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ABSTRACT

Yunnan Province in southwestern China is a highly véosk region in the world, yet a
large part of the forests are cut down every year to accommodate plantations of rubber, tea
and eucalyptus. Within the small areas of protected habitats, recent observations indicate that
there is a lack of regeneration séedlngs. One possible explanation tors lack of
regeneration could be due to litter dynamics. We designed and carried out a short term litter
decomposition experiment to test the direct effects of litter manipulations on soil nutrients and

litter invertebrates ina lowland and a montane tropical forest

Our experimental design involved testing both litter quantity and litter quality. To test
for the effects of litter quantity, we manipulated different depths of mixed litter, with and
without periodictopping up. To test for the effects of litter quality, we compared single species
of litter versus mixed litter control plot§he response of soil nutrients to these manipulations
were monitoredusingion exchange membrane®/e show a clear differencim the available
soil nutrients between the two sites, and while the litter quantity experiment had an effect on
soil nutrients at the lowland site, it had no effect at th@ntane site. The litter quality

treatments produced noveralldifference in responssat either site.

The respones of litter invertebrates tditter manipulationswas estimatedisingpitfall
traps. We show that, litter invertebrate composition beten the two forestss different.
Invertebrate abundance does increase with increasimgnaiss at the montane site, although
there seems to be a threshold litter volume beyond which there &n effect. In the lowland
site, invertebrate abundance is highest in the litter removal plots, although a general increase
with litter biomasswas deteted. Litter species does not have an effect on either invertebrate

abundance or richness at either site
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CHAPTER 1

Introduction

Southwestern China is a biodiversity hotspot containing about 20,000 species of higher plants
6ciz 2F GKS ¢2NIRQa G201t 0o ¢ldasdforassRAUNMGS NEA (8 2
threat from loss of habitat due to logging, and the planting of economic plapistoximately
15-20% of higher plant varieties are endangered, threatening thetexce of 40,000 species of
organisms related with tha (Yanget al. 2004). Trees are the dominant species in this system
and trees provide a major structural component of these diverse forests, yet seedlings are
rarely observed (Su and Zhang 2002). & been variously argued that the lack of seed
germination and seedling regeneration in general may be due to predation by small mammals
or birds (Wenny 2000), dispersal limitation (Dalkgl. 1998), attack by weevils (Espeétal.
2009), or environmetal conditions caused by litter (Facelli 1994). Thus, an understanding of
the factors that influence the germination and establishment of seedlings in these forests is
critical to their maintenance. In this thesis | will focus on the effects of plaat lih the forest

soils.

Plant litter is dead plant material, such as leaves and twigs that have fallen on the
ground. This detritus or dead organic material and their nutrients are added to the top layer of
soil. This organic layer is then decomposed asl@éased as inorganic soil nutrienihe study of
plant litter has received much attention from ecologists because it is an integral factor in
ecosystem dynamics, is indicative of productivity, and influences nutrient cycling and soil

fertility. Litter decomposition and nutrient mineralization may provide up toc9@% of the total



nutrient requirements of trees in forests (Waring and Schlesinger 1985), and is the main

pathway for the return of nutrients from plants to the soil.

Plant litter is an integrgbart of the nutrient cycling process and is an indicator of an
SO023eaiGSYQa LINE R bzaf sehaddericand fallyiska majar compoheht bfditger
and the organic compounds of the litter are physically and chemically broken down by
detritivores and decomposers into inorganic nutrients that plants are able to uptake. The rate
at which the turnover of nutrients occur, as well as litter production and litterfall, are measures
of the primary productivity of an ecosystem. Plant litter also acta psotective layer for the
forest floor, acting as a barrier to minimize soil erosion and nutrient leaching. It also serves as a
habitat for communities of organisms such as decomposers, herbivores, and even small
mammals, and may be an effective bargeeventing seed germination and seedling

establishment.

