige
WITS 01 senstlive tolerant
WITS 02 semi-{olerant toderant
WITS 04 semi-tolerant tolerant
WITS 06 sensitive sensitive

7.3.3 Growth response to pH

The growth rates of isolates WITS 01, WITS 02, WITS 04 and WITS Ou, at the various pHs showing optimal
pH requiretnents are preseuted graphically in figures 7.2 a<d, respectively, Because unretated isolates are being
studied and no growth comparisons are siade between isolates the y-axis scaling for each isolate is different.
Isulate WITS 01 (Fig. 7.2a) did not grow at pH 2.00 and <howed 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. 7.2b) showed maximum growth between
pH 3.00 and 5.00 with reduced prowth at pid 2.00, 6.00 and 7.00. Isoiate WITS 04 (Fig. 7.2¢} did not grow
at pi 2.00 and only grew poorly at pH 3,00, Growth increased at pH 4.00 with maxinim growth occurring
from pH 5.00 w 7.00, TIsolate WITS 06 (Fig. 7.2d) grew well at pH 2.00 with maximum growth being

achieved between pH 3.00 and 5.(4, growt was reduced at pH 6.0 and 7.00.
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7.3.2 Growth response to icmperature

Growth curves of isolates WITS 01, WITS 02, WITS 04 and WITS 06, growing at 7°C, 18°C and 30°C, are
presented in figures 7.1 a-d, respectively. Beceuse unrelated iso' ates were used in the study and no comparisons
in growth were made between isolates the y-axis scaling on the growth cusrves are different. Log(y+1)
transformations of the growth curves yielded slightly *ower or similar correlation coefficients when compared
with those obtained fram the linear regression mewels. This indicated that the cultures were mainly in the linear

growth phase, Linear growth models for s isolates growing at all temperatures are presented in Table 7.3,

Table 7.3 Lingar growth models obtained from Log(y + 1) transformation of growt: curves for ECM isolates

growing o MMN medium ot various (¢mperatures,

Tempemiunes
Tsolates »C 18C kg Sigaificance tests
WITS 01 v growth y=0.2240.04x y=0.13+0.05x oy a=-2.5
r 1.00 r0.94
WITS 02 | y=t 13+0.05x y=0.57+0.06x ye=0.60 +0.07% Fogtanan=6.5
r.9? r 089 382
WITE 04 | y=.0.11+0.05 y=0.61+0.06x ye=0.72+0.0dx Fommzn=5.89
t1.00 r0.84 r0.54
WITS 06 y=0.044-0.02« y=0.11 +0.04x ne growth fopsany g =15
r 1.0G 1095

Isolate WITS 0! did wot grow at 7°C while growth at 18°C was significantly slower than the growth at 30°C
(Fig. 7.1a & Table 7.3). Isolate WITS 02 showed significantly slower growth at 7°C when compared with
growth at 18°C (o .gx 1,3 =-3.75) and 30°C {gg 0,32 ~-5.3) (Table 7.3). The best growth was at 30°C (Fig. 7.1h)
when the statiunary phase was reached after 16 days. Isolate WITS 04 grew well at 7°C (Fig. 7. 1c) aithough
significantly slower than the growth at 18°C (fog.4,2=-5.87) and 30°C (9o ps 21 = -4.37) (Table 7.3). Isolate
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Rigure 8,1 Type of ramification; a - simple; & - monopodial-pinnate; ¢ - monopodial-pyramidal; d -

dichatomous; e - iregular pinnate, dichotomous-like; J - coralloid wod g - tubercle-tike (Agerer, 1987-1995).

&

Figure 8.2 Shape of ramificatlon; a - straight; & - bent; - - wrtuous amd & - beaded (Agerer, 1987-1993),
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in the liter, WITS Of and WITS 0% (Section 7.2.1, chapter 7).  Approximately 30-50 roots of cach
morphologieal type were removed aud placed in either sterile, distilied water (fresh sampies) or FAA (Formalin

¢ Acetic Acid @ 70% Ethanol; 5:5:90; Hawksworth er af., 1995 (Agerer, 1987-19%5).

8.2.2 \dentification of ectomycorrhizal roots

Mycorthizal roots were examined with a dissecting microscope and various morphological characteristics were
noted such as:

- the colpur of fresh mycorthizas in distilled water and any changes in colour,

- the size of the mycorrhizag, invluding diameter and length of dw ECM tips;

- the type of mycorrhizas, whether simple (uorainified), pinnate, pyramidal, dichotomous, coralloid

or wbercle (Fig. B.1);

- the shape of the unramified ends, whether straipht, hent, fortunus 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 rhizomorphs to the mantle (Fig, 8.4)

- the shape of the rhizomorph (Fig. 8.5) (Agerer, 1987-1995)

Chemical reactions are penerally used as an aid w identify fungal fruiting bodies. This technigue has since been
applied (o fresh whode mycorchizes {Zak, 1973) and hand sectioned ECM roots (Agerer, 1986). Reladively few
chemicals have however been siuceessfully applied w ECM (Aperer, 1994), Chemical reactions were observed
on addition of the reagent {resctions aceurring within 5 niins) und after tinsing with water.  Peagents used
included; Cotton-hlue-lactophennal, 0. % Toluidice Blue; 70% Ethawl, 15% KOH, Lactic Acid, Melzer's
reagent, 1K1 and Sulto-vanillin (Agerer, 1986, Brundrert, Melville & Petersen, 1994; ingleby er al., 1990;

Watling, [971). The reactions were ohserved microscopically (Aperer, 1986, [957-1995), Whole
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Bctomycorrhizae' (Agerer, 1987-1995). This atlas is continually updated to include pew ECM species
amd curremtly containg keys to 218 ECM species occwrring on 17 hoest plants and 90 plates of
ectomycorrhizas, An identification manuat compiled by Ingleby er al. (1990) also employed
morphoiogical and anatomical characteristics, concentrating mainly po the mantle,

- Mofecular echnigues have recently becn applied to the identification of ECM.  These involve
analysing the imernat transcribed spacer region in the puclear ribosomal units vsing taxon-specific
primers (Bruns, White & Taylor, 1991, Bruns & Gardes, 1993; Gardes & Brums, 1993; Kraigher,

Agerer & Javornik, 1995},

Studies on ECM in the forestry regions of South Africa bave been sparse. Marais & Kotzé (1977) examined
the BCM of P. pamia at the Belfast plantation in Mpumslanga and identified Boletus edulis and Amanita
muscaria as being ectotrophic, with Tiber rapaeodonar and Lycoperdon umbrinum as possibly ectotrophic,
Van der Westhuizen & Eicker (1987) listed 19 species of basidiomycetes, considersd to be ectotrophic, which
oceur in the major ping growing regions of the country, 10 of which occur io Mpumalanga. Several studies
in the Mpumalanga forestry region have classified ectomycorrhizal roots basea on morphology alone {Carlson,
1992 & 1994), The aim of this study was to identify the ECM roots coillected from o P, paiulg, high altitude
site in which litter had accumulated (Section 7.2, 1; chapter 7). The wWlentification method used was mainly that
of Agerer (1986; 1987-1995). This approach to the identification hos not been previously applied to ectotruphic

Pinus species occurring in South Africa.

