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ABSTRACT

Decomposition of plant litter is an important compat of the carbon and nitrogen
cycles. Litter decomposition is regulated by thggatal environment, litter quality and

the nature and abundance of microbial communit®dsnate has been found to exert
strong controls over rates of litter decompositeomd climate change may alter both
carbon and nitrogen cycles. Global temperature® hagreased by 0.74 °C, and are
predicted to increase by 1.1- 6.4 °C within thistaey as a result of climate change,
increases in temperature coupled with other clicnpirameters are expected to affect

litter decomposition rate.

This study examined the mass loss and @@duction fromPinus patula (Schlecht et
Cham) leaf litter collected from fertilized plots the Mpumalanga Province. The litter
was incubated at various temperature regimes (18.8CC, 24 °C and 30 °C) for 16
weeks. Litter decomposition increased with incnregsemperature. Warming between 15
°C and 18 °C significantly increased the amour@©f emissions from the litter; at 30 °C
there was a marked increase in the amount of €gitted. At the highest temperature
there was a marked increase in the amount of €Ritted from the litter; when
compared to 15 °C the amount of £&volved from litter incubated at 18 °C was 58 %
higher. Thus, future warming will increase the Ggnission from the forest floor. Mass
loss of the litter was positively correlated witbmperature levels with the highest
temperature (30 °C) recorded 41% more mass loss 15a°C. Nitrogen fertilizer
applications had significant effects on litter degmsition rate but a minor effect on litter
nitrogen quality. In addition, the residual effettfertilizer was reflected in the nitrogen
concentration of the litter and the decompositiate.r Nitrogen accumulation of the litter
was positively correlated with temperature andogén concentration in the original
needle litter. The litter quality was not a stromgdictor of litter decomposition rates
implying that temperature is the major factor iefhging the decomposition rate Rihus
patula needle litter. The results of this study are cstesit with the hypothesis that the
rate of nutrient cycling in non-limiting environmsnwill increase, due primarily to an

increase in litter decomposition as a result ofeased temperatures.
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Chapter 1- Introduction

Litter decomposition forms an essential compondnhuirient cycling processes and
returns carbon (C) that was previously fixed itelitbiomass as carbon dioxide (§0O
into the atmosphere (Schimel, 1995, Wachendbdl., 1997). It is estimated that the
nutrients released during litter decomposition aacount for 67-87% of the total annual
requirement of essential elements for forest plgl¥&ring and Schlesinger, 1985).
Interest in the rate of litter decomposition haséased recently as it plays a major role
in the dynamics of forest ecosystems.

The rate of litter decomposition is influenced byamber of factors including climate
(temperature and moisture), litter quality and thature and abundance of the
decomposing organisms (Witkamp 1966a, Meentemeyé8,1Swiftet al., 1979, Melillo

et al.,, 1982). According to Swifet al. (1979) and Bergt al. (2000) the two most
important factors are climate and the chemical neatof the litter. Climate is the
dominant factor in areas subjected to unfavouraoleditions, whereas litter quality
largely prevails as the regulator under favourabladitions (Couteaug al., 1995).
Different chemicals, their amounts and ratios hheen shown to correlate with the
decay rate of foliar litter and are used as suliest for litter quality for example:
nitrogen (N) (Huntet al., 1988, Healet al., 1997), Lignin (Meentemeyer 1978) and
Lignin:N (Melillo et al., 1982). However, there is no universal litter quaindex
because litter decomposition depends on qualiti@siwdiffer among species (Tayler
al., 1989) and plant parts. For example, Edmonds (19833 reported higher
decomposition rates for branches than twigs althaigir lignin concentration would
not support this.

Geographical patterns of litter decomposition ratesiajor ecosystems types have been
related to climate by Meentemeyer (1984). Restites 8 years of the Canadian Intersite
Decomposition Experiment (CIDET), Mooet al. (1999) showed that lignin:N ratio,
mean annual temperature and mean precipitation vedoable parameters for predicting
mass loss but the data after six-years (Trofyrebal., 2002) emphasized the dominance

of climatic conditions over litter quality paramegén determining mass loss.



Temperature is often the primary factor determinwages of litter decomposition
(Meentemeyer 1978, Hobbie 1996) and decomposiatesrare generally more sensitive
to temperature than are rates of primary produdlibmyd and Taylor 1994, Kirschbaum,
2000).

The global surface temperature is predicted toeeme by 1.1-6.4 °C within this century
(IPCC, 2007) as a result of climate change and ledupith other climatic parameters is
expected to affect the litter decomposition rateud; under a warmer climate the balance
between ecosystem C fixation and decomposition beagltered potentially causing a
dramatic increase in the flux of G&om the soil to the atmosphere (Schimel 1995, Cox
et al., 2000), even though the accuracy of any quantéagikedictions of this flux is
highly dependent on the assumed temperature setysdaf decomposition (Couteaust

al., 1995). Increases in temperatures are expectectitease decomposition rates, net N
mineralization and nitrification (Peterjohet al., 1994, Hobbie 1996). Thus, elevated
temperatures as a result of global warming haveptiential to dramatically alter local
ecosystems. In tropical regions, where high decaitipa rates are compensated for by
high primary production and lead to a relativelgthisoil C content understanding, the
effects of increased temperatures on the C cyeléngportant especially in accessing the
feedback of C@to the atmosphere from these regions.

Currently most timber and pulp industries in Soétiica rely heavily on managed
plantations due to scarce natural forest resoutbesefore investigating the effects of
future temperature increases on decomposition ratefitter in plantation forest is
important in understanding the nutrient dynamicd aroductivity of forests. Globally
the trend of reliance on plantation forests is entddue to deforestation of natural forests
and investigating the effects of increases in teatpee on yield is of paramount
importance. Another issue of importance globallgyearning a rise in temperature is the
possible increase in decomposition rate of littkicly may significantly enhance global
warming by increasing the release of £@m litter or soil organic matter (Lloyd and
Taylor 1994, Kirschbaum 1995, Liséi al., 2003).

Rising atmospheric COconcentrations can affect litter quality by alberitissue

concentrations of nutrients (Norbgt al., 1986, Billeset al., 1990) or refractory



compounds such as lignin (Norley al., 1986) and reduce decomposition rate. Other
studies show increases in decomposition ratetef lgrown under elevated G@nplying
that the CQ effects on litter decay rates are sensitive toynfaators, including initial
litter quality (Cotrufoet al., 1994, Cotrufo and Ineson 1995), plant nutrientilalkdity
(Kempet al., 1994) and soil fauna (Couteaebal., 1991, O’Neill 1994).

The forest floor is a key spot for coniferous farksictioning, with the largest natural
above-ground inflow of organic matter and nutriemtsming from the litter fall,
dominated by tree foliage litter fall (Akselss@h al., 2005) with global warming,
elevated temperatures would have an impact onialbdical processes and would be
expected to increase decomposition rates and coesty, to reduce the forest floor
mass (Yanagt al., 2003 cited in Kurz-Benssa al., 2006).

There are few studies on substrate quality (chieyhiand decomposition of leaf litter of
exotic trees species in South Africa or in the ptreats of East or Southern Africa. One
example is the work by Lisanework and Michelsen9@9who studied decomposition
and nutrient release in native forests and trestglimns using the litter bag technique.
Another is a laboratory study by Lemraaal., (2007) who studied substrate quality and
decomposition of fresh leaf litter and fine roofsQupressus lusitanica, Pinus patula,
Eucalyptus grandis and native forest trees. In the Mpumalanga regibSouth Africa
Dames (1996) studied biotic factors and altitudkeat$ on litter accumulation and
decomposition. As far as | know, no study has ldmre to evaluate sensitivity of litter
decomposition to litter quality and temperaturetiie Mpumalanga region especially
under anticipated climate change scenarios.

As most ecosystems exhibit some degree of nutlieitation (Vitousek and Howarth,
1991) especially nitrogen (Shaver and Chapin 1986, Nulty and Aber 1993) an
understanding between fertilizer application (rerttisupply) and temperature response
of decomposition is critical to long term predict®of ecosystem response to anticipated

temperature increases as a result of climate change



1.1 Obijectives

The objectives of the present study were:

(1) To determine the initial concentration of ngem (N) and carbon (C) in needle litter
of Pinus patula collected from compartments in which six differemntrogen fertilizer
treatments were applied in 2001 and 2003.

(2) To characterize the changes in concentratioN ahd C of needle litter during the
decomposition by comparing fresh litter with decayiitter.

(3) To determine the effect of temperature on dguumsition rates of needle litter of
Pinus patula.

(4) To determine the influence of litter quality thre decomposition rate &inus patula
needle litter.

(5) To determine the effect of fertilizer application the decomposition rate Binus
patula needle litter.



Chapter 2- Literature review

2.1 Decomposition of litter

Decomposition of plant litter refers to the physiaad chemical processes involved in
reducing litter to its chemical constituents (Aert997). Decomposition of plant litter
plays an important role in nutrient cycling and IGxés of the terrestrial ecosystems
(Swift et al., 1979, Sunet al., 2004). It also influences soil development and the
availability of N, phosphorus (P) and other nuttéeto plants and soil micro organisms
(Huanget al., 1998, Liuet al., 2000).

Litter decomposition involves two simultaneous dnddamental set of processes: the
concurrent mineralization and humification of ligncellulose and other compounds by a
succession of micro organisms and the leaching d@nch in the soil of soluble
compounds. Carbon and N are continuously mineilmemmobilized (Couteauet al.,
1995). The decomposition processes progress instages after mass loss by leaching
(Aerts, 1997, Chapiret al., 2002). Labile and moderately labile compounds sash
sugars, amino acids and cellulose are mainly deosatpduring the early stage. In the
latter stage, the recalcitrant compound of ligns the dominant substrate for
decomposition. During the later phase the decortipasprocess occurs slowly (Aerts,
1997, Berg, 2000) as lignin consists of very laagd complex molecules which require
more energy to decay.

In general decomposition of organic material ineslvunitial immobilization (Knightt

al., 1994) of N and P followed by net nutrient rele@ggousek and Sanford, 1986) as
the C to nutrient ratios change. McClaughedy al. (1985) showed that during
decomposition of hardwood leaf litter N concenta$ increased linearly with
cumulative mass loss which then eventually declimdome foliage litters. IfPinus
patula plantations of the Mpumalanga lowveld it was fodhdt N was rapidly released

from decomposing material in the first 13 weeksl@omposition (Dames, 1996).



In terrestrial ecosystems, decomposition of litterregulated by a host of factors
including the litter's physical properties, climated macro and micro fauna. According
to Lavelleet al. (1993), these factors affect litter decomposi@bmifferent scales. Litter
decomposition control factors operate in the folluyvorder: climate > litter quality >
soil organisms. Meentemeyer (1978) and Swiiftl. (1979) also consider climate and
litter quality as the two most important factorsitolling decomposition of the litter.
Effects of climate, such as temperature and prtipn, on litter decomposition rates are
stronger in the early stage, while in late stagé&®ct influence of climate on
decomposition is reported to vanish and litter l@tance becomes more important
(Johansson 1994, Edmonds and Thomas 1995, Berg.2000

Decomposition rate varies among the species (Adamas Angradi 1996, Cornelissen
1996) and plant parts (Ostertag and Hobbie, 1998%r decomposition rate also varies
with depth, for example a study by Moageal. (2007) found pronounced decreases in
decomposition rate from 10 to 60 cm depths: thalkeas fell from an overall average of
0.15 y* at 10 cm to 0.08 and 0.05 wt 30 and 60 cm respectively.