The depth and persistence of the litter layer varies with tree species and with rates of
litter production and decomposition (Facelli and Pickett 1991). A number of studies have
demonstrated that tle depth of the litter layer determines the differential establishment of
some species (Goldberg and Werner 1983, Gross 1984, Beatty and Sholes 1988, Collins and
Pickett 1988). Litter decomposition ratase mediated by the decomposer community and the
gualty of the litter andmay vary considerably between different forest types (Burghetii.

1992). The species of litter can affect and alter decomposition rates and nutrients released, and
this has been shown in both temperate (Hobbteal. 2006) and topical (Lorangeet al. 2002,

Sundarapandian and Swamy 1999) forest environments. Litter depth and quality have also been



shown to affect insect herbivore richness and abundance (Ba@jasnan and Alvare2anchez

2003, Wardleet al. 2006).

Study Site Baajround

The research described in this thesis was conducted at two highly biodiverse sites
located approximately 50Bm apart in Yunnan province in southwestern China
Xishuangbanna Tropical Botanical Garden (XTBG) ah ®€vation, andhilaoshan Nature
Reserve (AR) at 2200n above sea levelhe two sites have very different abiotic conditions
thusthe forest at Xishuangbanna is categorized as a tropical lowland forest, tivbiferest at

Ailaoshan is a tropical montane forest

Nutrient dynamics cawvary between forests of different elevation, with net primary
productivity (NPP) greaten warmer forests at lower elevatiothan tropical montane forests
(Vitousek 1984, and Tannet al. 1998). The difference in productivity can influence which
nutrient may be mostly limiting plant growth. At Xishuangbanna, like most tropical lowland
forests, there is rapid turnover of litter and nitrogen is rapidly cycled and available for plant
uptake, but the main limiting nutrient for plant growth is phosphofliamer et al. 1998) In
tropical montane forests such as Ailaoshan, soils may be younger and phosphorus is still being
mobilized by weathering, and combined with the low NPP where turnover rates are slower,

plant growth is more limited by nitigen (Tanneet al. 1998).



Thesis Overview

The oveall objective of my research w&s manipulate litter to test if differencem
litter biomass and quality woulohfluence soil nutrients and invertebrates in these diverse
forests ecosystems. In tropical forests, dedying on the soil surface are covered by litter,
which alters the microenvironment potentially influencing germination and establishment
(Molofsky and Augspurger 1992, Facelli 1994). Litter may act as a physical barrier to the
emergence of seedlings.daed, Grime (1979) argues that litter production is a method of plant
competition whereby an individual, by producing litter, prevents the establishment of seedlings
by decreasing habitat space and shading out the seedlings. However, litter may in sese cas
facilitate seedling establishment by providing the nutrients requirece&iablishment but
there are few experimental tests of this hypothesis (Quested and Erikkson 2006). In general
then, there are direct and indirect interactions of litter qualiyd litter depth on the
decomposer community and soil nutrient levels in a way that may impact seed germination and

seedling establishment.

The quantity of litter on the forest floor may influence the availability of soil nutrients
and the composition athe litter invertebrate community. Increasing litter biomass should
result ingreateravailability of soil nutrientsandshould also lead to an increase in invertebrate
abundance by providing a more structurally complex habitat for many different trdehats of

invertebrates, both decomposers and detritivores.

The quality of litter refers to thautrient content and decomposability d¢ifter and can

vary betweenrdifferent species of trees. Thus, litter species manipulations should have an effect



on sdl nutrients, as well as attracting different invertebrate communities, influencing species

richness of litter invertebrates.

Consequently, testedthe following predictions:

1. The removal of litter will result in a decline in nutrient availability to pl@ots in the
soil, and a decrease in soil invertebrates.

2. The addition of litter will result inraincrease in nutrient availability to plant roots in the
soil, and an increase in abundance and diversity of invertebrates

3. Litter comprised of a mixture opgcies will provide more favourable conditions for
decomposers, and lead to faster decomposition, and higher levels of soil nutrients
compared to single species litter.