8.2 METHODS

8.2.1 Collection of ectomycurrhizal roots

Ten liter samples were collected (Section 4.2 3; chapter 4) trom a P, parula site in which liter had accunulated

(Brooklands, F2; Table 3.2: chapter 3). Ectomyconhizal roors were interwoven with the litter forming s dense

mat. Mycorthizal roots were, therefore, removed by hamt.  Two distinet morphological 1ypes were observed
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§ CHARACTERIZATION OF ECTOMYCORRHIZAS

8.1 INTRODUCTION

iany attempts have been made to idemtify the fungi responsible for the production of ectomycorrhizas (ECM)
in order to corectly interpret and apply varous phiysiological properties that have teen demonstrated
expetimentally (Agerer, 1986). Various methods of ideatfication have been w=d aod include the following:
- Revording the occurrence of sporocarps under host plants has been taken o indicate mycorrhizal
ahility as the fungi associated -vith ECM belong mainly te the Basidiomycota and Ascomycota (Marks
& Kozlowskt, 1973), The disadvantages of this method are (i) the ability of the host plant 10 form
ECM with different mycobionts at the sanw tinie {Marks & Koziowski, 1973) and (ii) an absence of
sporocarps which does not aecessarily indicate an absence of the fungus (Vopt, Publicover & Vogt.
1991).
- The tracing of rhizomorph connections from a sporocarp to the ECM roots.  Although this method
provides a link between the fengus and the ECM roots, the wraging of the connectivns is difficclt and
same ECM do not produce thizomorphs {(Apgerer, 1986; Ingleby et al., 1990),
- The synthesis of mycorrhizas under aseptic conditions, using cultures of known sporocarps.
However, difficulties may be experienced in obtaining coltures ol some fungal specie s e.g. some species
of Russuln, Tuber and Lycoperdon (Agerer, 1986, Marais & Kotzs, 1977},
- The comparison of caltures oblained from ECM roots with eadmres of knewn fungi oceurring in the
sume area. The disadvantages are (1) e difficulty in obtaining sone ECM fungi iu calture, (i) the
simile- growth in culiure of many fungi amd (#i) stroin-specific differences which would nut be
identifialy 2 in culture {(Agerer, 1986).
- Thwe cobomr of mycorehizas and seveenl anatomical features abserved in cross sections of the ECM
roots fortned the basis of an ECM key developed by Dominik (1969, The use of diese criteria were
extemded by Zak (1973) to include the reaction o whole mycarrhizas 1 various Jhemical rengents and

the approach was further exieended by Aperer (1986) resulting in the production of & *Colour Atlas of
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Tht: ability of ECM, vesicular-arbuscular and ericoid mycorrhizal seedlings to utilize organic N »nd P sounzes
has been demonstrated in several stwdies (Abuzinadall, Finlay & Read, 1986; Jayachandran, Schwab & V- trick,
1992; Myers & Leake, 1996). However, the extent o which mycorrhizis can utilize these urganic sounces
under field conditions, in competition with the micrabial population, s not known,  This indicates an area

which requires further investigation {Yogt, Publicover & Vogt, 1991}

Differences in the proteolytic and solubilization capabilities between ECM fungi are important in determining
their distribution. Mineral sotls are progressively transformed through the input of organic muster and in
combination with other soil processes, ino organic soils (Abuzinudah & Read, 1988). 'Non-protein fungi’ may
e successful in newly planted first rotation sites, whersas protein fungi’ would become more importans as e
stand matures and in successive rotations, This succession of ectomycorthizal Rungi has been reponied in a
nuiber of ecosystems (Dighton, Poskitt & Howard, 1986, Mason ef ef., 1983; Nitarajan, Muhan & Ingleby,
1992}, Succession has not been studied in the Mpumalinga plantations. However, ohservations made Juring
the stady suggests that some succession vecurs, with Amanita spp. and Lycoperdon spp. tceurring under
younger trees (up (0 L5 years) and Bedefus spp. and Swillus spp. occurming in older stands.  Scelerodernu spp.
occwrred mainly from 10 years onward, This is an area requiring further research,  Because of the different
capabilities of ECM fungi to utilize varions organic and inorganic compounds an eifort should be made o assess
the ECM fungal species ocearring in the Forestry sreas. Combining this infornugion with studies on succession,
ECM fungi more suited to specific areas can be identified measures can then be taken W inoculate with the

appropriage ECM fungd.
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Orpanic phosphates such as glycerophesphate and RNA are probably enzymatically broken down by fungal
phosphatases ond the resulting phosphate absorbed by the roots (Haussling & Marschner, 1989; Lapeyrie,
Runger & Vairelles, 1991). Recent studies by Leake & Miles (1996) have shown that the mycorrhizal ericoid
fungus Hymenoscvphus ericae can hydrolyse DNA and use it as a sole source of P, The activity of the
phosphodiesteruses was examined and it was concluded that the enzyme was extra-cellular and wall bound and
had 4 pH range of 3.0-6.5 and a pH optimum of 4.5-5.5. Complexed compounds such as phytic acid and
AIPQ, are probably solubilized by the actlon of ECM fungi or a combination of enzyme activity and
solubilization, The N source is iraporta:t in the solubilization process; NH,*-N which is found matnly in acidic
soils has been shown to stimulate proton extrusion resulting in acidificariun a process which increases
solubilization {Lapeyrie, Ranger & Vairelles, i991). Phosphatase activity is also affected by the N source, with
increased actvlly occurring when N is supplied as MH, * {Kieliszewska-Rokicka, 1989). Wheret NO, -N Is the
maln source of N, mainly in calcareous soils, oxallc acid excretion is stimulated, the ECM fungi thereby act
a8 a solubliizing agent by acidification aid g3 a chelating agent by chelating iron, calcium and aluminium
{Lapeyrie, Ranger & Vairelles, 1991). Rock phosphntes have been shown not to be solubitized by ECM fungi,
probably s a result of their crystalline seuctere, although ECM fungi in association with other micro-organisms

may be imporiant in this process {Antihus, Simsabaugh & Liukins, 1992; Lapeyries, Ranger & Vairelles, 1991).

7.5 CONCLUSIONS

From the results presented it is clear that the ECM isolaws respond differently to changes in temperature and
pH. These are factors which will influence their distribution and ability to colonize host plants.
Evtomycorrhizal fungat tsolates of P, patuia were shawn 1o be capable of utilizing orpanic &5 well as, inorganic
N compowxds as their sole sowrce of N therefore, hypothesis 8 van be sceepied.  These isolates were alse
shown © be capable of utilizing orpanic and complexed inorganic P compounds as their sole source of P

therefore, bypothesis 9 can be aceepted.
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ECM fungi to breakduwn lignin, holocellulose and Hpnocetiulose {Maijata, Fagerstedt & Raudaskoski, 1491
Trojanowski, Haider & Hutterman, 1984} would enable some ECM fungi to be effective competitors with
sapratrophs.  Although the cellutolytic ability of the isolates used in this study was aot examined, ECM roots
and thizomorphs were observed t be growing within decasing wood sturaps which niay suggest some cellulase
activity. Growth of ECM roots within woody debris may be important in maintzining mycorrhizal diversity
after disnubances, such as clear felling, amd may help to sustain the mycorrhizas during drought condition,
The wikly debris retaining moisture longer than the her layers as well as providing a source of nuiriems

(Harvey, Larsen & Joergensen, 1976: Parke, Linderman & Trappe, 1983; Vogt of af., 1995).

Abuzinadal & Read {1986) used the pure protein BSA as a model compound and -howed that different BCM
funga! species had o wide range of degrading capabilities. Using the same model the isolates used in the present
stydy were shown to exnibit different capabilities in their utilization of BSA (Fig. 7.13). Thix supgests that
acid rain (Carlson, 1992) or management strategies such as fertilization (Carisou, 1994) and burning or clearing
of the accumulated litter layers (Basr & De Vries, 1995) in the P. paruia plantations which result in changes
to the ECM fungal composition may also result in altered ahility to provide access o organically bound

nitrogen,

7.4.5 Utilization of various P’ compounds as a source of P

All isolates were shown to wtilize the various P sources, although differences in overall growth rates were
appurent (Figs, 7.8, 7.9, © 10 & 7.11). Statistival analysis of the slopes of lingar models indicated that isofates
voulid urilize & variety of P sources with equal efficiency.  As # result of the linerarization of the prowth curves,
sipnificant differences indicated when using the overall growth rates were mo longer apparent,  Differences in
the ability of BCM fungi to wilize varous P sources, both between and within species, have been observed
{Anribus, Sinsabaugh & Linkins. 1992) and these differences may be related to host characteristics, such as
nutrient demwnd.  Antibus, Sinsabaugh & Linking (1992) noted that pH had a significam effect on phosphatase

activity with maximum activity oceureing st pH 4.5-5.0 for species of S, cirimon,
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WITS (4 which showed poor growd on ammonivn,  Tiwse sesulls support stsdicy whivh have shown (hat in
pereral BOM fungh can utilize vitrate a -« 1 as g abtlougly ditferesoes beeween ECM fungal species
are apparent which reflects w some extent the distribution of the ECM fungd iRead, Leake & Lanpdale, [98%),
The geaw e response 1o the glutatkione gmended mediam was variable hutin geaeral pood groweth was recorded