The state of the forest also influences the ratéttef decomposition. Generally litter
decomposition is faster in clear cuts than in undied forests. Clear cutting often
results in increased availability of nutrients ($imuest and Nambiar 1990 cited in
Prescotiet al., 2004). Additionally clearcuts have been associati¢td greater microbial
activity resulting from warmer, moister conditiorf&dmonds and McColl 1989).
However, the influence of clearcutting on decomipasirates may differ with climate
and depth of the forest floor (Binkley 1984).

Morphology of the litter also affects the decomposi rates. Broad leaf litter
decomposes faster than needle litter which isbatted to higher nutrient concentration,
lower lignin and polyphenol concentrations of brdadf litter (Perryet al., 1987).
Cornelissen (1996) found that leaves of decidu@esiss decomposed twice as fast as
those of evergreens under controlled conditionsweél@r, other studies have not
consistently reported faster decomposition or N erahzation of broad leaf litter
compared with needle litter (McClaugheetyal., 1985).
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Figure 2.1 Factors that control the rate and compleness of decomposition. Source:
Prescottet al. (2000).

2.2 Elevated Temperature

The global surface temperature has increased ipake100 years by about 0.74 °C and
is recently predicted to increase by 1.1-6.4 °Chiwithis century (IPCC, 2007) and as
surface temperature increases soil temperaturebeaexpected to rise concomitantly
(Schlesinger and Andrews, 2000). The temperatunease is expected to directly alter
ecosystem process such as C and N cycling (Bandrvan cleve 1992, Jonassaimal.,
1993) and may modify litter quality, litter decongitton rates and nutrient
mineralization rates that control the availabikiyd cycling of nutrients (Hobbie, 1996).



Increased temperature may also alter plant speor@position (Chapin and Shaver 1985,
Wookeyet al., 1993, Chapiret al., 1995) and hence affect litter production and dyali
indirectly through species-specific responses (€l@sen, 1996). Increasing
temperatures could increase rate of litter decortiposdirectly by increasing microbial
activity, releasing C and N from the soil organiattar (Shaw and Harte, 2001). Analysis
of the control of decomposition across ecosystgmedyshows that much of the variation
is explained by temperature and moisture (Rgaal., 1990, Berget al., 1993). With
increased temperature, litter moisture could decéind reduce decomposition rate (Berg
et al., 1993, Robinsoret al., 1995), even though the degree to which temperatoce
moisture control decomposition across ecosystemstyyll depend on the litter quality,

the degree of climatic variability and severity (§et al., 1993).

Global warming, in response to rising concentraion atmospheric gases that absorb
infrared radiation, and associated environmentahgks are predicted to mostly affect
arctic regions and will be particularly pronouncgdhigh northern latitudes this century
(Maxwell, 1992, and ACIA, 2005 cited in Cornelisseh al., 2007). Potential
consequences of such warming for C and nutrienirgydn arctic soils have received
considerable attention for several reasons. Acogrth Billings (1987) large stocks of C
are located in boreal and arctic regions and wartesrperatures could potentially
stimulate mineralization of this C, creating a pigsifeedback to rising concentrations of
atmospheric C@ Additionally, if increased decomposition of sorfiganic matter results
in greater nutrient availability for plants, neirpary production (NPP) could increase
with warming, since NPP is strongly nutrient lintiten the tundra region (Shaver and
Chapin, 1986 cited in Hobbie, 1996). The changeN®# associated with both warmer
and wetter climates and elevated atmospherig €Qcentrations are probably of greater

significance to the C budget of forests.

Melillo et al. (1993) used a process based terrestrial ecosystaael to predict global
changes in NPP for major vegetation types. Thewvelothat changes in climate and
CO, may lead to an increase in NPP of 30-40% in bdoeakts and woodlands, whereas

an increase was predicted to be between 5 and h58mperate forests. For tropical



evergreen forests a decrease of between 4.5-12i9 ptedicted due primarily to P
limitation. As increased NPP leads to an increaaésl of litter fall, this will increase the
store of C both in vegetation and on the foresprflespecially if the net increase in

decomposition rate is minimal.

Changes in atmospheric composition in the tropresessentially the same as those in
higher latitudes, despite differences in the soarw sink strengths for the trace gases. In
the tropics radiant energy is abundant but soisfeequently nutrient-deficient rather
than C constrained, therefore the process limitiregrate of carbon cycling through the
ecosystem is decomposition (Scholes and Breem&T)19

Because of difficulties and large uncertaintiegstimating the temperature sensitivities
of decomposition of soil organic matter pools, thlationship between the temperature
sensitivity of decomposition and soil organic matfols is of paramount interest
(Reichsteinet al., 2005) as it is the central link between climatardie and the global
carbon cycle especially feedback of £i@to the atmosphere (Kirschbaum, 2006).The
Climate-Carbon Cycle model (Cost al., 2000) showed a strong positive feedback,
which turned the land biosphere from a sink to ars® around the year 2050. Other
models resulted in a positive but much weaker diatarbon cycle feedback
(Friedlingsteinet al., 2006). According to Raddatet al. (2007) the tropical land
biosphere is expected to dominate positive feedloddRO, to the atmosphere due to a
reduction in NPP. Not only do deeper and older Glpaontribute importantly to such
feedbacks, but so do recently formed labile C popésticularly litter (Grogaret al.,
2001 cited in Cornelissest al., 2007).

Decomposition of litter (including root litter) isoted for contributing about 70% of the
total annual C flux (Raich and Schlesinger, 199@ccin Aerts, 1997) and mineralization
of the annual litter fall according to Couteasbxal. (1995) contributes to approximately
half of the CQ output from the soil and notes that this proportiemains stable because
of its relatively constant annual input.

Sensitivity of soil organic matter and litter tacieasing temperature has received much

attention especially in assessing whether the @&serein temperature will result in



increase in mineralization of essential elemerkis € and N and feedback of g@dto

the atmosphere.

In a number of studies conducted in temperate ddecis and boreal forests there was a
positive correlation between increased N minertbpa rates, CQ@ evolution and
increased temperature (Witkamp, 1966a; Hobbie, 196ono and Takeda, 2006).
However, in some in sub-arctic areas much of thesmass of the litter occurs in the
winter months under snow cover where the temperatanges from -5 °C to +1 °C
(Moore, 1984).

The effect of increased temperature on decompasiate has been found to vary with
the duration of exposure. For example with prolahgarming, warming effects on soil
organic matter decomposition have been shown tbngewith time (Luoet al., 2001).
This decline was previously explained as the irggeia the proportion of the resistant
pool at later stages with the resistant pool béésg sensitive to warming (Peterjoéin
al., 1994), or as an adaptation of the microbial comitgun enhanced temperature (Luo
etal., 2001).

The forest floor is a key spot for coniferous farksictioning, with the largest natural
above-ground inflow of organic matter and nutriemtsming from the litter fall,
dominated by tree foliage litter fall (Akselssah al., 2005). UnderPinus patula
plantations at high altitudes, plant litter, such @eedles and branch material can
accumulate and reach levels up to 216.7 tons (8zhutzet al., 1983). In the central
Ethiopian highlands, a mean litter thickness of ctd was observed iRinus patula
stands (Yirdaw and Luukkanen, 2003) and an avditigethickness of 10 cm (range 3-
35 cm) was observed in a study in the republicaft® Africa inPinus patula plantation
(Schutz, 1990 cited in Dames al., 1998) with global warming, a rise in temperature
would be expected to increase decomposition rateeatuce the forest floor mass (Yanai
et al., 2003 cited in Kurz-Benssat al., 2006).

10



2.3 Litter quality

Litter quality refers to the chemical componentsh@ material and has been defined in
various ways: litter nutrient concentration (Tayébil., 1989, Stump and Binkley 1993,
Berg et al., 1996), soluble C fractions (Hobbie, 1996), instdull fractions such as
lignin (Meentemeyer, 1978), the ratio of ligninriatrient (Melillo et al., 1982, Hobbie,
1996) and the concentration of phenolics (Aerts &&d Caluwe 1997, Steltzer and
Bowman, 1998).

In many studies, N content (Huettal., 1988, Abert al., 1990), or more usually the C:N
ratio (Tayloret al., 1989, Aerts, 1997) has been shown to be a valymbl#ictive tool of
litter decomposition. Theoretically, the optimumNCratio for microbial growth is
approximately 25 (Swifet al., 1979), but fungi and bacteria can decompose atbstr
with much higher ratios (Headt al., 1997). Substrates with a C:N ratio of <20
decomposes rapidly and ones with an intermediatd @Gtio of 25-75 can also
decompose quickly, but N mineralization activityoisen reduced by increased microbial
immobilization as well as protein complexation mtyphenols (Silver and Miya, 2001).
Substrates with high C:N ratios (>75) are often mowre difficult to break down and
are generally characterized by greater amountgrattaral woody materials such as
condensed tannins and terpenes, as well as loiahlaiN for decomposer organisms
(Heal et al., 1997). Several other features of undecomposedliléaf are negatively
associated with the decomposition rate. These resmtunclude lignin content
(Meentemeyer, 1978, Taylet al., 1991) and lignin:N ratios (Melillet al., 1982, Aerts,
1997, Ostertag and Hobbie, 1999). Other studies Fawnd limitation of decay rate by P
content or the C:P ratio (Schlesinger and Hase§]1 1Staaf and Berg, 1982).
Decomposition rate of leaf litter depends greathytlbe physico-chemical properties of
leaves which have different degree of influencetrdgen for example is one of the
commonest factors limiting litter decompositionitadetermines the growth and turnover
of the microbial biomass mineralizing the organiH2alet al., 1997).

Van Cleve’s 1974 review of decomposition studiesrircircum polar tundra and taiga
sites (cited in Meentemeyer, 1978), reports that@®a concentration, lignin + tannin and

carbohydrates including cellulose all have sigaltfic correlations with decomposition
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rates. He suggests that the dominant influence twlignin apparently exerts over
decomposition rates may result from its abilityserve as a surrogate for the many

physical and chemical properties which regulaté thecomposition rate.

Lignin and N content of the litter has been fouwdcbntrol decomposition rate at
different stages. Nitrogen content is an importate-regulating factor in the first stages
of decomposition (Cotrufcet al., 1995), while in later stages lignin concentration
becomes a better predictor of decomposition r&esy 1984).

Litter quality characteristics are most useful iescdibing litter decay rates in
environments where climatic and edaphic variabtesheld relatively constant (Swidt
al., 1979). Litter quality variables exert little orcemdary control on litter decay rates in
ecosystems where this is not the case, particuilargxtreme environments (Schaeéer
al., 1985). In ecosystems where temperature and meisitailability control ecosystem
functions, including microbial activity they will xert strong controls over litter
decomposition and decay rates (Sweftal., 1979). For example, patterns of litter
decomposition at very dry sites have been foundeanfluenced more by moisture
variation than by litter quality (De Sangbal., 1993, Murphyet al., 1998).