4. Litter mixtures will attract anore diverse range of invertebratesl¢composers and

detritivores) than single species litteand lead to a high richness of invertebrates.



CHAPTER 2

The Effects of Litter Quantity and Quality on Soil Nutrients in the Understory of
Two Forestsn SW China

Introduction

Plant litter is an essential paof a healthy forest ecosystem, playing a major role in the
recycling of nutrients, providing habitat for soil invertebrates (Asdial. 1995), and several
ecosystem services such as reducing leachinggivd 2003) and erosion (Ross and Dykes
1996). Tle hot and humid conditions in tropical forests result in rapid litter decomposition and
high turnover rates. The nutrients released have a short residence time in the soil and are
quickly taken up by plant roots and used by the plants. Current increagegeis of carbon in

the atmosphere willikelylead to increases in primary productivity and therefore more litter.
Litter addition experiments, therefore, provide an opportunity to test the effects brought on by
increasing Cglevels in the atmosphere é$er 2006). Here we investigate how the rate of
nutrient availability to plant roots in the soil is influenced by the quantity of litter, and its

quality.
Litter quantity effects on nutrient cycling

Forest floor litter is an important physical componeifttimpical ecosystems. Litter
provides a barrier and thus reduces changes in soil moisture content, and temperature, as well
as serving as a competitive mechanism to prevent, or reduce seedling establishment (Grime
1979). Several studies have shown thaihwong term litter removal, nutrient concentrations in

soil are drastically decreased (Fisk and Fahey 2001, and Dzwonko and Gawronski 2002).



Molofsky and Augspurger (1992), and Facelli (1994) argue that deeper litter provides a more
heterogeneous cover @m shallow litter, and thereby promotes species coexistence and plant

diversity.

Litter addition studies are not as common as litter removal experiments. Sayer (2006)
suggests that the results of experiments that manipulate litter quantity, both by reiang
addition, are exaggerated and confounded because litter manipulation simultaneously changes
several uncontrolled variables. Previous litter addition experiments have investigated the
effects of litter mass on seedling emergence and survival, howtrag,term litter addition has
the potential to change the physical and chemical structure of the forest floor. Our study will
attempt to tease out the effects of litter removal, litter addition, and the effects of topping in

the litter addition plots.

Litter quality effects on nutrient cycling

The species of tree from which litter is derived can affect and alter decomposition rates
and nutrients released from the litter, and this has been shown in both temperate (Hebhie
2006) and tropical (Loranget al. 2002, Sundarapandian and Swamy 1999) environments.
Different species of plants have different nutrient requirements and uptake soil nutrients in
different concentrations. Thus, the stoichiometry of nutrients in plant litter would also vary
from species to species. These unique combinations of nutrients within the litter may also
attract different decomposers. It has long been thought that a mixture of different species of
litter would provide a more favourable combination of nutrients for decompssand attract a

wider range of herbivores, and lead to faster breakdown of litter (Hobbegd. 2006).



Litter compounds such as lignin, ahgrbivory chemicals, and leaf cuticles can
also affect the decomposability of the litter. These chemical propgnary with season,
species of plants, and even within genotypes of the same species (duden987).
Tropical rain forests have a high species richness and diversity of plants, and this
generates a diverse standing litter, which creates a moreusalnle combination of
litter traits (Hattenschwileret al. 2008). In other studies, researchers have argued that a
monoculture of litter decomposed faster under the canopy of its own species (Vivanco
and Austin 2008, Ayre=t al.2009), likely due to adaption to a specific set of soll
macroinvertebrate activity (Negret¥ankelevictet al. 2008).