Aburingdah & Read (1986) found oiat glutathione was a poor N osource for Laceara lucodta and Prsolithin
tinctoriles which was aiteibuted to the decling in pii of the growtl niedia o8 a resutt of glotathiome stitiztion.
This reflects the sawra distribwion of hese fungd which are pot well adapted w0 acidic conditions,  For
example, P dncrorius is distribued mainty in aeid regions where pl1 s hipher and mitrification is pronuted,
this fungus lias also been shown o wlilize NC, more ceadily than N1 (Read, Leake & Langdale, 1989, All
fungi tested by Abuzinadah & Read (1986) were able o ulilize alsnine peptides, iselates used in this study
utilized alaning and a ranpe of other amino acids. Abuzinadal & Read (1986) sugpested 1hat a broad specrnam
acid protease wats involved in the proteolviic proveas and that the N tedeased was absorbed by die ECM fungi
as amine acids or small peptide ynirs rather than as ammoniune. Srudies have costimeed the presence of a (GS-
GOGAT pathway in ECM fungi indicating tlar glutampe can readily enter the cell where it forms the majoe
component of the N assimilation pathway (Rudawska, ¢ al.. 1994), This supgests that there s a “tight cyeling”
of organic molecules by ECM as the process invelves depolyenerization rad -+ than mioeralizacion, thus the
normal saprotrophic decomposition pathway is shott circuited (Real, Leake & Langdale, 1989; Vopl, Publivover

& Vogt, 1991),

This stnby bas shown that ECM fungi utlize a range ot antino acids and proteivs as their sole source of N
(Table 7.5). These resalts supmont the srowing evidence in the literature thay ECM and mycorrhizal ericoid
fungi are imporant in providing access o organic sources of N ota wiich tietr host plants bave litde oF 1o
aceess (Abuzinadah & Read, 1980, Finlay, Frostegdrd & Somerteldy, 1992 Read, Leake & Lavpdale, 1989,
The roots of P patuda Lapprosimately SOY of which are miyoorthizah have been showi fo be distribufed nainly
in e liteer layers (Section 6.3.5; capter 6. Resulis dromn the Jider decompusition 1Clapter 5) and ootrient
cycling (Chapter &) studies indicate that N was immobilized within the liter duriag decomponition,  These
Ttndings kigblight the impornce of ECM, which wie intinudely associated with the liter liyers, o provide

acvess 10 hotll inorpanic aml orgamy N campoids This proweedytic abiling couplad with e abdity of some
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exhibiting a wlerance w0 a wider range of pH values, up o pH 5,00, 1t nwst be noted that the optimal pH
required for Fungal growth may differ from that reguired for acually infection of host roots (Erland &
Soderstrom, 1990). This study onty examined fungal growtls, as the saprotrophic ahility of the isulates was of
interest.  However, it was nated that ECM roots of the WITS 06 type were distributed nainly io the L2 layer
which had a pH of 2.30, while ECM roots of the WITS 01 type were distributed mainly in the F, INT and Soil

layers having plI's 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 2 major concern for the
industry. Stwlies by Carlsoa (1992) have shown that there were no significant differences in the degree of
mycorrhizal colonization between root cores acidified with different pH's of artificial rain.  However,
differences in the mycorrhizl species composition were noted.  These changes could have important
consequences for the nutrient statvs of the trees. The widespresd use of lime to increase svil pH has been
suggested (Olbrich, 1995). Liming would not only reduge acidity, but also reduce the toxic levels of metals,
reduce leaching losses of cations and improve nutrient aviilubility (Kreutzer, 1995). 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 varjous N sources, with the exception of WITS 01 which did not grow
on BSA medivm, although differences in overall growth rates were apparent (Figs. 7.3, 7.4, 7.5 & 7.6).
Statistical analysis of the stopes of linear models indicated that isolates could utilize a variety of N sources with
equal efficiency, with the exception of WITS 04 which prew poorly on (NH*)SO,. As a result of the
linerarization of the growth curves, significant differences indicated when using the overall growth rates were
up longer apparent. 1n accordance with other studies al! isolates were shuwn to grow on (NH, * 3,50, amended
media (Abuzinadah & Read, 1986; Finlay, Frostegird & Sonnerfeldt, 1992; Read, Leake & Langdale, 1989).
This result was expected as the ECM fungi are growing in a5 acidic environment where there 15 an accumulation
of organic material, under these candinons the main form of inorganic nitrogen would e NH,* (Marschiner,

1995; Read, Leake & Langdale, 1989). Growth on nitrate was slightly lower, with the exception of isofate



This was attributed to the removal of large amounts of N and phenolics with the litter aod bumus.  This would
imply that the thick litter layers of the study site suppressed the mycorrhizal diversity. Whether this holds true
for P. patwlu and whether low altitude, tin litter layer sites have a greater mycorrhizal diversity is an area that

requires further examination.

7.4.2 Growth responst 10 tempersture

Variation in the growth rates beeween the isolates was evident {Table 7.3) and Las been obhierved to oceur both
berween and within species (Marks & Kozlowski, 1973), Huwchison (1990) studied the temperature responses
of a large selection of northern hemisphere ECM fungal isolates, Breetus edulis, Amanita muscaria and A.
rubescens were shown to e sensitive to both 7°C and 30°C with some A, muscaria isolates being semi-tolerant
o 3VC,  Suilius gramiatns and Scelerod rma citrinum were sensitive 10 7°C and oteram w 30°C. The
temperature tesponses of isolates WITS J1, identified as Scleroderma citrinum (Chapter 8), and WITS 06,
identified as Boletus pinfvola (Chapter 8), were comparable to similar isofates recorded by Hurchinson (1990).
The semi-tolerant response to 7°C .+ isolates WITS 02 and WITS 04 sugpests that these isolates helong to either
the Hebeloma or Laccaria penera. Isolate WITS 04 was initially regarded to he an Amanita sp., because of the
presence of these fruiting bodies at the time of root collection (Dr, Colin Straker, pers. comm.), However, on
examination of the temperature response it is evident that the isolates correct identity cannot be conclusively
verified.  Species of Boletus, Amunita, Scleroderma and Laccaria have been recorded aid observed w oceur
in the Mpumalanga plantation {Van Der Westhuizen & Eicker, 1994}, although the latter g=nus was noted only

infrequently by the presem researcher.

7.4.3 Growth response to pH

The pH optima for most ECM fungi is regarded o be between pH 3.00 and pH 5.00, fungi being penerally
considered to be acidophilic. Isolates WITS GF (Fig. 7.2a) and WITS 02 {(Fig. 7.2b} were shown to have pH
optima within this range. [solate WITS 04 (Fig, 7.2¢) exhibited optinal growih shove pH 5.00, being less

adapted o acidic conditions.  Tsalate WIT'S 06 (Fig. 7.2d) grew well under very acidic conditions (pH 2.00),
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7.4 DISCUSSION

7.4.1 Isolates

The isolation method described by Erfand & 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. parula seedlings with the isolates was not totally successful, with only a few dichotomous
roots, poor mantlz and 'Hartig' net formation. Ectomycorrhizal fungi have been deseribed as either “early-'
or 'late-stage’ fungi, which refers to the succession of mycarrhizas as the host plant ages (Dighton, Poskitt &
Howard, 1986; Mason er al., 1993, Natarajan, Molan & Ingleby, 1992). There have been seversl reports
regarding the difficulties experienced when inoculating seedlings with ‘late-stage’ ECM fungal isolates, which
have been retated 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 coming from a 15-20 year-old companment (Dr, Colin Straker, per comm),
Alternazively, the formarion of anly a few mycorrhizal roots may have indicated that vader the experimenial
conditions used, the fungal isolawes were less vigorous in the colonization of roots {Pera & Alvares, 19953,
Marais & Kotz¢ (1979) suggested that the source of P. pamla seed may affect ECM colonization, and reported
that the inctdence of ECM infection improved when seeds from higher altitude sites were used, The seeds used
in this study originated from Witklip and Spitskop plamtations, both duw altitude areas, This is a factor which

would have to be sousidered in any furure ECM studies,

Only two morphological types of ECM roots were observed in the *rter and soil at the study site (Brookiands,
F2, Table 3.2; chapter 3) not only at the time of sampling but througtiout the study period (1992-1994), This
suggests poor mycorrhizal diversity whicl may be attributed to the lack of inovulum of other mycorrhizat types.
Most mycorchizal species associated with Pimes spp. in South Africa were introduced in litter and humus after
the repented failure of Pinus spp. planted in plantations (Poynton, 1980), A study conducied by Baar & De
Vries (1995) in The Netherlands concluded dhae die renoval of litter and humwes from szands of P sybvestrix

resulted in increased number of ECM types observed inoenlum presumably being supplied from adjacent arcas.
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Figure 7.10 Utilization of various P compounds as 2 P source, isolate WITS 04. Overlappiug blocks (similar
letters) and compounds within the sane block are pot significanuly different with regard to their overall growth
tates, Compounds shown in blocks that do not overlap (different leners) are significantly different (7 =0.05)

from each other, Phosphorus sources listed in descending order according to growth rates,