The relative control of lignin over decompositioate is not uniform over different

climatic regions. According to the Couteaetxal. (1995) study, in late decomposition
stages, the effect of higher lignin concentratisas low in harsh climates for example at
the arctic circle, whereas when the same substate decomposed in warmer and
wetter regions like an European-Atlantic climatéghler lignin concentrations had a
predominant effect. In a wet tropical climate wh&eperature and moisture are less
constraining, litter decomposition rate was fouadiépend primarily on soil and humus
properties and litter quality (Bargadt al., 1993). Meentemeyer (1978) generally found
that the greater the abundance of energy and meisas indicated by Actual-

Evapotranspiration the faster the decay rate fgivan lignin content and the higher the

lignin content the more the energy and moisturegglired to cause breakdown.
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Predicting litter decay rate using either ligninr&tio and C:N ratio has been a topic of
debate. For example a study by Hobbie (1996) fotvad decomposition of litter in
tussock tundra is controlled by litter C qualitigflin and carbohydrates) concentration
rather than litter N concentration. Other studis®l{llo et al., 1982, Aerts, 1997 and
Meentemeyer, 1978) also favour lignin content ashist predictor of decay rate. Voigt
(1965), Daubenmire and Prusso (1963) laboratoiestuof hardwood and conifer leaves
incubated at 32 °C and 10 °C respectively foundstige correlation between weight
loss and initial N content, even though the coti@hs were weak, r=0.3691, 0.4782.
Tayloret al. (1989) using leaf litter found only limited supp@wr the lignin:N ratio as an
index of substrate quality. Under most circumstartbeir findings revealed C:N ratio or
N content alone provides better predictions of nlass rates than did the lignin:N ratio.
They further claim that lignin control of decayaatmay be absent or weak in a litter of
certain species due to relatively low lignin cortcation in that litter. However, several
studies have not found significant correlation ket decomposition rates and chemical
litter quality parameters: C:N, C:P, lignin congatibpn and lignin:N (Moore 1984,
McClaughertyet al., 1985, Mooreet al., 2007, Castanho and Oliveira, 2008).

2.4 Microorganisms

Microorganisms also control the rate of litter depmsition and nutrient dynamics
(Seastedt 1984, Herughan and Bolger 1998). Nusriemtthe litter are mineralized
through the action of decomposer organisms andnbecavailable for uptake by the
plant community (Swifet al., 1979).

Decomposition of plant material is largely mediabgdfungi and bacteria, which usually
have lower C:N ratios and C:P ratios than therlitn which they grow (Cotrufet al.,
1999). These microorganisms therefore have highireaents for these nutrients, and
detritus with high concentrations of N and P wilcdmpose faster than detritus with low
N and P concentrations, because of the associastérfgrowth of decomposer
populations (Enriqueet al., 1993) as low C:N and C:P values are often assatiaith
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nutritious and succulent leaves, whereas high gabften coincide with tough leaves
which are high in resistant components such asalosk and lignin (Witkamp, 1966b).
Generally the early colonizers of coniferous ledfel are bacteria, ascomycetes,
deuteromycetes and some basidiomycetes, which katgaople carbohydrates and
cellulose. These are followed by phycomycetes,iqdarly members of the mucorales
which can utilize the fungal breakdown products,combination with the meiofauna
(Millar, 1974). Fungi are reported to perform a doamt role in litter decomposition
because they decompose the lignocellulose matriktter that other organisms are
unable to decompose (Kjgller and Struwe, 1982)dyshy Readkt al. (2004) found that
some species of ericoid and ectomycorrhizal furagi produce extracellular enzymes
that decompose cellulose, hemicellulose, starehetisas recalcitrant compounds such as
polyphenols. Ectomycorrhizas fungi has also beenddo utilize a range of amino acids
and protein as their sole source of N and providiiost plant access to organic N (Dames
et al., 1999). Anderssost al. (1997) has also demonstrated uptake of N fromotein
source by mycorrhizal plants &etula pendula, Picea mariana, Pinus contorta, Pinus
sylvestris, Eucalyptus grandis andEucalyptus maculata. In the Mpumalanga province of
South Africa different species of ectomycorrhizasd been found to occur at different
stand age of the treeAmanita spp. andLycoperdon spp. occur under younger trees (up
to 15 years) an@oletus spp. and Suillus spp. occur in older stands whilgcleroderma
spp. occur mainly under stand from 10 years onward{Bset al., 1999).

Microbial populations during litter decompositioepnd on various factors. When a
sample of freshly fallen litter is incubated in tladoratory under optimum moisture and
temperature conditions, the bacterial numbers lysgabw strong increases during the
initial stages of the experiment, correlated withiacrease in pH and disappearance of
soluble organic components. Often a peak in numbeesached within a few weeks, and
then the numbers gradually decrease again. Littdr &an initially high pH shows the
most rapid increase and reaches the highest maxinumbers (Witkamp, 1963). In a
study by Witkamp (1966b), which involved countingbmth bacteria and fungi in litter
from several different tree species in North Ameridecreases were found of both

bacterial and fungal counts with an increase inGh¥ ratio of the litter.
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Prevailing environmental factors influence the mintal activity of which moisture and
temperature are the two main factors noted forctiffg microbial activity (Singh and
Gupta, 1977). The litter decomposition rates magnge owing to direct effects of
climate change on microbial activity and/or to nedt effects on microbial activity
through the changing of litter quality (Hobbie 19@brnelisseret al., 2007). Microbial
activity is also affected by activity of larger arals on the litter. With the lack of
mechanical breakdown by larger animals there w@l lbss surface available for
microbiological attack and hence decomposition rai# be retarded (Cortez and
Bouche, 1998).

2.5 Elevated CQ

There is ongoing debate about whether the incrgasimospheric concentration of €O
is resulting in increases in net terrestrial ectesyscarbon (C) storage (Melillet al.,
1996 cited in Norbt al., 2001). Numerous studies have shown conflictinglevce for
retarded decomposition and N mineralization rateslévated C@grown litter.Several
studies have found that decomposition rates ofueéssgrown at elevated GO
concentrations are slower than those grown undérearnconcentration: iholium roots
(Gorissenet al., 1995), in marsh Scirpus (Ball and Drake, 1997) Betlla pendula
leaves (Cotrufo and Ineson, 1996), Boerner and &b 995) report a decrease in both
mass loss and N release in yellow poplar leaves §eedlings grown in elevated €O
Cotrufo et al.1995 report a decrease in mass loss of elevatedb@Ch roots but no
change in elevated G@pruce roots.

Reduction in decomposition rate is attributed targe in the lignin: N matrix (Norbst
al., 1986) and changes in allocation of N to differesgues (Norbet al., 1986 Billeset
al., 1990). Cotrufoet al. (1998) studyunder elevated COshowed that plants changed
their allocation of N between above and below-gtbuoomponents: root N
concentrations were reduced by an average of 9%pa@d to 14% average reduction
for above ground tissues. Elevated atmospherig i@&eases the ratio of root litter to

shoot litter (Cotrufo and Ineson 1996), increades rate of microbial immobilization
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(Bernston and Bazzaz 1998) and alters soil micradhinteractions (Melilleet al., 1982,
Couteawset al., 1991).

Other studies found no significant effect of eleda CQ on decomposition rate.
Hirschelet al. (1997) for example found little difference in ligrN ratio of senesced leaf
litter grown under elevated GOconcentrations, and there was little difference in
decomposition rates, compared with materials grantler ambient C@&concentrations.
Hall et al. (2006) found that concentrations of carbon, hetuilse and lignin were
higher in litter derived from material grown unadgevated C@but they found that litter
from ambient and elevated GQlecomposed at comparable rates. However, the
atmosphere in which the decomposition took plaselted in significant differences in
rates of decomposition.Litter decomposing under elevated £@ecomposed more
rapidly than litter under ambient GOand exhibited higher rates of mineral N
accumulation. Kempet al. (1994) found no significant effects of elevated ,Cah
decomposition ofAndropogon gerardii, Sorghastum nutans and Poa pratensis litter
produced in tall grass prairie. Couteagtxal. (1991) report a retarded weight loss of
elevated CQsweet chestnut leaf litter decomposed in soiloaf fauna diversity but an
increased weight loss with more complex soil falRabinsonet al. (1997) found that
decomposition rates dfestuca shoots and leaves grown at elevated, @@re slower
than ambient C®samples when placed in a high arctic site, butdifierence was
reversed or insignificant at a low Arctic site. farset al. (2004) found that mass loss
rates were higher for litter from ambient €@an that of elevated GOStudies that
investigated the effect of elevated £@n litter quality reported contrasting results.
Meta-analyses of data from naturally senesced teavield experiments by Norlbst al.
(2001) showed that the N concentration in leaéiitivas 7.1% lower in elevated €O
compared to that in ambient @@nd in Oak, leaf lignin concentration increasethvain
increase in CQ® (Cotrufo et al., 1999). Other studies also noted reduction in foNa
concentration with elevated G@Norby et al., 1986, Couteauxt al., 1996, Hallet al;
2005). In other studies litter quality remained hemged depending on the system
(Franck et al., 1997, Norbyet al., 1999). Henryet al. (2005) found that lignin

concentrations increased in grass and forb litheleu elevated C£€ however they found
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no differences in total phenolic concentrationspercent nitrogen of the litter grown
under elevated COenvironment. Nutrient supply also affects theposse of the
biosphere to elevated GOElevated C@caused an increase in litter C:N ratid_mlium
shoots and roots and a decreased shoot CANama at high nutrient status (Franekal.,
1997).

The effect of elevated Gn soil and litter microorganism abundance showgeneral
trend. Elevated C©Odecreased the abundance of microarthropods uredgdubus trees
(Lorangeret al., 2004) and the abundance of microarthropods andatwetes in loblolly
pine plantations (Hanses al., 2001, Neheet al., 2004). On the other hand Markkaa
al. (1996) found no consistent responses of soil faimaoubled atmospheric GO
concentration in a pot experiment with Scot pines eoniferous forest humus. However,
Carneyet al. (2007) found that soils exposed to elevated, ®@d higher relative
abundance of fungi and higher activities of a €bdegrading enzyme, which led to more

rapid rates of soil organic matter degradation taits exposed to ambient GO

The effects of elevated G@n litter decomposition studies showed no unifoesponse
indicating that CQ@ effects on litter decay rates are influenced byyrfactors including
initial litter quality (Cotrufo et al., 1994, Cotrufo and Ineson, 1996), plant nutrient
availability (Kempet al., 1994, Franclet al., 1997), plant species (Bazzetzal., 1990,
Francket al., 1997) and soil fauna (Couteaebal., 1991, O’Neill 1994).

C:N ratio of the litter was found to be a good pctmt of mass loss and nutrient release
for the litter produced under elevated £aylor et al., 1989, Cotrufoet al., 1994).
Cotrufo et al. 1995 also reported that the C:N ratio was a bdtter quality index in

explaining mass loss of birch and spruce roots #adh.

2.6 Timeeffect

Decomposition of the litter is affected by time étiger with other factors including litter
quality, physical environment and microorganismke Toss in dry mass during decay

has been estimated by various studies under ditfe@nditions and different time spans.

Hayes (1965), working under laboratory conditionghwPicea sitchensis and Abies
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grandis, noted decreases of 20-30% in the first two moatits 50% in the 16 months of
incubation. Loss in dry weight was 24% after 2 geand 47% after 7 years in the stand
of Pinus sylvestris examined by Kendrick (1959).