A series of experiments on litter species decomposition has been done in Yunnan
province in southern China, primarily in two areas, Ailao Mountain and Xishaangb
Liuet al.(2000) compared decomposition of leaf litter between canopy trees,
understory bamboo, and mixtures of moss over a period of nine years. The authors
measured decomposition rates, turnover time, as well as nutrient concentrations in the
decomposing litter, and related the data to forest systems around the world. In a
subsequent paper, Liet al. (2002) compared the decomposition of leafy and woody
litter and their respective nutrient output, and how these nutrients influenced the soil
surface organic layer. Over a nine year period, the authors noticed significant yearly
variations in litter production in relation to the masting year of canopy species as well as
unique abiotic events such as strong winds and snow. Zaea(2006) have so
analyzed litter decomposition and nutrient release in the forests near Xishuangbanna.

They measured the rate of decay of litter, turnover time, and also nutrient residence



times on the forest floor. Their results show that litter decomposition ratebe tropical

rainforest of Xishuangbanna are slower than typical rainforests, but are similar to other
broadleaf semdeciduous forests in Northern Turkey, Southern Australia, and Tasmania (Bailey,
1995). These studies are highly useful to assessttbddil, standing biomass and nutrient

availability in these highly diverse, yet understudied systems.

Predictiors

Based on the literature, three general predictions may be made; one general prediction
for the overall study, and two specific predictidios the site. Considering thearious effects
that litter hasbeen reported to have in the functioning of forest ecosystems, and especially in
relation to nutrient cycling, | predict that thevailable and exchangeable nutrientdl be
different at thesetwo sites¢ Xishuangbanna lowland forest will be phosphorus limited, and the

Ailaoshan montane forest will be nitrogen limited.

In the litter quantity experiment, | predict that by removing litter, the concentrations of
nutrients in the soil will decrese in comparison to the natural littécontrol). Also, with
increasing litter biomass from different treatments of litter depths and topping, | predict that
the soil nutrients will increase with increasing litter biomass. The addition of litter willtresul
an increase in nutrient availability to plant roots in the soil, but the magnitude of this effect will
decline as the litter decomposes; in plots where litter depth is maintained through periodic
topping-up, there will also be an increase in nutri@vailability in the soil, and the magnitude

of this effect will not decline through time.



In the litter quality experiment, | predict that litter comprised of a mixture of species will
provide more favourable chemistries for decomposers, and lead to fdsteymposition, and a

higher level of soil nutrients compared to single species of litter.
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Methods

Study Site

The study was conducted in the forest understory at two sites located in Yunnan Province,

China Figure2.1).
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Figure 21. Map d Yunnan Province showing the location of the two study sites at
Xishuangbanna Tropical Botanical Garden (XTBG) and Ailaoshan Nature Reserve (FERS).
Modified from Young and Herwitz (1995).

The Xishuangbanna Tropical Botanical Garden (XTBG) (21°55°h,'E)i located

within the Xishuangbanna Dai Autonomous Prefecture in southern Yunnan, bordered by Laos

and Myanmar (Zhenet al. 2006) Figure2.2a). It is located at the northern edge of tropical

Asia, where tropical and subtropical vegetation coexist unique ecosystem (Zheegal.

2006).

It has distinct dry and wet seasonih atropical climate due to itselativelylow

11



elevation (550m), and is categorized as a tropical lowland forest. The mean annual rainfall is

1221 mm with 85% of this oceting in the rainy season from May to October (Zhenhgl.

Hnnco® aSty Fyydzf GSYLISNI G§dzNE A& wmdTre/ NI y3
G2 HpPos/ AYy GKS 4FN¥VSAG Y2y(UK O6WdzySad o, I y3 |
porous having distinctive red colour, with a pH ranging from-%.5 (Cacet al.2006), and the

surface is usually covered by abouB2m of litter (Zhanget al.2009).