Phytic lab

Glycerophosphate | b

Figure 7.11 Utilization of vanous P compounds as a P source, isolale WITS 06, Overlapping blocks (similar
Tetters) and conpounds within the same block are not significanily different with regard 1o their overall growth
rates. Compounds shown in blocks that do noi overlap (different letters) are significantly different {(p<0.05)

from each other, Phosphorus sources listed in descending order according to growth rates.
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Aratomical characteristics

Dalipore/Woronin bodies: none observed

Lactifers; none

Quicr mantle; (Plate 8.3a)

Hyphal arratgement :  Plectenchymutous, foose, no distinet pattern
Shape of hyphal cells: Elengated, rectangular with clamp conoections
Thickness of walls: 0,3-0.4um

Length and diatneter of hyphal cells: 8-10um x 3-4um

Inper mantle: (Plate 8.3b)

Hyphal artangement: Plectenchymawus, hyplae more compaet, showing evidence of ring-like
arranged hyphal bundles

Shape of hyphal cells: elongated, rectangular

Thickness of walls: 0,3-0.4um

Length and diameter of hyphal cells: 4-Sum x 3-4um

Rlizomorphs: (Plate 840, b & o

Colour; pale yellow

Connection with mantle:  restricted

Marpin:  smouth

Maode of amification: undifferentianed, hyphae compactly woven,

Mo of hyphal congections: anastomases between middle part «f hyphal cell and a clamp and bewen
inverted clamps

Artangrement of hyphae:  Paratlel, imerwoven, bragching

Diameter: 22,0 +8.0um
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Chemica) tests

Cotton blue-lactophenol - whale:  bloe
cross section:  gortical cells, blue; hyphae, blue
Toluidine Blue 0.1% - whole' mantle no change; roots, blue
cross section:  contical cells, blue
Ethanol 70% - whole: oo change
cross section: no change
KOH 15% - whole: oo change
€1os$ section; mo change
Lactic acid - whole: no change
cross section; no chanpe
Melzer's reapent - whole: orange
cross section: hyplue, pale yeilow
TKI - whole: no choge
cross section; vo change
Sulfo-vanillin - whole: red
cruss section: cortical cefls, red

(no change afer rinsing unless stated)

Autofluoresicence
390420nm: entire mycorrhiza Auaresces green (Plute 8.200

450-490nm: entire mycorrhiza fluoresces yellow (Plate 8.2b)

Siderophitous granniations: none
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8.2.4 Photography

Photographic records of the whole mycorrhizas were taken using a Wild 7A dissecting photamicroscape,
Ectomycorrhizal roots were placed m p petri dish and submerged in water. To obtain good quatity photographs
ECM roots were photographed on a black background (Aperer, 1987-1995).  Sectivned ECM ooty were
examived amd photographed with a Zetss photomicroscope 111, using Mormarski's Differental lnterference

Contrass (NIC). This microscope was also used to exantine autotluorescence.

8.3 RESULTS

8.3.1 Ideutification of ectomycorrhizal roots

ISOLATE WITS 01

Morphological characteristics

Whole mycorrhiza: (Plate. 8.la & b)

Type of ramification;  dichotomous

Length of ramified systemn: 2294.8+ 98 8um
Lenpth of unramified emds; 841.31218.2um
Diameter of unramified ends:  385.6+ 13,0pm

Shape of unramified ends:  siraipght

Mantle:
Mantle descriplion:  shiny, smuooth

Mantle colour:  white
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Figurc 8.9 Shape of cystidia; g - ramified; & - fusiform; ¢ - globular; & - bristle-like with apical lobes; e -
bottle-shaped with finger-like outg:owths; f - sicklc-shaped; g - normal hyphaa, aften twisted like a cork-screw;
A - bottle-shaped with 2 bent neck; £ - thin-walled, slightly acuminated; f - lateral, eith tapering, knob-bearing
outgrowth; k - acanthocystidia; 1 - capitate; m - Rask-shaped widh apical knob; 57 - bottle-shaped with siraight

mgck and ¢ - awl-shaped, bristle-like (Agercr, 1987-1995),
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Figare 8.10 Shape of "Hartig' net; & - common type with typical palmetti and single hyphal rows; b - coarse
‘Hartig" net with broad infrequently mmified lobes; ¢ - like type a, but lobed or ramified haustoria originate
from the 'Hartip® nev; o - tike type a, but small globular haustoria-like structures ocvur and ¢ - beaded *Hartig!

et with globular thickenings, often combined with haustoria (Agerer, 1987-1995),
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Figure 8.7 Armangement of hyphae within rhizomorph;, a ~ vodifferentiated, hyphae loosely woven; b -
undifferentiated, hyphae compactly arranged; ¢ - slightly differentiated, central hyphae somewhat enlarped; o -
differentiated, randomly distributed very thick byphae; e - differentiated, thick hyphae forming a centeal core

and f - highly differentiated, thick hyphae forming a central core, septa partially or completely dissolved
{Agerer, 1987-19935),
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Figure 8.8 Hyphal anastomoses; 4 - between middle parts of hyphat cells; & - between middle part of hyphal

cell and 2 clamp; ¢ - hypbal tip with a hypha {each with claaps); d - the same without clamp; e - reversely
oriented clamp, after anastomosis of a hyphal tip with a bypba; f- comact-clamyp; g - anastomosis with a clamp,

i - anatomosis with a septum; J - contact-sepnum and f - reversely orientated ramification (Agerer, 1987-1995),
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Figure 8.6 Mantle types; a - plecienchymatous with ring-fike amungement of hyphal bundles; & -
plectenchymarous, uo pattern discernabie; ¢ - plectenchymatous with gelatinous matrix between the hyphae;

d - plecienchymatous, hyphae arranged net-like with promioem cystidia; e - plecienchyoutous, hyphae arranged
net-like, repeatedly branched; f - plectenchymatous with occasionat roundish cells lying on the mantle; g -
plectenchynmtt;m. hyphae in star-like amangement; & - mansitional form between plectenchymatous and
pseudoparenchywatous, irfegularly shaped hypbae form a coarse pet; § - plectenchymatous, mantles with
hymeniform; J - pseudoparenchymatous, composed of augular cells, bearing mounds of roundish cells; & -
pseudoparenchymnious, manties with angular cells; { - pseudoparenchymatous, manties with epidermaoid cells;
m » pseudoparenchymatous, man.es with some cells contaizing droplets, staining in sulfo-vanillio, n -
psendoparenchymatous, mantles with angular cells and mounds of flattened cells; o - pseudoparenchymatous,
mantles with angular cells bearing a delicate hyphal net and p - pseudoparenchymatous, with epidermoid cells

hearing a delicate hyphal net (Agerer, 1987-1995).

169



-« 3mall sections of the mantle were removed with fine forceps and examined microscopically with
Normarski'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 dies and lactifers were
recorded (Agerer, 1987-1995*

- 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).

- Emanating hyphae were examined for septa, thickness of walls and diameter. The presence and
shape of cystidia was also noted (Fig. 8.9}

- Cross and longinedinal sections (1 50um thick) of ECM roots were made using a cryomicrotome
{Beuandrett, Melville & Petersen, 1994). Sections were mowtted in polyvinyl lactic acid (Omuar, Bollard
& Heather, 1979) and examined microscopically using NIC for mantle thickness, shape of tannin and

cortical cells, thickuess of cell walls and arranpement of "Hartig' vet (Fig. 8.10) (Agerer, 1987-19935).

Many charscteristics are used in Agerers' (1987-1995) ailas to describe ECM and & few of the basi
characteristics have been memtionsd above. [n the following results section a more complete list of
characteristics, modified from Check-List A, B, C1, C2, DI and D2 {Agerer, 1987-1995) will be provided for

each of the mycorrhizal types examined.