Li et al., (2006) usingDacryodes excelsa leaf litter found that mass loss rate declined
with the incubation time. Leaf litter decayed fdstring the first 3 months and after 8
months of incubation the leaf mass loss slowed damch approached a constant value
through the next 4 months of the study period. Datdour types of litter from a blanket
bog in northern England showed a significant declim the rate of respiration with
increasing decomposition in the leaf litter whickdhhigh initial rates of respiration and
large soluble sugar contentRupus chamaemorus and Eriophorum vaginatum). The
calluna shoots and stems showed no significanirgeah respiration rate in relation to
stages of decomposition even though these weeeslittith slow rates of respiration and
weight loss (Headt al., 1978 cited in Swifet al., 1979).

Witkamp (1966a) found a slight increase in the odteespiration with time in a seasonal
study of four species of tree litter but he sugeggbhat this resulted from counteracting
the influence of chemical impoverishment and imprg\yphysical conditions.

Resource quality of the litter has been found tangfe with time of decomposition. Van
der Linden (1971) cited in Swiktt al. (1979) showed that over a two-year period of
decomposition of hazel leaves, while the total irbitimed N increased there was a
decrease in the amount that could be mineralizedabgroteolytic enzyme from
Streptomyces griseus.

Another feature of the progress of decay is then&tion and accumulation of humic

materials which normally has a slow rate of decositpm (Swiftet al., 1979).

2.7 Fertilizer effect

Fertilization can directly affect forest floor nigint pools by either increasing nutrient
content of the soil or that of the litter, thusligincing the decay rate and nutrient release
dynamics (Tietema 1993, Aerts and De Caluwe 198iicisez, 2001).

Studies concerning the effects of fertilizationgidition) on rate of litter decomposition,

litter nutrient concentration and nutrient reledgaamics have been controversial. Some
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studies (Huntt al., 1988, Ostertag and Hobbie 1999¢t &l., 2006) found that leaf litter
from fertilized plots decomposed faster than thainf the control plots, others found no
effect (Staaf 1980, van Vuuren and van der Eer@92 1Prescott 1995, Dukes and Field
2000, Gurleviket al. 2003), while others reported depressing effettientilization on
decomposition rate of the leaf litter (Titus andldéém 1987, Kempet al., 1994, Magill
and Aber 1998). Fertilization has also been foundftect decomposition rate differently
at different decomposition stages. Besgal. (1982) for example found a positive
response to N in the initial decomposition phase dunegative response in the later
stages. The type of fertilizer application has bdenond to affect differentially
decomposition of soil organic carbon. For exangblely by Bradfordt al. (2008) found
that P amendment stimulated decomposition ratedewNi fertilization suppressed
decomposition of organic matter.

Leaf litter nutrient concentration in some studlemve been found to be higher in
fertilizer stands than the control (Robinsenal., 1995, Finer 1996, Vitousek 1998)
although opposite results have also been repoRedtdret al., 1987, Aerts and De
Caluwe 1997). Increased N supply may also affeet ¢bncentrations of lignin and
phenolics of the litter. However, these effectsegupto be species-specific (Harborne
1997, Aerts and De Caluwe 1997).
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Chapter 3- MATERIALS AND METHODS

3.1 Study area

Litter was collected from 18-year oRinus patula (Schlecht et Cham) plantations located
in the Ngodwana SAPPI plantation forest in the Mplanga province of South Africa
(25° 34’ S, 3038’ E). The province is situated in the easterrt paSouth Africa; it is a
summer rainfall region with precipitation occurringainly in the form of thunderstorms.
The mean annual rainfall varies from 350 mm in tieeth east to 1600 mm on the
escarpment. The region’s proximity to the tropicGdpricorn and warm Mozambique
current of the Indian Ocean results in a subtrdpitast-free climate in the low lying

areas of the lowveld (Schulze, 1972).

3.2 Study sites

The study plots were located in Mamre, Elandshoagte Mooifontein plantations. The

criteria for selection were based on the fact tedilizer trials were taking place in these
plantations and fertilization was anticipated tfeetf the litter quality. Details of the study
sites with respect to plantation, compartment, Igpe, site quality, dominant geology,
altitude, soil texture class, mean annual tempsFat(MAT) and mean annual

precipitation (MAP) are given in Table 3.1. Siteality and land type are indices that
have been developed by the forestry industry tacatd potential productivity. The value
of 3 depicts sites with better productivity thatesiwith values of 4. Incase of land type
value 400 depict better productivity than 600.
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Figure 3.1 Map of the study sites

Table 3.1 Details of the study sites

ppi Fine Paper

Zooglc .

Eyealt 101.96km [

Trial Plantation Compartment | Geology Soil Site Altitude(m) | MAP MAT | Land

Number texture | quality (mmlyr) | (°C) | type

LM027 | Mamre K37 Shale CitM | 4 1600-1800 1117 147 600

LM028 | Elandshoogte A125 Andesite Cl 3 1600-1800 897 14.6 600

LM029 | Mooifontein | B36 Mixed CILM |4 1400-1600 | 1174 15.7| 400
shale/arenite

Where Cl= Clay soil and CILM= Clay loamy soil. (Fed) 1991).

3.3 Experimental design

Needles were collected from second rotatompatula plots planted in 1989. The study

plots underwent six fertilizer treatments and twplicates were used for each treatment.

Only two replicates could be accommodated in tllel filesign. The treatments were:
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(1) Control: no fertilizer additions (T1);

(2) 100kg/ha Limestone ammonium nitrate (LAN) 2§ at 11 years old (T2);

(3) 100kg/ha Urea 46 % (N) at 11 years old (T3);
(4) 100kg/ha LAN 28 % (N) at 13 years old (T4);

(5) 100kg/ha LAN 28 % (N) at 11 and 13 years dldtél of 200kg/ha) (T5) and

(6) 100kg/ha Urea 46 % (N) at 11 and 13 yearsd[laft200kg/ha N) (T6).

Replicate 1

Replicate 2

Replicate 1

Replicate 2

T6 | T4 T5
T1 | T2 T3
T6 | T4 T3
T2 | T1 TS5

Elandshoogte

T5 | T6 T2
T1 | T4 T3
5 | T4 T6
T3 | T1 T2
Mooifontein

Figure 3.2 Plot layout

T4 | T6 T1
T2 T5 T3
T6 T5 T3
T2 T1 T4
Mamre

The main period of litter fall in this area is besn March and September (Daneeal .,

1998) reaching a peak at the time of sampling @eber).
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3.4 Litter collection

Newly shed needles were collected fr®mpatula plots in September 2007 which were
subjected to six fertilizer treatments. The sizeach plot is 576 fncontaining 11 x 11

trees with a spacing of 2.4 x 2.4 m. A bulked sagblthe surface litter, made up of five
guadrats (each of size 0.25 m by 0.25 m) randomalyeol were collected from each site,
that is 36 samples (6 treatments x 2 replicatesie3) in total. The litter was packed in

paper bags and transported to the laboratory.

3.5 Needle litter decomposition

TheP. patula needles were weighed into 10 g samples and eagplsanserted into 300
ml glass jars. The glass jars were covered tighttia screw caps and the needles were
incubated at four temperature regimes (15 °, I8 ® and 30 °C) for 16 weeks. These
temperatures were chosen to reflect current amigign®C), a likely change with global
change (18 °C) and extreme temperatures to metsangoper limits of decomposition
rates. Subsamples of fresh needles collected &ach plot were oven dried to constant
mass at 65 °C for 72 h and oven dry/fresh mase ra#is used to determine initial
moisture content to convert fresh needle mass fo vaeight and to express the
decomposition parameters on corrected on a dry bass.

After 2, 5, 6, 8 and 16 weeks of incubation, twrs j&epresenting two replicates) per
each fertilization regime for three sites at foamperatures were retrieved (144 jars at
each sampling date) and the needles were oven ditegt mass loss was determined by
weighing oven dried samples and subtracting thassvirom corrected oven dried mass.
After 2, 6, 8, and 16 weeks the rate of Jfoduction was measured. To measure CO
flux from the needle litter at each incubation pdrijars were removed (144 jars per each
sampling date), opened and aerated for 10 minateglease the COevolved. This
approach was used because during a pilot experididntM KOH solution used to
capture CQbecame saturated after 1 or 2 weeks of incubdwgmee a 2 hourly reading

used at the end of each incubation period. Theortag was that using this approach an
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instantaneous measure of £€énission could be calculated, thus Qfata presented are
not cumulative over the incubation period. The mgsion is that the data are
comparative across treatments, temperatures, tmdesdes using this approach. Test
tubes containing 18 ml of 0.1 M KOH were insertetbithe jars and closed tightly with
screw caps and returned to the incubators. Contvel® also set up by inserting test
tubes into jars without needles. After 2 hourst tabes were removed and the content
titrated with 0.1 M HCI after addition of saturat@&ClL solution (1.44 ml per 18 ml
KOH) using phenolphthalein as an indicator. Théedénce in HCI consumption between
the blank and the sample indicated the amount sbrdéd CQ Carbon dioxide emitted
was calculated on the basis that 1 ml 0.1 M H@&gsivalent to 2.2 mg C{Anderson
and Ingram, 1993). Thus, the experimental desigisisted of a factorial combination of
three sites, six treatments, two replicates, fempgerature regimes and five sampling

dates, a total of 720 jars.
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Figure 3.3 Experimental design for determination ofmass loss and carbon dioxide

evolution of needles after incubation periods in ez site
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3.6 Elemental analysis

Subsamples of the litter from each study plot waren dried at 65 °C for 72 hours and
ground in a laboratory mill (Retsch [Haan, GermaBly] 100) to pass through 0.5 mm
screen. Total N and C concentrations were measusitg freshly collected litter

samples and samples after 16 weeks of incubatiomaly8es were done at Bem

laboratory in Cape Town, South Africa using a L&cospec CN analyzer.

3.7 Calculations and statistical analyses

» Decomposition rates (k) were calculated by fittthg observed data to the single
exponential model proposed by Olson (19635X%e™ where Xand %, are the
litter mass at the times t and O (initial), respegy; k is the decomposition
constant.

* Four-way ANOVAs were used to test for statistiqgat@.05) differences in CO
evolution and mass loss based on temperatureliZertitreatment, site and
duration of incubation.

* Three-way ANOVAs were used to test for statistigad0.05) differences in CO
evolution and mass loss based on temperatureliZertireatment and site at
individual incubation periods.

* A three-way ANOVA was used to test for statistichfferences in N (%)
concentration in the needle litter that was incigafor 16 weeks based on
temperature, fertilizer treatment and site.

* Two-way ANOVAs were used to test for statisticdfetiences in C:N and N (%)
concentrations of the needle litter with sites tertlization level as main factors.

* Tukey's method was used for a pair-wise comparisiween means.

» Pearson correlation coefficients were used to exarthie relationships between
mass loss, C@&evolution, decomposition rate constant and litteemistry.

» Correlation between temperature and N (%) accumualatas examined using

the Pearson correlation coefficient.
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All statistical analyses were performed using Rtédistical software version R 2.4.1,
2006).
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Chapter 4- Results

4.1 Litter chemistry at the time of sampling

The total N content of the litter ranged from 1.2G# Elandshoogte to 1.60% at

Mooifontein, and 1.38% at Mamre.