The second studsitewast 2 O G SR gAUGKAY GKS ! Afl 2aKly Dbl i
Hne En Mn-meamBsOn90 gKAOK A& GKS | NHeSadfordsthas | 2 F
China (Young and Herwitz 1995, @fal. 1998). The study site is within a 5kd¥ area of
pristine oldgrowth forest, and experimental plots were established clmsthe Forest
Ecosystem Research Station (FER§u(e2.2b) of Kunming Institute of Ecology. Mean annual
GSYLISNI GdzNB i GKS co9w{ A& mmdPos/ HAGK WdzZ & |
02t RSald oYSIyYy poneg/ 0 Y2y ods 1988@,WBhB0AddiEiE 8¢ @ a S|
occurring in the rainy season (May to October) and mean annual humidity is 8686 4Liu
2000). The area is located at an elevation of 2208bove sea level, and is classified as a
subtropical montane evergreen broddaved forest, dominated by members of the Fagaceae,
Euphorbiaceae, Theaceae and Lauraceae families (Hua 2086ares the same distinct wet
and dry seasons as the forest at Xishuangbanna, but due to elevation, has a more temperate
climate.At this site soils are acidic (pH 449) with a high organic matter and nitrogen content,

and litter typically ranges from 87 cm deep (Liet al.2000).

12



Figure2.2. Phtograph of the nderstory at the sty sits ) i§hunbanaTropch
Botanical Garde (XTBG)and (b) Ailaoshan (FERSpte the extensive litter layer at both sites

Experimental Design

Three replicate experimental blocks, each approximately 6m x 6m, were cirospen,
flat areas to avoid large trees transecting the ptoeach of tle two study sitegXTB&Gnd FERS
(Figure2.3). Within each block we removed all loose litter with gentle brushing and marked out
30 plots, each 0.5n x 0.5m. We then applied 3 replicates each of 10 different experimental

treatments Eigure2.4); all treaments were assigned randomly on the 30 plots.

74 6 ™~

Figur2.3. Potograph of theh»ts set ‘ in the nderstoy z()
Botanical Garden (XTBG), and (b) Ailaoshan Mountain (FERS).

13
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4 4 4 25cm| [25cm| [25cm
Control Control| [Control N_O N_O N_o
Litter Litter Litter

Figure2.4. One replicate block of experimentaeatments in the understory of two forésin

SW China. Treatments werandomly assigned to plots, but for clarity of explanation they have
not been randomized in this figure. Plots labeled thad litter added from four different

species of canopy tes. Control plots had & of the natural mixed litter from the site

reapplied to the plot. Plots labeled Tn and 25m (black print) had natural litter from the

sites added to depths of either Xn or 25cm and these depths were maintained throughout
the experiment by weekly toepps. Plots with red print had mixezpecies litter added to

depths of 1cm and 25m, but these were not toppedp.

To test the effects of litter quality on soil nutrients, we gathered litter from the four
most abundant specgof trees in the forests and placed the four types of litter in plots labeled
1-4, at the same depth as the natural litter depth, which @ At XBG, thesavere: Bambosa
vulgarisSchrad ex J.C. Wen@linnamomum burmanniNees & Th. Nees) Nees exrBé&)
Dipterocarpus retusuBlume, andParashorea chinensWang HsieAt Ailaoshan, the four
species wereSchima noronhaReinw. Ex Blumé&astanopsis watt{iKing ex Hook. F.) A. Camus,
Lithocarpus hancé€Benth.) Rehder, andithocarpus xylocarpu&urz)Markgr.For the plots
that tested the effects of litter species, a loose nylon net (mesh sizem) was secured at the
four corners of the plot and placed over the litter (approximately 5cm deep) to prevent it
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blowing away. All other plots were left uoeered. The control plots had a natural mixture of

litter that was removed while clearing the plots, and reapplied to a depth of 5cm and not
G§2LIISR dzLJ RdzNAYy 3 (GKS SELISNAYSYyGT (GKA& NBLINBa&S
test for the effeds of litter quantity, two different depths of litter (16m and 25m) were

placed on plots surrounded by a mesh net to maintain therhOand 25m heights. In half (18)

of these plots, the litter levels were periodically topped up to the original leazkhe leaves

decomposed (black plots Figure 2.4), while in the other 18 plots, the litter levels were

allowed to decline, and were not topped up during the experiment (red ploksgare 2.4).