8.2.3 Tracing mycorrhizal links to sporacarps

Sporocarps occwrring in the study area were recorded and identified using various ideptification manuals (Levin

etal,, 1987, Singer, 1962; Van Der Westhuizen & Eicker, 1994). Sporocarps and the lirter in which they were

growing were removed and any connegtions with rhizomorphs and mycorrhizal roots were eaamined using a

hand-held magnifying aluss,
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Figure 8.5 Shape of rhizomorphs; ¢ - interconnected filaments; b - smooth margins and ¢ - ensheathed or

hairy (Agerer, 1987-1995).

mycorrhizas, mounted in lactic acid, were examined with a fluorescent microscope using 2 UV (390-420nm)
and a Blue (450-490am) filter, to assess autofluorescence. The occurrence of siderophilous granulations in

either the mantle or emanating hyphae was also recorded (Agerer, 1986, 1987-1995).

Recent studies have shown that ectomycorrhizas formed by differeat fungi are strucwunatly distinet, therefore
anatomical studies have become increasingly important in the characterization of ECM (Agerer, 1994),
Anatomical details were recorded for the mantle, shizomorphs, ethanating hyphae and cross and longitudinal

sections of the ECM roots. The procedures and characteristics examined were as fillows:
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Figure 8.3 Features of the mantle surface; @ - smooth; b - reticalate; ¢ - griny (warly); d - woolly; € -

cottony; f - stringy, g - short-spiny and h - long-spiny {Agerer, 1987-1993).

Figure 8.4 Rhizomorphal connection with mantle; a - restricted; b - thizomorphs growing off in flat angles

and ¢ - hyphal fans {(Agerer, 1987-1995),
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Cystidia:

Oveurrence: none

Cross sections: (Plate 8.9)

Tannin cells - number of rows: 1-5

- shape: rectangulbar

- measurements: 8,74 1. 2um x 1,56 +0.2um
Cortical cells - number of rows with 'Hartig 'net: 1-3

- shape: oval to circular

- megsurements: 6.54+0.7um 3 5.4 +0.9um

Thickness of 'lHarilg' net sround taonin cells:
cortical celis: (.5+0.1pm
MNumber of hyphal rows around tannin ceils; |
cortical cells: 1
Shape of 'Hartig' net around tannin eells: comon type A, patmety

-

coical cells: type A, palmetti with lobed haustoria originming from 'Hartig' net

Longituding? suctions: (Pluwe 8.10)

o T L .

Tannin cells - number of tows: 125 rows

- shape: oval 1o reciangular
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Lactic acid - whole: no change
cross section: no change
Melzer's reagent - whole: no change
cross section: no change
1Kl - whole: oo change
cross section; no change
Sulfo-vanillin - whole: red
vross section: tannin ad cortical cetls red

{no change after rinsing unless stated)

Antofluorescence

390-420nm; fuoresces green at tip (Plate 8.8)

450-4900m; fluoresces green at tp

Siderophilogs gragulation:; None

Anatomical characieristics

Dolipore/Wornnin bodies: nome observed

Lactifers: none

Maatle: nong

Rhizomprphs: none

Emnnating hypbac;

Oceutrence: mrely
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ISOLATE WITS 06

Morphological characteristics

Whole mycordhizn: (Plate 8.7)

Type of ramification: simple 1o dichotomous

Length of ramified systemn; simple - 866,51+ 305.9xm,
dichotomous - 1660,3 +622.2um

Length of unramlfied ends: 614,04 188.3um

Diamwier of unramified ends: 348.6.436.2um

Shape of unramified ends; straight, older mycorrhizas oceasionafly beaded

Mantke:

Mantle descriptior:  No distinet mantle, inyeorrhiza smooth, sparse hyphae occurring on root surface

Chemical tests

Cotton blue-lactophenol - whole: blue
cross section: cortical cells, blue; hyphae, blue
Toluidine Blue 0.1% - whole: hlue
eross secton;  cortical cells, blue; hyphae, blue
Ethanol 70% - whole: no change
cruss section:  no ¢hange
KOH 153% - whule: no change

Cross section: & change
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Thickness of ‘Hartig" net around tannin cells; 0.5-1.0zm
cortical cells: 2.7-5.dpm
Nutrtber of hyphal rows around tannin cells: 1
cortical cells: 1-2
Shape of 'Hartig' net around tannin cells: commaon type A, palmetti

cortical cells: common (ype A, palmetti

Longitugingl sections: (Plate 8.6)
Measurements of mantle hyphbae - tangential: 5.6um
- radial: 0.56pm

- thickness of wall: 0,3-0.5um

i
Tannin cells - number of rows: |

- shepe: rectangular

- measurements: 3,53 1.2um x 2.4 £0.5um
Cortical cells - pumber of rows with 'Harig' nev 1-2

- shape: ovai to rectangular

- nemsurements: 4.9+ 1.2um x 6.8+ 1.0um

Thickness of 'Hartig' net around tannin cells:  1-2umn
cortical cells: 2-dum
Number of hyphal rows around tanain cells: |
vortical cells; |
Shupe of "Hartip' net around tannin cells: common type A, palmerti

cortical cells: comnwwn type A, palmetti
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Emanating byphae: (Plate 8 4d)
Cceurrence:  occasional, hyaline
Septa: present with clamp connections
Diameter: Spm

Th: skness of wali: 0.3-0.5um

Cystidia:
Occurrence: None
longituding

Mandle thickoess: 22.7+7.8um

Cross sections: (Plate 8.5)
Measurements of mantle hyphae - mngential: 2.8um
- radial: 0.28-0.56um

- thickness of wall: 0.2-0,.5um

' io' n
Tannin cells - number of rows: |
- shape: oval w rectangular
- measurements: 10,8 x 1. 5um
Curtica cells - number of rows with ‘Hartig' net 1-2
- shape: oval

- measuremeniy: 58.7 £ 14, 2um x 356 + 8. 1am
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application may also be of importance i.e, hroadessting tie lime oo the litter or rotovating into the liver.
Field trials of at least 3 years duration {Morris, 1986) would be required to determine the effectivemss of lime
applications ang these swudies should also wonitor decomposition, microbial activity and biomass aad chavges

in the KCM fungal popalation composition.

Little can be done to increase ambient temperamures, in the shor term (globat warming excluded) sl increasing
the temperature of the forest floor is a difficult task. Measures can be @ken o increase the planting distance
of tees (currently 2.7m) to affow for 2 more open canopy structure (Singh & Gupa, 1977). This would allow
madiation to reach the forest floor, thus increasing surface temperamres, However, the cost of reducing the
number of stems per hectare would have to be caretully analyzed, Reducing the stems per hectare (sph) would
teduce or eliraiante the need for thinning, an operation which supplies tinber for pol  he loss of income
from thinning operations would bave to be taken into account. However, foresiry ma-~gemenl strategies
indicate o move (o increase the number of sph with a reduced rotation. The more open canopy structune
resulting from reduced sph plantings would allow incressed understorey prowth of weeds and other vegetation,
which increases the competition for nutrierus and moisture redusing tree growth and hence preduction.

However, understorey vegetation even if not of comeercial value could promote N cycling urd belp mitigate
potential soil degradation as the litterfall is more ensily decomposed by soil micro-organisms. A strategy of
mixed plantatiops coukl act as a N pump and &lso help to maintain higher levels of available N in the litterfall
which 15 readily mineralized withous acourmulating on the forest floor (Liu, 1995}, Severnl mixed plastation
projects have been conducted in South Africa involving interpiandng Pinus with groundnuts amd Excalyplus with
cowpes, bowever, no decomposition or wotrient dynsmic snnlies have been conducted on these siles,
Alternatively, measures could be taken to install water pipes beneath the lier. Water could be heated, using
solar cnergy and recycled through the pipes in order to achieve increased forest floor tempertures. The cost

of this measure awd the feasibility in terms of security of equipment would need to be assessed,
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ensure that P. pamla planted on high altitude, shale sites would invariably acourmulate liner, This emphasises
h importence of site/species matching and indicates that shale sites, in the Mpumalanga escarpient area, above
an altimade of 1200m should oot be planted to P, panda.  Furthermore any study which examings the factors
that infleence microbial actvity should not igooe the micro-organisms or tbe processes in which they are

involved.