Table 4.1 Initial nitrogen and carbon concentration(%) of unfertilized (control) and
combined fertilized plots at three sites in Ngodwaa plantation in Mpumalanga.
Data of unfertilized plots are means of two replices and those of fertilized plots, 10

replicates (x SE)

Elandshoogte Mamre Mooifontein

Control +N Control +N Control +N
N (%) 1.20+0.08 1.28+0.0f 1.38+0.03 1.41+0.0f 1.52+0.03 1.60+0.08
C (%) 69.4+0.4 68.8+0.18 68.7+0.7 68.7+0.2 69.0+0.7 65.3+2.82
C:N 52.7+2.760 50.3+1.24 57.3+4.28 50.9+0.83 46.7+1.18 41.6+2.08

Different letters in a row indicate significant féifences at p<0.010 (N %) and p<0.001
(C:N). Two-way ANOVA showed no interactive effects.

Generally, the N concentrations in the litter diig significantly among sites with
Elandshoogte having the lowest concentrations andifiéntein the highest (Tables 4.1
and 4.2). Litter N concentrations increased irttad sites upon additional N supply with
the highest relative response in Elandshoogte ¥)6%.27% for Mooifontein and lowest
in Mamre (2.17%).The highest % increase was recbfdethe site with the lowest N
concentration for the control although these insesawere not statistically significant.
The form and amount of fertilizer applied did nffeat litter N concentration at each site
however; when the analysis for the three site wpe@ed together the form and time of
fertilizer application had a significant effect. @ highest N (%) was recorded for the sites
that were treated with Urea (46) at 11 and 13 yeduite the control recorded the lowest
N concentration. The litter N concentration alsaie with time of the fertilizer
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application where litter collected from sites fizeéd at 13 years recorded high N

concentration than that of 11 years (Figure 4.itjet C concentration only varied from

68.2% to 69.6% and was not significant and thesfbranges in litter C:N ratio mirrored

those for litter N concentrations. There was naificant interaction between site and

fertilization on litter chemistry assessed (Appemnt).

Initial litter N concentration

1.65
1.6
1.55 +
1.5
1.45
1.4
1.35 -
1.3
1.25

N(%)

1.2

HH

HH

HH
HH

HH

——

Control

LAN at 11 Ureaat 11 LAN at 13 LANat 11 Urea at 11

yrs

yrs yrs

Fertilizer

& 13 yrs

&13 yrs

Figure 4.1 Initial nitrogen concentration of sitescategorized according to the form

of fertilizer and time since application. Values ae the means+SE derived from

pooled data from three sites.

4.2 Litter chemistry changes over the 16 weeks afcdubation

For all but 11 of 144 litter samples that were ipated at different temperatures for 16

weeks, there was an increase in N (%) concentrdiiable 4.3). Paired student’s t-test

result showed that there were significant diffeemndetween N concentration of the

initial litter and after incubation for 16 weeks<(h001).
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Table 4.2 Nitrogen (N) concentrations (%) of litterfrom unfertilized (control) and

fertilized sites before and after incubation for 16wveeks at four temperatures.

Initial Site Temperature  control LAN (28) Urea (46) LAN (28) LAN (28) Urea (46)
atllyrs atllyrs atl3yrs atl1ll1é&13 atll& 13
yrs yrs

Elandshoogte 15°C 1.32+0.08 1.38#0.05 1.29+0.09 1.4+0.24 1.45+0.08.38+0.05
18°C 1.32+0.08 1.38+0.05 1.29+0.09 1.4+0.24 1.45+0.08.38+0.05
24°C 1.32+0.08 1.38+0.05 1.29+0.09 1.4+0.24 1.45+0.08.38+0.05
30°C 1.32+0.08 1.38+0.05 1.29+0.09 1.4+0.24 1.45+0.08.38+0.05
Mamre 15°C 1.21+0.12 1.35#0.09 1.39+#0.18 1.31+0.08 1.37+0.04.35+0.05
18°C 1.21+0.12 1.35+0.09 1.394#0.18 1.31+0.08 1.37+0.08.35+0.05
24°C 1.21+0.12 1.35+0.09 1.394#0.18 1.31+0.08 1.37+0.08.35+0.05
30°C 1.21+0.12 1.35+0.09 1.39+0.18 1.31+0.08 1.37+0.08.35+0.05
Mooifontein ~ 15°C 1.48+0.06 1.48+0.01 1.57#0.04 1.84+0.47 1.52+0.04.52+0.04
18°C 1.48+0.06 1.48+0.01 1.57+0.04 1.84+0.47 1.52+0.08.52+0.04
24°C 1.48+0.06 1.48+0.01 1.574+0.04 1.84+0.47 1.52+0.08.52+0.04
30°C 1.48+0.06 1.48+0.01 1.574+0.04 1.84+0.47 1.52+0.08.52+0.04

16 Elandshoogte 15°C 1.7+0.01 1.54+0.13 1.47+#0.10 1.72+#0.11 1.92+0.0B.3+0.10

weeks

18°C 1.71+0.05 1.49+0.05 1.93+0.19 1.65+#0.17 1.69+0.0B.88+0.19
24°C 1.97+0.15 1.64+0.21 1.71+0.45 2.08+0.59 1.55+0.0B.66+0.07
30°C 1.64+0.09 1.83+0.01 1.84+0.05 1.79+0.37 1.79+0.0B82+0.14
Mamre 15°C 1.5440.08 1.5740.25 1.50+0.21 1.55+0.08 1.75+0.10.39+0.16
18°C 1.56+0.08 1.42+0.16 1.71+0.04 1.58+0.13 1.76+0.08.47+0.11
24°C 1.46+0.11 1.59+0.11 1.594+0.22 1.51+0.09 1.72+0.1646+0.04
30°C 1.82+0.14 1.32+0.50 1.59+0.01 1.83+#0.10 1.63+0.1565+0.16
Mooifontein ~ 15°C 1.90£0.19 1.98+0.04 1.77#0.00 1.68+0.27 1.81+0.1276+0.08
18°C 1.88+0.28 1.85+0.07 1.85+0.00 2.07+0.35 1.92+0.0.11+0.06
24°C 2.16£0.53 1.99+0.25 1.80+0.18 2.25+0.02 2.04+0.12.06+0.01
30°C 2.25+0.03 1.79+0.03 1.89+0.50 2.07+0.24 2.17+0.2815+0.03

Three-way ANOVA demonstrated that nitrogen accuthutadepended significantly on
temperature (p=0.0082), site (p=0.0032) and fediion (p=0.0291) while interactions
were not significant (Appendix 2). For temperattings variation was attributable to
differences between 24 °C and 15 °C (p=0.0490)3neéC and 15 °C (p=0.0062); for
fertilization the variation was attributable to fdifences between unfertilized and LAN
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(28) 11 yrs plots (p=0.0226) and for site the waiawas attributable only to differences

between Mooifontein and Mamre (p=0.0034).

Table 4.3 Carbon:nitrogen (C:N) ratio of the litter from unfertilized (control) and
fertilized sites before and after incubation for 16neeks at four temperatures. Values

are means = SD.

Initial Site Temperature  control LAN (28) Urea (46) LAN (28) LAN (28) Urea (46)
atllyrs atllyrs atl3yrs atll1&13 atllé&13
yrs yrs

Elandshoogte 15°C 47.847.87 46.848.75 53.5+1.88 52.6+2.04 52.5+1.992.7+2.08
18°C 47.847.87 46.848.75 53.5+1.88 52.6+2.04 52.5+1.992.7+2.08
24°C 47.847.87 46.848.75 53.5+1.88 52.6+2.04 52.5+1.992.7+2.08
30°C 47.8+7.87 46.848.75 53.5+1.88 52.6+2.04 52.5+1.992.7+2.08
Mamre 15°C 49.9+1.48 49.5+0.96 49.4+0.65 48.9+1.37 48.3+1.847.8+1.96
18°C 49.9+1.48 49.5+0.96 49.4+0.65 48.9+1.37 48.3+1.847.8+1.96
24°C 49.9+1.48 49.5+0.96 49.4+0.65 48.9+1.37 48.3+1.847.8+1.96
30°C 49.9+1.48 49.5£0.96 49.4+0.65 48.9+1.37 48.3£1.847.8+1.96
Mooifontein ~ 15°C 45.910.79 45.9+0.74 45.6£0.73 45.4+1.19 44.9+1.529.1+9.58
18°C 45.9+0.79 45.910.74 45.6x0.73 45.4+1.19 44.9+1.539.1+9.58
24°C 45.9+0.79 45.910.74 45.6x0.73 45.4+1.19 44.9+1.539.1+9.58
30°C 45.91+0.79 45.9+0.74 45.6£0.73 45.4+1.19 44.9+1.529.1+9.58
16 weeks Elandshoogte 15°C 28.8£0.16 31.5+1.64 33.1+2.08 28.6+2.13 25.6+0.957.3+3.00
18°C 28.5£0.91 32.7£1.95 25.3x2.36 30.1+2.79 29+1.72 5.823.27
24°C 24.9+1.84 30.2+4.21 29.6x7.93 24.446.87 31.7+1.599.4+1.08
30°C 29.8£1.54 2754557 26.9x0.61 28.245.43 27.4+1.437.1+1.99

Mamre 15°C 31.9+1.34 31.5+5.24 32.4+4.06 31.5+x1.54 28+1.39 5.1#4.17
18°C 31.4+2.16 34.4+£3.76 28.5+0.43 30.7+x2.57 27.6x0.588.1+2.54
24°C 34.1+2.19 30.4+1.90 30.9+4.35 32.5+1.94 28.8+2.433.5+1.25

30°C 26.4+0.17 39.9+14.9 30.6+0.18 27.1+1.66 30.2+2.430+2.18
Mooifontein ~ 15°C 26.4+£1.43 24.8+0.23 27.2x0.00 29.5£3.70 27.5+1.227.7%0.62
18°C 26.7£3.19 25.840.99 26%0.00 23.913.46 26.3+0.008.6£0.51

24°C 23.7+4.71 24.7+2.45 27+1.83 22.240.37 24.5+1.604+0238

30°C 22+0.04 27.4+1.14 27+6.88 24.243.23 23.5+3.35 3£B23
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C:N ratio depended significantly on temperatureQ(p3252) and site (p<0.01) while
fertilization and interactions were not significgAppendix 3). The paired student’s t-test
showed that in all cases there were significarfedihces between the initial and final
C:N ratio of the litter (p<0.001).

For temperature this variation in C:N was attrilmlgato differences between 30 °C and
15 °C (p=0.0339) whereas site variation was dudifferences between all three sites

with Mooifontein having the lowest and Mamre thgttest.

4.3 Rate of CQ production from decomposing litter

Figure 4.2 shows patterns of g@mission from litter from the three sites inculdater
periods up to 16 weeks at four temperatur€arbon dioxide produced varied
significantly with temperature (p<0.001), fertiliman (p<0.001) and duration of
incubation (p<0.001) and there were significaneriattions between all factors except

site:time (Appendix 4).

Temperature accounted for much of the variabilityC®, produced at all weeks except
for week 6 where the fertilization effect was sfgrant (Appendix 5). However,
significant two-and three-way interactions on indial weeks indicated that the effect of

temperature was frequently associated with featilon or sites.