The litter for these plots was the same natural mixtofditter as used for the control plots. For
comparison, the final treatment was bare ground with no litter on the plots. All plots were

monitored weekly and new litter (fallen leaves) was removed.

Soil Nutrients

To measure soil nutrient availabilitytimin each plot throughout the experiment, we
usedPRSIoE EOKI y3S t NPoSanu ottlyid w22 {AYdzZ | 2Nt
Saskatoon). Each probe contains a cation or anion exchange membrane enclosed in a plastic
frame. The probeprovide a measurefahe availability ofL4 different cation and anion
elemens (NG NH; K, Ca, Cl, Na, 2&PQ;, Mg, Mn, Cu, Zn, Fe, Al). There were two pairs of
anion and cation probes in each Grbx 0.5m plot, and the data were pooled to account for
within-plot heterogeneity. The first set of probes was inserted in the plots 3 weeks after the
initial experimental set up and remained in the soil for 3 weeks. After 3 weeks, the probes were

removed, and immediately replaced with new probes, and this was repeated ditether 3
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weeks; when the three sets of probes were pooled, this gave a measure of total soil nutrient
availability over nine weeks. Removed probes were washeddeitbnizedwater, stored at

room temperature in the lab at XTBG and then sent to WestermAgyvations for analysis.

lon exchange membranes adédferent from the majority of previous litter nutrient
studies (Lorangeet al.2002, Sayer and Tanner 2010), which used indirect methods such as
assessing litter nutrient concentration, and soilearThese ion exchange probes simulate
plant roots and provide an accurate, biologically meaningful snapshot of the nutrients

availability in the soils (Qian and Schoenau 2002).

Statistical Analysis

Nutrient data were summed through time to provide the abaccumulation of each
nutrient throughout the9 weeks of the experiment. An exploratory Principal Components
Analysis (PCA) was done to show the relationship of each plot to the correlation pattern among
the 7 nutrient variables (Total N, NONH,, Ca, My, K, and P) in multivariate space. In addition,
the difference between treatments was tested using a permutational multivariate analysis of
variance (perMANOVA), using Euclidean distances. All multivariate analyses were performed

using PEORD statisticaoftware, version 5.0 (McCune and Mefford, 2006).

A oneway repeated measures ANOVA was used to test the effects of Time, and Time x
Treatment interactions on both the litter depth treatments and the litter species treatments on
unpooled nutrientdata, aralyzing each time period separatelyo test for differences between

the two sites, total nitrogen was analyzed using repeated measures for Xishuangbanna and
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Ailaoshan litter depth treatmentsas most of the other nutrients did not meet the assumptions

of this test.

Using the pooled nutrient accumulation throughout the field season, each nutrient was
analyzed independenthyithin each siteas follows. Differences between each treatment mean
were tested using a oneay analysis of variance (ANOVA) followsed | ¢ dz] S Qa Ydz G/
comparisonFive soil nutrients were analyzediotal N, N@ Ca, Mg, and K. Phosphorus and
NH; were initially included, but the levels of these two nutrients were very low, and did not
meet either the normality (using the Shapividilk test) or homogeneity of variances (Levene
test) assumptions of ANOVA, and were excluded from further analyses. For graphing purposes,
each of the nutrients was presented as a contrast between the treatment and the control, using:

Clygs = (X, —X,) % Lo.055%,-%,

where (f; — X,) is the difference between the two means, arg (¢ ) is the standard error of

the contrast which is calculated as:

The oneway ANOVAs and repeated measures XN®were performed using the SPSS

statistical package (SPSS Statistics version 20.0).
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Results