9.1.3 Measores to be tnken Lo improve decomposition

it is important to siress the rote of the microbial population in the decomposition process. Efforts should be
focused on making conditions in the lier more favourable for microbial activity. It must be remembered that
microbial activity does not result from the addition of simple effects, but rather depends on interactiony hetween
Individaal environmental factors (Nicolardt, Fauvet & Cheneby, 1994), The factors which are most inportant
with regard to litter accumutation, ase the acidity of the litter and temperature, factors which should be given

consideration,

ftis di. :ult to control environmental factors under field conditions. Sowme mawngement steps could be taken
to meke conditions moe faivourable for microbinl activity, Alleviating the acidic conditions in the litter could
be achieved by the applicadon of dolomide lime, which provides a source of badh the cations Co®* and Mg?*,
The application of dolomitic lime has also heen suggested as o measure of addressing soll fertdlity declines as
a result of acld rain. it has been sugpested that the application of lime could be carried out prior to planting
al the start of each rotation (Olbrich, 1995). However, acid rain aiso increases needie losy and liming has benn
shown not to improve needle retention thercfore, high litter production would prevail. Liwing bas beun shown
theuph w improve decomposition and reduce litter layers (Huett! & Zoettl, 1993), Litter accumulation was
ghywn 1 increase with stand age and in high altitode sites maximum liver depths were recorded in 25 year old
stands. The application of dolomutic lime prior w planting may wx he sufficient to maiotain increased pH

troughout the rolation; therefore, mid romtion applications may bhave to be congidered. The method of



influenced by rainfall; however, as nic evidence was found to suggest that anaerobic comfuions developed in
the Htter (reinforced by the presence of numercus BCM roos and hyphal thresds) increased rainfall was

probably not responsible for the htter accumulation ubserved.

Temperature hns also been shown to be positively correlated with decompositiun with increased temperatures
stimulating microbial activiry (Kirschbaum, 1995). The cooler temperatures of the higher altitude sites are
considered to be the main cause of litter sccomulation. The mean monthly minimum temperature during June,
it the Mokobulaan station (high altitude) during 1993 was 7,55°C (towest temperature 4.50°C) while &t 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 Schotz's (1990) siudy several site factors were found to be corielated with lister
accumulation. Lower temperatures in high altitude sites which results in retarded decomposition rates may he
critical in combination with other site factors. These factors included;
- geology: thin litter kayers oocurring on scils derived from dolomite with thick liter layers ocourring
on soils derived from Timeball (shale);
- gubsoil colour: litter thickness increases as the hue of the B horizon changes from red o yellow, &
yetlowing subsoll indicating increasing wetness, This can be linked to the higher rainfall at Ligh
altitudes;
- soil texture: litter thickness decrensed with increasing coarse sand in the A horizon, indicating better
drinage;
- sitg index: Schutz (1990) suggested that this corelation implied tiar litter decomposition was
strongly dependent oo favourable environmemal conditions. ‘This variable encompasses several site
ond environmental factors (Schutz, 1990).
However, none of the above factors could e solely responsible [or influencing the breakdown of lier. Liter
decomposidon, belng o biological process, is witinmtely controtled by the micro-organisms, The unfavourble

conditions in the wicro-cavironment caused as a result of the conler iemperatures ond asidic conditions woukl
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mot all roicro-organisms are easily cultured and therefore not included in standard ewaneration techniques
(Wollum II, 1982), enzyme activity should also be monitored (Kshauriya, Sharms & Mishm, 1992),
Differences in the microbial populations can then fore oot be eacluded as a possible explanation for reduced
decomposition. This study showed that soil fauna were pot an lnportant influence on decomposition at the time

of sampling, However, this area would also require further investigation.

8.1.2 Abiotic factors

Regardless of any differences there may he between the microbial populatiot numbers at low and high altitude
sites, microbial activity and biomass itself may be altered by a number of abiotic factors. The pH of the soil
and litter is one of these factors. Thick litter layers have been shown to be correlated with soil acidiry {Schurz,
19%0). However, it is difficalt to determine whether soil acidity is the result of or the cause of litter
accumulation, Afforestation has been shown o acidify the soil (Du Toit, 1993). The accumulated litter layers
are very acidic, decreasiug 0 # pH of 2,16 in the F layer (Table 6.2; chapter 6), although the litter leachate
was also shown to he acidic (pH 3.88) (Table 6.4; chapicr 6). The soil bencath the liter was less acidic (Table
6.2; chapter 6) probubly a resnlt of the tuffering capacity of the soil {Sanchez, 1976). This indicates that
conditions unfavourable for microbial activity enist in the litter and this would affect decomposition and possibly
nutricm uptake by the ECM. The continved accumulation of litter, in combination with acid min, would
exacerbate these unfavourable conditions. Microbial activity and biomass may be enhanced under higher pH
conditions which alfows ihe enzymis involved in the degradation of the organic matter to function under optimal

conlittons (Alexander, 1977,

Rainfall influences the decomposition procese, dnring bioth the tnitial leaching phrse and the biological phase,
by maintaining the moisture content of the litter at & level which sustaing microbial activity (Vanlauwe er al. |
1995). High altitude stands receive more precipitaton, both os a resolt of higher ruinfall and the frequent
oceurrence of mists un the escarpment.  Depending on the Jdrainage of the site, this may result in anperobic
conditions in the forming within the litter. The initial phage of decomposition (Phase M) was shown not

be influenced by altitude (Section 5.3.3: chapter 3). The leaching of soluble compoundy from litter is
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9 CONCLUSIONS AND RECOMMENDATIONS

9.1 WHY DOES LITTER ACCUMULATE UNDER P. patula !N HIGH ALTITUDE SITES?

Litter accumulation bias been shown hoth by Schutz (1990) and this study w increase with increasing altitude.
Altitude, however, has been shown oot v influence litter production (Fig. 4.4; chapter 4). Therefore, increased
litier production, ln high altitude sites, is not responsible for the litter accumulation observed under P. patula,
Litter production is a process by which orgagic matter enters the ecosystem and this input process would ideally
be balanced by the output or refease of nutrients through the decomposition of litter, As the input of Yitter does
not increase with increasing alttude, the imbalance between the input and output process must be 8 result of

the decomposition process.

The rate of decomposition was shown to decrease during the second phase of dacompuosition (Phase M2, 6-52
weeks), with increasing altitude (Fig. 5.16; chapter 5). This was further emphasized on examination of the
decomposition corstants (Table 5.6; chapter 5). Many fetors, bath abiotic and biotic, egulate the
decompogition process and a combination of these may be responsible for the reduced decomposition rates

ohserved in high altiude sites (Dickinson & Pugh, 1974).

9.1.1 Biotic factors

An examination of hiotie facters which infleence decompuosition revealed that litter quality did not decrease with
incrensing altitude (Chapter 5}, P. parula growing in high altitude sites does nor bave a poorer litter quality
than trees growing at lower allitudes. Enunwration of the microbial populations st both a ke and a high
ultitude site showed no significant differences at the tGme of sampling, although there were indications dut
fungal counts were higher in high altitude sites amd both bact. 140 and funge! counts generally decreased down
through the litter/soil profile (Figs. 5.25 & 5,26, chapter 5}, This ares would, hawever, require fuether study.

Such a study shoald examine seasonnd changes in the composition of die bacterial and fungal populations, As
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descriptions provided are the most comprehensive far wycorrhizas ol any Piegs spp. in South Atrica. The
understanding of forest ecosystems has become crucial in determining how to sustain long-tertu timber
production,  These ecosystems cannot be fully vadersiood if the role of ECM is ignored.  Ectomycorrhizas
formed hy different fungi have been shown (o be structurally distinet amd swdies have indicated that differm
species bebave different in several respects such as nutridon and growth-promoting efficisnees {Agerer, 1994).
It is therefore essential that BCM are correctly identified so that interactions observed and studied can be
correctly interpreted.  The lack of adequate ECM descriptions has hampered miyeorthizal research in this
country. The author sugpests that & project be initated t document and deseribe ECM assoviated with Pinus
spp. growing in the country, As an exotic host with 2 limited ragge of potential mycorrhizal fungi this would
be not only a possible but a worthwhile task. On the basis of this, decisions regarding the introduction of ather

ECM species more suited to our climatic and growing conditions could he wken.
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Teble 8.1 Ectomycorthizal fungi associaied with P. patfa growing in South Africa,

Spectes Reference ¢ Comment
Sclerederma citrinim This srudy

Boletuy pinicola This study

Boletus edults Marigs & Kotzé (1977
Amarnita muycarid Marias & Kotzé (1977)
Tuber rapacodorum Marias & Kotz (1977} /

possible ECM, Ascomycetss

Lyvcoperdon umbrinum Marias & Kotze (197 /
possible ECM
Thelephora tworresiris Van Greuning & Van Der Westhuizen (1990} / on

seedlings in quiseries

Carlson (1992, 1994) examined ECM roots of P, pamiay in Mpumalanga. However, chameerizations were
based on colour and morphology.  From the descriptivns provided it was difficult w assess whether ECM of
8 citrinum and B. pinicola were represented.  Species 4 (Carlson, 1992) and Species 3 {Carlson, 1994) may
be §. citrinuem and Species 1 & 2 (Carlson, 1992) ami Species 2 (Carlson, 1994) nay be B, pinivola; I» - 2ver,

these relationships cannot be positively confirmed.