Variation in CQ emissions across the four incubation periods istljn@xplained by
temperature implying that temperature plays a dantimole in decomposition of the
litter. The patterns shown by individual variabéee described below.

4.3.1 Temperature effect

Across all the three sites (Elandshoogte, Mamre Modifontein) the amount of CO

produced was generally higher for temperaturesdrid 30 °C compared to 15 4ad
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18 °C. Carbon dioxide produced by samples incubated °C in all the sites continued

to increase from week 2 until week 8 and sharptfided at 16 weeks (Figure 4).

There was a clear difference between,@@duced at 15 °C and 18 °C (p<0.001) with
87% of the data showing 18 °C yielding more ,Gan 15 °C. The amount of GO
produced at high temperatures especially 30 °Csigasficantly higher than that of 15 °C
and 18 °C.
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Figure 4.2 CO, emissions of litter from three unfertilized (control) and

fertilized sites incubated for up to 16 weeks at ior temperatures.
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Treatment 5 [LAN (28)] at 11 and 13 yrs

Treatment 6 [UREA (46)] at 11 and 13 yrs
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4.3.2 Fertilizer effect

The amount of C@produced from the litter collected from the styggts in which N
fertilizer was applied showed similar trends to tmatrol with respect to temperature.
ANOVA results indicate that fertilization is sigimént (p=0.0088). LAN (28) at 11 years,
Urea (46) at 11 years and LAN (28) at 13 years wagaificantly different when
compared with the control. The effect of fertilipat is masked when the analysis was
done at individual incubation periods (appendiablé 9). However, the fertilization

effect was significant at week 6 (p<0.001).

4.3.3 Duration (Time) effect

Generally CQ was produced continuously and increased during the Beke of
measurement yielding a significant effect of time G0, production (p<0.001). The
increase of the COproduced with time was consistent over the fouifecBnt

temperatures although the litter incubated at 36e¥0rded a decline after 8 weeks.
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Figure 4.3 Cumulative CQ, emissions from three unfertilized (control)

and fertilized sites incubated for 16 weeks at foutemperatures.
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In order to teaze out the overall dominant varighigluencing CQ emission, the total
CO, emission, the total C{Qcalculated from addition of GQevels at each incubation
period was plotted ( Figure 4.3yumulative CQ production (successive additions of
CO, from week 2 up to week 16) varied significantlyttwiemperature (p<0.001), while
site and fertilization effects were not significgAppendix 6). The general trend was for
the amount of C®produced increased with an increase in temperétone 15 °C up to
24 °C and declined after 24 °C. Correlation betweenulative CQ and temperature was
significant (r=0.6648, p<0.001)

The amount of C® produced was mainly influenced by temperature whigh
temperature leading to high production of £Qhe effect of fertilization was not
uniform across the weeks and the amount of €@ission from the litter increased with

duration of incubation.

4.4 Mass loss

Figure 4.4 shows patterns of mass loss of littemfrthree sites incubated at four
temperatures for periods up to 16 weeks. Massvased significantly with temperature
(p<0.001), N fertilization (p<0.001), site (p<0.QGind duration of incubation (p<0.001).
The higher order interactions (four-way) betwedrirad factors were not significant even
though some two-way interactions were significamt itemperature:time (p<0.001),
fertilization:site (p<0.001) and time:site (p=0.0@Appendix 7)
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When the analyses were done at each individual weaks loss was significantly
affected by temperature, fertilization and sitalatime periods (Appendix 8). Some two-
way interactions were also significant i.e. sitdifigation (Appendix 8). The patterns

shown by individual variables are described below.

4.4.1 Effect of temperature

Higher temperatures (24 °C and 30 °C) yielded russsthat was significantly higher to
that of 18 °C and 15 °C (p<0.001). Across allgites mass loss of litter incubated at 18
°C is higher than 15 °C which is confirmed by 6®fthe data showing litter incubated
at 18 °C losing more mass than at 15 °C (p<0.@Bihure 4.4). Generally litter
incubated at 30 °C lost more mass than that inedbeatt 15 °C, 18 °C and 24 °C although
some exceptions include litter collected from cohpiot in Mamre at week 6 and that of
LAN at 11 yrs. The general trend in figure 4.4 hattincrease in temperature result to
increase in the amount of mass loss of the litter.
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Figure 4.4 Mass loss of litter from three unfertilzed (control) and

fertilized sites incubated for up to 16 weeks at fr temperatures.

Values are means *+SEs.
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Mass loss (g)
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4.4.2 Fertilizer effect

N fertilization had a significant effect on massdqp<0.001). However, the pattern was
not consistent with some levels of N fertilizatisilowing no effect when compared with
the control. For example the mass loss of the dotilized with Limestone Ammonium
Nitrate (LAN) 28% at 11 years was not significantijfferent from the control

( p=0.6133), a similar result was found when sampletained from the plot fertilized
with LAN (28%) at 13 years was compared with thatod (p=0.4436). However, mass
loss of plots fertilized with Urea (46) at 11 yedr&N (28) at 11 and 13 years and Urea
(46) at 11 and 13 years showed significant diffeesinom the control (p<0.012).

4.4.3 Duration (time) effect

Duration of incubation (time) effect on mass losgsvsignificant (p<0.001). Generally

mass loss increased as decomposition progressedigihest mass loss was recorded at
16 weeks while at week two the lowest mass lossre@sded. Some exceptions include
litter incubated at 15 °C at week 8 for LAN at Iid&l3 yrs lost less mass than one at

week 6.

4.4.4 Site effect

Site was a significant factor affecting mass lo§ghe litter (p<0.001). Higher mass

losses were recorded at the Mooifontein and Matites than at the Elandshoogte site.
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In order to confirm the overall dominant variabhluencing mass loss, the total mass
loss calculated from addition of mass loss levéleah incubation period was plotted
(Fig.4.5)
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Cumulative mass loss varied significantly with tergiure (p<0.001), fertilization
(p=0.0017) and site (p<0.001) (Appendix 9). Itlsar from Fig 4.5 that for all treatments
higher temperatures resulted in greater mass Ib#iseditter. The fertilizer effect was
significant between plots that were fertilized witlhea (46) at 11 and 13 years and the
control (p<0.001), LAN (28) at 11 years and Ure@) @t 11 and 13 years (p<0.0284).
Cumulative mass loss varied significantly betwedintlee sites; Mamre:Mooifontein
(p=0.0259), Mamre:Elandshoogte(p<0.001), Mooifamteiandshoogte (p<0.001).

4.5 N (%) concentration

Generally mass loss was positively correlated wiitial N (%) concentration of the
needle litter. However, the correlation was extrigmaeeak (r=0.07, p=0.03). When tested
at each site, mass loss and N (%) correlation wdg evident at Mooifontein. The
correlation value also diminished as the decomposiprogressed: r=0.1 after 8 weeks
and after 16 weeks dropped to 0.07. However, tha® significant correlation between
cumulative mass loss and litter nitrogen conceioimar=0.414, p<0.01) Fig 4.6. Litter
cumulative mass loss was positively correlated with amount of cumulative GO
(r=0.212, p=0.0741) Fig 4.7.
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4.5 Decomposition rate constant (k)

Figure 4.8 shows the decomposition constantstiaf lfrom unfertilized and fertilized
sites incubated at four temperatures for periodsouls weeks. Decomposition constant
(k) varied significantly with temperature (p<0.00fErtilization (p<0.001), site (p<0.001)
and time (p<0.001) with four-way interaction of skefactors being not significant.
However, several two-way and three-way interactiomcated significant differences
(Appendix 10). Compared to litter collected froomtrol plots the k values obtained from
N fertilized plots showed no consistent patternhwsibome fertilization levels being
significantly different from the control while otfeewere not (Appendix 10).

The k values are significantly different betweea three sites. Mamre and Mooifontein
sites recorded higher k value than Elandshoogte Bite highest k value was recorded at
Mamre site. The duration of incubation (week) addtects the k values. There was
significant variation between the k values obtaireddifferent incubation periods:
between week 2 and week 5 (p<0.001), week 6 andk ®e@<0.001) (Appendix 10).
Generally litter incubated at high temperature réed high k values. Decomposition
constant values decreased as the decompositiorregeagl i.e. week 16 generally
recorded low k values than week 2.
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Figure 4.8 Decomposition constants of litter from three unferilized and

fertilized sites incubated for up to 16 weeks at fr temperatures.
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Chapter 5- Discussion

5.1 Litter chemistry and nutrient dynamics

The litter N concentrations recorded in this stedp be compared with other studies on
the same species in the summer rainfall regiorSoofth Africa. The N values recorded
for needle litter (mean=1.42 %) were considerabigjhér than that found by Bird (2001)
in the Ermelo district of the Mpumalanga Highveldorris (1993) working inP. patula
plantations in Swaziland found mean litter N valwésl.25%. Lemmaet al. (2007)
recorded a value of 0.56% using freshly fallen teeétler collected fronP. patula in the
Southwestern highlands of Ethiopia. Nitrogen cotregions ofP. patula in this study
varied greatly when compared with values of othiee species. Maggs (1988) i
éliottii stands found N concentrations of 0.33% and 0.59% ldyers L and F2
respectively. Sharma and Pande (1989) reportedua wd 0.8% for pine plantations in
India.

The differences in nutrient concentrations betwth@se from the current study and those
reported by various authors in the literature carexplained by the different species that
were under investigation, site differences, therelego which the litter had been exposed
to decomposition, seasonal variation and age ofréfes. Phenologically different species
may resorb N and P before the abscission of leavesdeploy in developing tissue in
order to minimize nutrient losses (Killingbeck, 8)9more so when plants experience
nutrient deficiency (Aerts, 1996). For example @br(1994) cited in Bird (2001) found
internal translocation irP. patula occurring at two distinct periods: spring to early
summer and late summer to winter. Resorption atetnal translocation will therefore
reduce the foliar nutrient concentration and theduce the level of nutrients in the litter.
The age of the stand from which the litter is atiltel influences the nutrient content of
the litter. Morrison (1974) cited in Louw and Sob®I(2003) observed the influence of
tree age on litter N content with the highest Isw@tcurring at the age of approximately
30 years which possibly explains the differencditter N content in the current study
(1.42% N content from a 18 year old stand) andréselts of Bird (2001) of 1.01% N
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content from &P. patula stand of 16 year. Season is another factor that affact the
litter nutrient content. Louw and Scholes (2003)ore mean values of 1.24% foliar N
during winter while, the value of 1.79% was repdrtiuring the summer period. The
length of time that litter has been exposed to deamsers will influence the quantity of
nutrients found in leaf litter, as illustrated byromaet al., (2007). They found that
newly shed leaf litter had N concentrations of @B&hile the litter from the Oe layer of
the forest floor (decomposed) had N concentratibri.6%. Similarly Maggs (1988)
found that inP. eliiottii forest floor the L (Litter) and F1 (first fermetitan) layers were
found to have 0.33 and 0.44% N respectively. Thereimse in N (%) during
decomposition can be attributed to net loss ofa@aiib the form of C@combined with
microbial immobilization (Maggs 1988, Ribeiebal., 2002).