8.3 CONCLUSIONS

The myvorrhizal rots of WITS 01 and WITS 06 were characierized as being formed by 5. citrioum ad by B,

pinicola, respectively.  This is the firg record of B, pinicola occurring in Mpumatanga,  The mycorrhizal

195



R

The isolate WITS 06 was identificd as B pinicofu, a species which has not been previously recorded in
Mpunulangy (Levin e af., 1987, Van Der Westhutzen & Eicker, 1994).  Pedrson (1950} recorded the
oceurtence of B, pinicola under Pinus in the Western Cape, this was the vunly known record of the species. The
sparucarps occurring in the study site were similar in appeacasice o Suitlyy granularis (Van Der Westhuizen
& Bicker, 1994}, however, no tatex exudates or granulgtions were observed on the stipe.  Qu collection of
sporocarps, the yellow pore layer g inner cap tissue showed a blue bruising where touched. The species wis
also sisndlar w Xerocomus (Suilh ) badius as recorded in Levin ef af., (1987); however the deep chestout colour
of the cap, churasteristle of this species, was not evident (Dickinson & Lucas, 1979). Ectomyuorrhizal roots
of X. badius as shown to occur on Picea, in Agerer's (1987-1995) atlas, were not similar o the ECM roors
described o this study. Agerer (1994) siated thut from the deseriptions in the atla; it was possihle to make
some general comments about the ECM fungi, one being that smwoth ECM with scant or no thizomorphs were
chartacteristic of some Bofetus spp. whi % supporis this studies findlngs,  Species similar to B. pinicola thu
heve been recorded as occurring in Mpumalanga include S gromdams, S. bovinus amd Boletns ednlls
{Lundguist, 1986; Vao der Westhuizen & Eicker, 1987 & 1994), ‘These spucies were observed to occur i
various plantations however, none showed the characteristic bruising. 8. pinicola has been recorded under

conifers and some declduous species (Dickinson & Lucas, 1979).

An updated list of ectomycorrhizal fungt knowt 10 be associated with P, parida growing ia South Africa is

presented in Table 8,1,

The majority of the species Hsted in Table 8.1 were observed to occur under P patida witl the exception of
Tuber rapgeadorum and Thelephory terreseris.  Other fungal species reported as occurring in P patula
plantations and which are known to he ECM are Toholoma sp., Russila sp., Lacraria luceata, Rhizopogon
Inteolus, Suillus brevipes, 8. siblutens and Lycoperdon perfarum (Landquist, 1986; Miller Jr, 1982; Natarajan,
Mohan & Ingleby, 1992; Trappe, §962). Of these species only L. Jaccam were oheerved in the Mpumalanga

plantations,
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8.4 DISCUSSION

8.4.1 Ydensification of ~ctomycorrrhizai roots

On examination of the morphological ECM types and sporocarps observed occurring af the study site it was
congluded that WITS Ol was formed by 5. cirrimum and WTTS 06 was formed by 8. pinicola. The remaining
two mycorchizal isolates used ir s project, WITS 02 and WITS 04 (Section 7.2.1: chapter 7) were ot
positively identified as difficulties were experienced in achieving pood mycotrhizal infection under aseptic

conditions, diis was discussed in the previous chapeer (Section 7.4.1; chapeer 7).

In Agerer's (1987-1993) atlas an ECM similar to WITS Ol was described for 8, cirrinum forming a mycorrhizal
nssociation with Betula pendula. These mycorrhizas were similar morpholagically and anatowically with regard
to mantie and Hartig net type {Agerer 1987-1995). Several differences were however noted aml included:
- The ECM roots of Betwin showed monopodial-pyramidial branching opposed to the dichotomous
branching nbserved on P. patwle. However, dichotomous branching of ECM roots has only been
ohserved in Pirus spp. (Marks & Korlowski, 1973),
- 'The rhizomorphs from the Betule ECM rnots are white as opposed o pale yeltow and contuin thick
central hypha, which was not ohserved in the chizomorphs from the Pinus ECM reots. Nu evidesce
in the literature could be found pertaining o the smbility of the thizomorph anatomy or whether
vatiability in these chamcteristics is dependant on host species or smains of the fungus. Colour
however, is variable, especially with age and photographically may be dependant on the tight source

(Agerer, 1986).

Several Scieroderma species are recopnized as being mycorthizal with a broad host range (Miller Jr,, 1982,
Trappe, 1962}, S. citrinum is acidophilous and is mainly distributed on raw humus and peat (Agerer, 1987-
1995). In South Africa the species is widely distribuled tiroughout the wetter parts of the couniry, occurring

uneler Pinuy spp. (Van Der Westhuizen & Eicker, 1994),
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- measurements: 0.82m
Cortical cells - number of rows with "Hartig’ met: [-3
- shiape: rectangular

- measurements: 15.444.2um £ 4.0+0.92m

“Hartiz' pet:
Thickness of 'Hartig' nt around tannin cefls: 0.1-0.5um
cortical cells: 0.28-0.56pm
Number of hyphal rows around tannin cells: |1
cortical cells: 1
Shape of "Hartig' net around tannin cells: commnn type A, palmetti

cortical cells: type A, palmetti with Inbed haustoria originating from 'Hartig’ net

8.3.2 Tracing mycorrhizal links to sporocarps

‘Two main types of sporncarps were collected from the study sire and idemified as Scleroderma citrinum Pers,
(previously 5. aurantinm) (Plate 8.11) and Bolerus pinicola Vit (Plate 8.12a & b) (Buczacki, 1989; Pearson,
1950; Bottomley, 1948; Van Der Westhuizen & Eicker, 1994), Identifications were confirmed with Dr, Van
Der Westhwizen (pes. comm.), Rhizomorphs of S. citrinum were similar to Gie rhizomorphs abserved on the
WITS 01 ectomycorrhizal roots and connections between roots and sporocarps were confirmed. B, pinicnla
sporocarps did not have any rkizomorphs and hyphal connections with roots were difficult to trace,  However,

FCM ruots of the WITS 06 type were frequently found assoviated near or on dhe base of e 8. pinicola stipe,
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9.3.3 Global changes

Gilobal warming is a reality and it is predicted that CO, levels (current levels 360ppm) will have doubled within
the next fifty years i.e one w wo rotations (Scholes & Bailey, 1996). Increased concentrations of CO, would
incrense the rate of photosynthesis and hence production. This fertiliztion effect may result in trees growing
faster 2nd lurger, increasing the storge of C in the ecosystem (Scholes & Bailey, 1996). Research into r. -
effects of these increased CO, levels on commercial plantations should be ivitiated. Increased O allocation to
the roots may alter the stracrure of hoth migrobial and mycorrhizal populations, resulting in the potential to
change mineralization patterns and potrient pool sizes {Curtis et al., 1994). Increased temperatures are also
expected to occur as a result of global warming (Scholes & Belley, 1996); this would be beneficial w
decomposition in high altitude sites. However, drier conditions are also expecied (Scholes & Bailey, 1996) an’
this could have a negative effect on decomposition. Because of these expected changes every effort shouid *

mnde to make conditions more favoursble for microbial activity in high altitude sites in which lister
accurrlation is a problem. Furthermore, any studies examining tree growth under elevated €O, conditions
should also examine decomposition and nutrient dyaamics.  Addressing these problems now would ensure that