The litter N concentration varied with the time dinequency of fertilizer application.
Litter collected from plots fertilized at 13 yearescorded higher N concentrations than
those of 11 years, implying that the effect of ifiedtion on litter N concentration
diminished as the time progressed. The litter ctdeé from plots subjected to
fertilization at 11 and 13 years recorded highercemtrations of N than those fertilized
at only 11 or 13 years, this trend can possiblyekplained by the residual effect of
fertilization at 11 years. Crouws al. (2007) found a significant effect of residual fezer
on litter P levels when additional fertilizers weadded toP. patula stands in Usutu,
Swaziland. Similar results were foundRnresinosa stands which were fertilized with N
for 9 years at Harvard forest, where the N conegiotn of litter continuously increased
(Magill et al., 2000).

The relationship between litter chemistry and deoosition was investigated by

comparing the chemistry of fresh leaf litter withetlitter that was incubated for 16
weeks. The effect of temperature, fertilization aitd on nutrient concentration was also
investigated.

Decomposed litter showed higher N concentratiomslawer C:N ratios compared with

fresh leaf litter, consistent with the pattern doemted in many other litterbag and
laboratory studies (Cuevas and Medina 1988, Louav Scholes 2002, Heim and Frey,
2004 Lemmeet al., 2007). This pattern was attributed to net los$eS (or mass losses)
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combined with microbial immobilization (Maggs 1988beiroet al., 2002) and the slow
biological breakdown of nitrogen-substituted ligiiMelillo et al., 1982; Couteaust al.,
1995). Temperature affected the N accumulation hef litter. Higher temperatures
resulted in more accumulation of N. Hobbie (1996)estigating the difference in N
release of the litter incubated at 4 °C and 10dd initial N loss followed by N gain,
followed by another period of N loss at 10 °C, hearethe 4 °C treatment litter did not
exhibit a final period of N loss. However, Shaw adndrte (2001) found no effect of
warming on nitrogen release. Site also signifigaaffected N accumulation of the litter.
This difference can possibly be explained by thet fat the initial amount of N
concentration of the freshly fallen litter was di#nt and therefore the effect is reflected
on the decomposed litter. For example in a studRibeiroet al. (2002) the litter with
an initial higher concentration of N and P releakagher proportions of these elements
which is consistent with the current study wherréhwas a positive correlation between
the initial N concentration of the litter and tthecomposed litter. The result of this study
therefore supports the hypothesis that future ¢émaarming will directly affect N and C

cycling of the forests.
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5.2 Rate of CQ production from the litter

5.2.1 Temperature, fertilizer, time and site effed

Increasing atmospheric temperature may alter Cirgyah forest ecosystems through
changes in decomposition, and possibly act as ecsaf CQ to the atmosphere as
positive feedback. This study mainly evaluated dffect of temperature on the rates of
CO, production from litter at an early stage of decosipon. Temperature had a
significant effect on rates of G@roduction with higher temperatures resulting ighler
production of CQ from the litter. Other studies (Hobbie, 1996; Kamnal., 2005) have
found CQ emissions from litter or soil to be strongly stiated by temperature. Under a
warming climate with possible increases in tempegeadf 1-3 °C in the Southern African
region, the amount of GOemissions from the forest floor is expected torease.
Seasonal variation will be important in determinthg pattern of C©emission from the
litter as there was marked difference in the amafiil@O, produced at 30 °C and 24 °C
when compared with litter incubated at 15 °C and®@8 At 30 °C the C®emission
declined even though mass loss continued to inerddsee amount of COemission was
small (mg) relative to mass loss (g) and therefor@inued increase in mass loss at 30 °C
even as C@emission decreased can possibly be attributedher anetabolic changes
taking place in the litter. Seasonal differences/ralso be important as during the drier,
winter months or under drought conditions the cositpon of the microbial community
may change with fungi becoming more dominant whidhy affect the amount of GO

production from the forest floor.

The amount of C® produced was also affected by fertilization andatan of
incubation. As time progressed, the amount of, @@duced increased in magnitude.
This is in agreement with the results of Witkampg@a) who found positive correlations
between the amount of GQroduced and time. Although temperature accoufded
much of the variability of C@produced, the significant two and three way irdgoas
between temperature, fertilization, site and timéidated that the effect of temperature

was not consistent across fertilization or sitehe Teffects of fertilization on
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decomposition rate of the litter and soil organiatter have been controversial. For
example a study by Bradfordt al. (2008) found that P amendment stimulated
decomposition rates while N fertilization suppresdecomposition of organic matter. In
the context of feedback of G@om the litter and soil as a result of global marg, the
option of fertilizer application to forest plantati should be based on whether the amount
on CQ emissions from the forest as a result of fertilma outweigh the amount of C
that can be sequestered by the forest plantation.

There was no significant effect of site on the antoaf CQ, produced from the litter
collected from various study sites, a possible @&xailion for this is that the amounts of C
in the litter collected from the different sitesr&enore or less the same and therefore the
amount of carbon respired in the form of O@ay reflect the carbon content of the litter
collected from different study sites. Other studiase found significant site effects on
factors affecting litter decomposition for exampiudies conducted in India by
Kshattriyaet al. (1992) found that fungal and bacterial counts iandrtase, amylase and
cellulase enzyme activities were greatest on littelow altitude sites when compared
with high altitude sites. Decomposition at low taltie sites was found to be higher than
high altitude sites in Mpumalanga region of Southica (Dames, 1996) implying that
places with different altitudes will have differaates of CQ emissions due to influence
of altitude on temperature and microbial populataord activity. In the current study
although site effect was not significant the amai€O, produced based on altitude of
the site revealed that the site at lower altitidedifontein) recorded higher amounts of

CO, emissions than Elandshoogte and Mamre.
5.3 Mass loss

5.3.1 Temperature effect

For terrestrial ecosystems, climate variables (&matpre and moisture) have been found
to be a rate regulating factor of litter decomposit(Aerts 1997). Temperature is often
the primary factor determining rates of litter deqwsition (Meentemeyer 1978). In the
current study there were significant temperatufeces on litter mass loss which are
consistent with results of previous studies (Meewtger 1978, Hornsbet al., 1995,
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Hobbie 1996) which found that mass loss and decsitipo rates increased with an
increase in temperature. A possible explanatiortHisr pattern is the effect of increased
temperature on microbial activity. Witkamp (1966aynd that increased temperature
increased the population of microorganisms andlaated the amount of G@roduced
from the litter. Witkamp (1966a) and Aerts and Daluve (1997) found significant
correlations between mass loss and respiratios ddtehe litter which is consistent with
the current study where the correlation betweenutative mass loss and cumulative
CO, emission was found to be positive (r=0.212) arghificant when tested at 0.1
significant level (p=0.0741). Fieret al., (2005) attributed the majority of the C respired
over relatively short incubation periods to lossh# soluble C fraction. The C loss in the
form of CQ; from the litter possibly explains the mass los®rded during the study.

Mass loss of the litter and temperature exhibiteedr relationship where litter incubated
at 30 °C recorded the highest mass loss and 1Bef@west. Temperatures (15°, 18°, 24°
and 30 °C) were chosen bearing in mind that theéysdwea currently experiences a mean
annual temperature of 15 °C and a possible temperatcrease for the area of 3 °C
(Choice of 18 °C). Temperatures 24 °C and 30 °G2wwasluded in the experiment to

investigate the response of decomposition at higgraperatures.

5.3.2 Litter quality effect

Several studies have indicated that the chemiadlbémchemical quality of litter affects
mass loss during decomposition (Berg 1986, Vitougekt., 1994). In many studies N
concentration of the litter was strongly correlateth litter mass loss (Witkamp 1966a,
Taylor et al., 1989). Mass loss in the current study was founemnly very weakly
correlate with N (%) of the litter. The quantity Nfin the litter has been found to affect
the activity of microorganisms. Litter with higheN concentrations is readily
decomposed by microorganisms (Sveifial., 1979) and this possibly explains why litter
with higher N lost more mass than those with loMeconcentrations. The effect of N

concentration on litter mass loss showed some ti@miaas decomposition progressed.

57



During the initial stage (2-8 weeks) the correlativetween N % and mass loss was
stronger than at the later decomposition phasew@éks). This is in agreement with
Cotrufoet al. (1995) who reported that litter mass loss wastpesy correlated with N
concentration during the early phase of decompmushiut the influence diminished at the
later stage of decomposition. A possible explamafmr the diminishing role of N in
explaining mass loss of the litter as decompositimyressed is that N has been found to
limit decomposition at high concentrations. Nitrog& high concentrations reacts with
lignin and polyphenols at a late stages of decoitipnscreating more recalcitrant
compounds (Agreret al., 2001), suppresses activity of lignin-degradinggi (Berg,
2000) and decreases the amount of fungi and badtéainget al., 2007). Other studies
have shown that after an initial period during whi@rious compounds are lost, the rate
of decomposition decreases. This is caused by toenaulation of condensed or
polymerized polyphenols which may originate frone thtter or be synthesized by
microorganisms (Singh and Gupta 1977, Dames, 1996).

5.3.3 Fertilization effect

Previous studies that have investigated the effettiertilization on the rate of litter
decomposition have been controversial. In thissfedtilization had significant effects
on mass loss of the litter in some cases. Littemffertilized plots decomposed faster
when compared with the control. This is consisteith some other studies (Huatal.,
1988, Ostertag and Hobbie 1999, &t al., 2006). The effects of fertilization on
decomposition rate can possibly be explained byetfexts of fertilizer on litter quality.
Fertilization increased the N concentration of thier which in turn increased the
amount of mass loss of the litter collected fromtilized plots. However, some fertilized
plots did not show any differences when comparetth Wie control. The inconsistent
result may be due to the significant interactiotween the site and fertilization treatment

that was evident.
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5.3.4 Site effect

Needle litter collected from different sites showifierent magnitudes of mass loss. The
difference in mass loss is possibly explained Iffecénces in the amount of N contained
in the litter collected from different sites. Thiées (Mooifontein and Mamre) with high
litter N concentration lost more mass than the d#landshoogte withlow N
concentration.Initially litter that contained high amounts ofldst more mass than litter
that contained low amounts of N. litter collectednf the sites on shale recorded more
mass loss than site the on andesite. The sitesdiffedent soil textures where litter
collected from clay loam soils recorded more mass kthan Elandshoogte with a clay
soil texture. Solil texture has been found to inflceethe rate of N mineralization and soil
N concentration. Nitrogen mineralization is gengrahore rapid in coarse than fine
texture soils (Laddet al., 1992; McLauchlan, 2006). The rate of N mineg@tian
possibly affected the nitrogen concentration oflitter and the effect reflected on mass
loss of the litter. In this study the effect ofesitn mass loss was only related to litter
chemistry and temperature of incubation but ungid fconditions the result may differ
due to different factors affecting decompositiontieé litter including both biotic and
abiotic factors. Abiotic factors include the liteerphysical structure, temperature,
moisture, relative humidity and pH, while bioticcfars include litter quality, microbial
activity and the composition of the soil microorgamns and soil fauna (Dickinson and
Pugh, 1974; Swifet al., 1979). Furthermore, the values of the massitod®e laboratory
may be underestimated because macrofauna likeweartits were not involved in the
decomposition of the litter. Soil macrofauna arewn to contribute significantly to the
breakdown of leaf and needle litter by fragmentatichich favours the colonization of
bacteria and fungi by increasing the available as1@$ and hence may accelerate
decomposition (Soma and Saito, 1983; Kheirallah0)19%he differences in the amount
of mass loss recorded in different sites reflebts influence of site characteristics on
decomposition rate of the litter which could hav& been detected if the litter was

collected from only one site.
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5.3.5 Time effect

Generally the amount of mass loss increased aswmsition progressed. Highest mass
loss was recorded at week 16. This is possiblyagnetl by loss of labile C fractions and
other soluble fractions which are normally lostidgrthe early decomposition phase
(White et al 1988; Fiereet al., 2005). As the time progresses there are usuadly th
formation and accumulation of humic materials whicimally have a very slow rate of
decomposition (Swifet al., 1979). Liet al. (2006) for example usinacryodes excelsa
leaf litter found that mass loss rate declined i incubation time. Leaf litter decayed
fast during the first 3 months and after 8 monthsiocubation the leaf mass loss slowed
down and approached a constant value through tktednmonths of the study period. In
the Mpumalanga region of South Africa rapid massslof P. patula litter occurred
during the first six weeks. Mass loss of the curstndy is consistent with previous study
in Mpumalanga (Dames, 1996).