the ecosystem would be better able to withstand future stress conditions,



9.3.2 Fertilization

In order to meet the increasing demand for timber steps need (W be taken to increase and maiatain productivity
ou existing plantations. Declining soil fertility has been idemtified as a factor contributing to reduced
productivity and fertilization has been recommended {Olbrich, 1995). The effective and efficient use of
fertilizers has been an arca of intensive rescarch, It is necessary to have quantitative jnformation on bow
fertilization of stands, particularly in high altitude sites, affects litter production, decomposition of litter and
the relezse of putriems in the litter layers, During fertilization truils it is essential to measure rates of biological
processes in addition to timber yields, all smdies should be long-term. Several studies bave shown that
fertilization increases litter production and improves liner quality (Theodorou & Bowen, 1990; Wicnand, 1992;
Wicnand & Stock, 1995). However ihe effect of fertilization on ktter decotoposition nites have been
coutradictory, with reports of the rates increpsing, decreasing or remaining the same (Prescott, 1995).
Ammonium fertiliztion has been shown © reduce BCM colonization and the production of ECM fruiting
bodies. High P fenilization levels have been shownt to reduce the development of extramatrical mycelium and
ECM colonization (Amebrant, 1994; Clemensson, Lindell & Persson, 1995, Wallander & Nylund, 1992,
Wallander, 1995). Fertilization trials in South Africa have toainly examiued the application of NPK, both
singly and in combipation. These trials have resulted in a variety of responses. Although, recommendations
for feriilizer application have been made, these are generally site spacafic {(Freimond, 1994; Schatz, 1976). Du
Tat (1994, cited in Freimond, 1994) obmized good growth responses of pines growing on shales, using N, P,
K* and Cp* fertlizers. Considering i' . acidic nature of the soil, the low cation concentrations and the
potential for reduced caton availability as a result of scid rain, feriilizations trials should inchude the cations,
Mg’ and Ca’*. More attention should also be placed on the effects of fertilization oo fine root production
which is essential tor nutrient und water uptake (Cemensson, Lindell & Persson, 1995) and on soil microbial

activity.



chopper-rolling does not address the acidity problem and does ot significantly alter the microhiat activity. This
method in combination with the application of dolomitic [ime may be more successful, and is an area that

requires further investigation.

9.3 AREAS REQUIRING FURTHHR RESEARCH

9.3.1 Acid mwin

In Sweden atmospheric deposition has resulted in soil acidification, cation losses and N saturation. Forest tree
productivity has vot been afficted and many stands are showing growth responses to the increased N input.
However, in Germany soil acidification bas been more extensive and declining tree vitality has been noter
{Clemensson, Lindel) & Persson, 1985; Likens, Driscoll & Buso, 1996). Research has been conducted on the
impact of air pollution on comneercial forests in South Africa. These studies have examined the eflect of acid
tainn oo soil fertility and acidification as well as matrition and nutrient cycling (Olbrich, 1995). Studies by
Carlson (1992) have indicated that acid min could alter the uptake of Ca?* and Mg?* by plant roots, by
decreasing the gvaitability of thege cations in the soil, The present study has highlighted the role of ECM fungi
in o forest ecosystem, particularly in connection with natrient dynamics. Studies by Carlson (1992) heve shown
that there was no significant difference in the degree of mycorthizal colonization between root cores acidified
with lifferent pHs of artificial rain. However, there was a difference in the mycorrhizal specivs composition,
This change in ECM species could have importan consequences to the murient status nf trees as different
mycorrhizal species not only differ in their ability tr supply nutrients to the mees but also differ in their abilicy
to utilize varivus sources of N and 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 aiso be conducted so

that any changes in mycorrhizal composition and subsequent functioning can be monitored,



9.2.3 Enharcing the release of nutrients from the Hitter

Litter accumulation has been shown t¢ increase as much as 37% from the first w second rottion {(Morris,
1986). At present the action of ecmmycorriﬁm andl their ability to atilize organic source of N and orgunic and
complexesd sources of P are assisting in providing the nutrients reyuired for tree growth. To ensure the
continued supply of murients from the organic litter layers ectomycorrhizal fungal isolates should be sereened
to determine which species are efficient organic N and complexed P users. Selected species could be used to
inoculate P. patula seedlings destined to be planted into litter accumulation sites. This would ensure that
seedlings have access to the mutrients locked up in the litter, thereby allevigting auy deficiencies in younger

stands.

Steps can also be taken to reduce the orgenic matter on the forest floor after clenrfelling. The most obvious
method would be to burn the litter. The burning of litter ix known to release nutrients, however benefits
obtaioed from burning are short term.  Substantial quantities of N and P are lost during burning and added to
putrient losses 3s a result of harvesting, these losses could account for 4s omuch as 6% of the N ad 35% of
the P (Goh & Phillips, 1991). 'This amounts to a substantial loss of ihe nurient reserves, Because of the large
quantities of both N and P stored in the litter layers, the loss of mtrients from the stand should be minimized,
therefore burning of the litter after clearfelling is not recornmended, Altermatively, if favourable burn conditions
are maintained, i.¢. a slow, cool burn at low temperatures and low wind speeds and high relative humidity, the
loss of ouirients can be minimised, Serious consideration to the release of nutrients from the fitter layers may
have 1o be considered in the light of proposed reduced rotations because shorter rotation imes may result in

ttrient losses from sites exceeding nuirient inputs which would iranslate into imbalances in nutrient cycling.

Increasing the surface area of litter available for decompositon by chopping the liter (i.e. chopper-rolling) has
also been suggested as 3 means of treating the litter after cleasfelling. This method was suggested as a meahs
by which more nutrients conld be released from the litter. However, trinde conducted by the Instituee for

Commercial Forestry Resgarch have not been promising (Frcimond, pers. comm.). This is probably because
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younger stands, suggesting N limitations. Host trees, including Pines, are associated with different mycobionts
forming ECM at different times during their developrent. The mycobionts vecurring 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 asscciated with non-protein
ECM fungi while older trees are associated with protein fungt. Studies on ectomycorrhizal succession have not
beew vndertaken in Mpumalanga and indicates an area for further research. From observativns made during
the study some succession was evident with Amanita spp. and Lycoperdon spp. occurring manly in younger
stands (up to 15 vears) 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 (Fip.
6.2; chapter 6). The results from the decompositinn study revealed that P was mineralised and was available
for plamt 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). Tlie soils of these sites are kuown
to be P-fixing soils which alter the availability of P, resulting in the transformation of soluble phosphates into
less soluble Al 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.
Ectomyeorthizal fungal isolates were shown to grow on tnorganic P sources as well as complexed inorganic and
organic spurces ot P, Some isolates grew particulazly well on complezed P sources such as AIPQ,, the form
in which Al is precipitated from the exchasige bases (Section 7.3.5; chapter 7). This indicates ciat ECM fungi
play an important role in the P cycle, providing some access to otherwise unavailable or poorly availgble
sources of P, Litter quality studies revealed that litter P in younger stands was lower than in older stunds (Fig.
5.3; chapter 5). This indicates that a greater proportion of P may be retranslocatxd from the needles, suggesting

increased P finitations in younger stands. This again may be attributed to ECM succession.
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9,2 WHAT ARE THE NUTRIENT DYNAMICS OF A P. patuia SITE IN WHICH LITTER HAS

ACCUMULATED?

The N and P outrient cycles examinead in the bigl altijude, litter #.cumulation site revealed that the majority
of these nutrients are stored in the forest floor component, follov ed by the soil and tree pools (Figs. 6.1 & 6.2;
chapter 6). Because of the large reserves of N and P in tb litter layers and the distribution of the roots within
these layets (Section 6.3.5; chapter 8), it can be assv:.ced that lirter is critical 1o nutrient uptake, indicating that
these nutrients are cyrted through a plart-litter-peant cycle. Nutrients are also cycled through a plant-litter-soil-
plant cycle, as was evident from th 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 AI**
toxicity of the soil, limits the successful exploitation of the soil notrient ressrves. Of the cations, Ca'* was
particularly low in the litter amd s0i) loyers. These low cation concentrations were expected under the acidic
conditions within these layers. It has been proposed chat cation requirements are met through weathering of
the parent rock material, cations being taken up by deep roots (Morris, 1995). This arez requires further

{nvestigation,

92.2.1 The N cycle

QOunly 13% of peedie N was remanslocated prior w needle fall (Fig, 6.1; chapter 6), Thig indicates thar the N
requirements of the tree are probably being met even though N was shown to become immobilized in the lit ¢
during decomposition (Figs. 5.8 & 5.9 chapter 5). It is evident that the ECM roots, which are in intimate
comtact with the litter layers, pot only increase the uptake of inorgamic N, but also aid in the breakdown of
organic N compounds thus supplying :n 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 rany imflicate that a greater proportion of N is rerransiocated from the neexdles prior o needle fall in the
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