5.4 Decomposition rate constant (k)

5.4.1 Temperature, fertilizer, time and site effed

Temperature, fertilizer and site effects on decogitpm rate mirrored mass loss data.
The only difference with regard to mass loss istiime effect where decomposition rate
values decreased as the time of decomposition ggegd. The lower k values were
recorded at week 8 and week 16, the reason beendutation of incubation being longer
than weeks 2, 5 and 6.
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Chapter 6- Conclusions

This study revealed that temperature affects nasss CQ emission and N release from
decomposing needle litter & patula. Decomposition rate of the litter was accelerated
by an increase of 3 °C in temperature implying faédre warming will directly affect
cycling of C and N irP. patula litter and soil of South Africa. The study confgrthat
there is a strong potential positive feedback iahein the massive amounts of carbon
that are currently tied up in the litter on theefsirfloor. The danger is that this could be
released by global warming and greatly add to tle &@ready in the atmosphere. The
decomposition rate of the litter was more marketigher temperatures (24 and 30 °C)
implying that seasonal variation will play a magote in the flux of CQ and mass loss of
the litter.

The release of nitrogen from the litter increaseith wemperature therefore global
warming will have an effect on nitrogen availalyilib the forest. Application of fertilizer
differentially affected the decomposition rate bétlitter as some fertilizer treatments
were significantly different from the control whildhers were not. There is no simple
explanation as to why this is the case.

The nitrogen concentrations in the needles oflizetl plots were significantly higher
than the controlThe amount and type of fertilizer applied also h@dor effects on litter

N concentration. Litter collected froR. patula plots that were fertilized with urea
recorded higher N concentrations than those théémwvent limestone ammonium nitrate
fertilization. The plots that were subjected totifiation at 11 and 13 years recorded
higher N concentration than those fertilized atychl or 13 years indicating that there
was a residual effect of the fertilizer earlier kggh Therefore, the amount and type of
fertilizer application will affect the litter N caentration and decomposition rate.

The litter quality was not a strong predictor dfeli decomposition rates implying that
temperature will be the major factor influencing tdecomposition rate d?. patula
needle litter. Mass loss, G@mission and nitrogen release of thgatula needle litter
appear to be strongly influenced by the site diffees. Study by Schutz’s (1990) cited in
Dames (1996) found that site factors correlatet Viliter decomposition. Litter collected
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from sites on shale with a clay loam soil textuesl thigher decomposition rates than
those collected from the site on andesite geolayy @ay soil texture implying that
decomposition rate of the litter will be site sgieciAdditionally, the decomposition of
the litter is determined by the interplay of sitexnperature and duration of incubation,
therefore there is a need to develop models tsashe decomposition of the litter based

on factor interactions.
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Chapter 8 Appendices

Appendix 1 Initial litter chemistry parameters as a function of site and N
fertilization (Two-way ANOVA)

Initial litter chemistry Sites N fertilization Interaction
df(2) df(5) df(10)

N concentration 0.0017* 0.4558 0.6931

C concentration 0.3163 0.5597 0.7302

C:N ratio 0.0008** 0.4018 0.9848

p-values are represented with their level of sigaifce *p<0.01 **p<0.001

Appendix 2 Litter N (%) increase after 16 weeks of incubationas function of
temperature (Temp), site and fertilization (Fert) (Three-way ANOVA).

Source of variation  df F p

Temp 3 4.8503 0.0082
Fert 5 2.5675 0.0291
Site 2 7.099 0.0032
Temp:Fert 15 1.4273 0.1582
Temp:Site 6 0.723 0.6324
Fert:Site 10  2.8041 0.3542
Temp:Fert:Site 30 1.0651 0.4024
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Appendix 3 Litter C:N ratio after 16 weeks of incukation as a function of
temperature (Temp), site and fertilization (Fert) Three-way ANOVA).

Source of variation  df F p
Temp 3 4.8503 0.0325
Fert 5 2.5675 0.0669
Site 2 7.099 <0.01
Temp:Fert 15 1.4273 0.1303
Temp:Site 6 0.723 0.8189
Fert:Site 10 2.8041 0.4873
Temp:Fert:Site 30 1.0651 0.2686

Appendix 4 The effect of the temperature (Temp),ite, fertilization (Fert) and time

of incubation on CO; production from the litter (ANOVA results)

Source of variation df F p
Temp 3 192.54 <0.001
Site 2 0.3422 0.7104
Fert 5 4.2935 <0.001
Time 3 452.285 <0.001
Temp:Fert 15 2.6993 <0.001
Temp:Site 6 3.4022 0.0029
Fert:Site 10 2.3102 0.0126
Temp:Time 9 96.67 <0.001
Fert:Time 15 2.5487 0.0014
Site:Time 6 0.3824 0.89
Temp:Fert:Site 30 2.5148 <0.001
Temp:Fert:Time 45 1.7637 0.0032
Temp:Site:Time 18 2.4676 <0.001
Fert:Site:Time 30 1.8183 0.007
Temp:Fert:Site:Time 90 2.6713 <0.001
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Appendix 5 The effects of temperature, site and falization on CO ;, production at

four incubation periods (ANOVA results)

Period Source of variation df F p

Week 2 Temp 3 14.2017 <0.001
Site 2 1.725 0.1854
Fert 5 1.0177 0.4137
Site:Fert 10 2.6251 0.0088
Site:Temp 6 13.6342<0.001
Fert:Temp 15 3.1779 0.0005
Site:Fert:Temp 30 2.6714 0.0004

Week 6 Temp 3 208.09 <0.001
Site 2 0.1111 0.895
Fert 5 13.032 <0.001
Site:Fert 10 4.943 <0.001
Site:Temp 6 9.6373 <0.001
Fert:Temp 15 8.9881 <0.001
Site:Fert:Temp 30 9.6744 <0.001

Week 8 Temp 94.3001 <0.001
Site 2 0.8415 0.4352
Fert 5 0.9629 0.4464
Site:Fert 10 0.8423 0.59
Site:Temp 6 1.0418 0.4057
Fert:Temp 15 0.6992 0.77
Site:Fert:Temp 30 1.665 0.0406

Week 16 Temp 3 111.44 <0.001
Site 2 0.1144 0.8921
Fert 5 1.0317 0.4057
Site:Fert 10 1.7746 0.0809
Site:Temp 6 1.6573 0.144
Fert:Temp 15 0.7116  0.7649
Site:Fert:Temp 30 1.0968 0.3657
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Appendix 6 The effect of the temperature (Temp), & and fertilization (Fert) on

cumulative CO, production from the litter (ANOVA results)

Source of variation daf F p

Temp 3 74.19 <0.001
Site 2 0.1344 0.8745
Fert 5 1.6632 0.1571

Appendix 7 The effects of temperature (Temp), sitdertilization (Fert) and time on

mass loss of the needle litter (ANOVA results).

Source of variation df F p
Temp 3 43.87 <0.001
Fert 5 10.5 <0.001
Time 4 178 <0.001
Site 2 96.22 <0.001
Temp:Fert 15 1.249 0.2326
Temp:Time 12 10.28 <0.001
Fert:Time 20 0.466 0.9772
Temp:Site 6 1.039 0.3993
Fert:Site 10 9.307 <0.001
Time:Site 8 3.604 0.0004
Temp:Fert:Time 60 1.18 0.184
Temp:Fert:Site 30 0.737 0.8437
Temp:Time:Site 24 0.768 0.7773
Fert:Time:Site 40 1.035 0.4167
Temp:Fert:Time:Site 120 0.925 0.69
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Appendix 8 The effects of temperature, site and fétization on mass loss of the
litter at four incubation periods (ANOVA results)

Period Source of variation  df F p

Week 2 Temp 3 13.50 <0.001
Site 2 14.94 <0.001
Fert 5 10.24 <0.001
Site:Fert 10 4.034 <0.001
Site:Temp 6 <0.001  1.0000
Fert:Temp 15 <0.001  1.0000
Site:Fert:Temp 30 <0.001  1.0000

Week 5 Temp 3 26.62 <0.001
Site 2 39.39 <0.001
Fert 5 3.216 0.0112
Site:Fert 10 5.002 <0.001
Site:Temp 6 0.333 <0.9174
Fert:Temp 15 0.731 0.7446
Site:Fert:Temp 30 0.960 0.5363

Week 6 Temp 3 15.36 <0.001
Site 2 30.76 <0.001
Fert 5 2.645 0.0298
Site:Fert 10 3.695 <0.001
Site:Temp 6 0.629 0.7064
Fert:Temp 15 0.910 0.5563
Site:Fert:Temp 30 0.806 0.7402

Week 8 Temp 3 10.08 <0.001
Site 2 21.48 <0.001
Fert 5 2.888 0.0200
Site:Fert 10 2.444 0.0141
Site:Temp 6 0.787 0.5827
Fert:Temp 15 0.454 0.9556
Site:Fert:Temp 30 0.516 0.9767

Week 16 Temp 3 19.04 <0.001
Site 2 11.47 <0.001
Fert 5 1.295 0.0197
Site:Fert 10 1.202 0.0141
Site:Temp 6 1.184 0.5827
Fert:Temp 15 2.022 0.9556
Site:Fert:Temp 30 1.226 0.9767
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Appendix 9 The effects of temperature (Temp), siteand fertilization (Fert) on

cumulative mass loss of the needle litter (ANOVA =ults).

Source of variation  df F p

Temp 3 43.87 <0.001
Fert 5 10.5 0.0017
Site 2 96.22 <0.001

Appendix 10 The effects of temperature (Temp), sitdertilization (Fert) and time on

decomposition rate of the needle litter (ANOVA reslis).

Source of variation df F p
Temp 3 29.562 <0.001
Fert 5 15.353 <0.001
Time 4 103.402 <0.001
Site 2 284.353 <0.001
Temp:Fert 15 0.776 0.705
Temp:Time 12 0.366 0.900
Fert:Time 20 12.405 0.059
Temp:Site 6 14.049 0.900
Fert:Site 10 1.562 <0.001
Time:Site 8 4.291 <0.001
Temp:Fert:Time 60 0.580 0.957
Temp:Fert:Site 30 0.695 0.964
Temp:Time:Site 24 0.563 0.954
Fert:Time:Site 40 1.643 0.010
Temp:Fert:Time:Site 120 0.706 0.987
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