The two experimental sites show clear segregation in soil nutrigaghuangbanna had higher
levels of total nitrogen, nitrate (N\§pand ammonium (N4, whilethe levels of calcium (Ca),
magnesium (Mg), potassium (K) were higher at Ailaos8apple rates of posphoruswere

equally low in both sites

a. Litter Depth Treatments b. Litter Species Treatments
5 Site & Site
4 Ajlaoshan A Ailaoshan
& & O Xishuanghanna o ° g o Hishuangbanna
o
o i
1‘ "
o
— & || -
& =
M~ b
-— [o2] &
< z
o & CT) tal I
O ata
8 Y o o
o © 4 o0
MO0 g
o) o]
PC 1 (47.6%) PC 1 {49.7%)

Figure 2.5PCA ordination of soil nutrients from Xishuangbanna (XTBG) and Ailaoshan plots, (a)
in responsdo litter depth treatments and (b) litter species treatments. Each symbol represents

a single 0.5n x 0.5m treatment plot.Vectors denote direction and strength of correlations
between each nutrient and the PCA axes.

For dfferent litter depths (Figur@.5a), the first two PCA axes accounted for 69.3% of
the variance in the data. The seven nutrients are overlaid to indicate the direction and strength
of relationships of the variables on the ordination. The first PC axis shows that Totas, ynNO
NH: have high, negative loading valuesq27), while Ca, Mg, K and P show high, positive
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loading values (>0.34). For litter species treatnseffitigure 2.b), the first two PCA axes

explained 69.1% of the variance in the data. The first PC axis shows thlaNThiQ, and NH

have high, negative loading values(Q80), while Ca, Mg, and P shows high, positive loading
values (>0.35). On the second axis, K has a strong, negative loading@alde These results

show that in both the litter depth treatmentand the litter species treatments, the first axis
separates the two experimental sites at Xishuangbanna and Ailaoshan. These are significantly
different (litter depth; PerMANOVA3,1)= 26.70p<0.001), (litter species; PerMANOV s

= 42.81p<0.001) and based primarily on differences in nitrogen, and other elements such as Ca,

Mg, K, and P.

Treatment Effects

Table 2.1. Summary of ANOVASs testing for treatment effects of litter depth on soil nutrients in
Xishuangbanna. The Sum of Squares and Mgeprares are for between grou@oldvalues
are significant at p<0.05.

Nutrient d.f SS MS F P

Total N 5,18 681056.51 136211.30 3.305 0.027
NO; 518 726728.46 145345.69 6.198 0.002
Ca 518  3827753.71 765550.74 5.300 0.004
Mg 518 403890.98 80778.20 10.725 <0.001
K 5,18 612087.26 122417.45 1.728 0.179
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Table 2.2. Summary of ANOVASs testing for treatment effects of litter species on soil nutrients in
Xishuangbanna. The Sum of Squares and Mean Squares are for between Boddipalues
are signifiant at p<0.05.

Nutrient d.f. SS MS F P

Total N 5,18 186869.83 37373.97 1.194 0.351
NOs 5,18 209251.71 41850.34 3.335 0.026
Ca 5,18 2851112.83 570222.57 3.885 0.015
Mg 5,18 127525.71 25505.14 5.171 0.004
K 5,18 731602.33 146320.47 2.623 0.060

Table2.3. Summary of ANOVAs testing for treatment effects of litter depths on soil nutrients at
Ailaoshan. The Sum of Squares and Mean Squares are for between d@olgsmlues are
significant at p<0.05.

Nutrient d.f SS MS F P

Total N 5,18 7959.59 1591.92 1.035 0.427
NGO 5,18 7443.97 1488.79 1.220 0.340
Ca 5,18 8105383.53 1621076.71 2.670 0.056
Mg 5,18 349897.85 69979.57 4.491 0.008
K 5,18 706777.19 141355.44 0.670 0.651

Table 2.4. Summary of ANOVAS testing for treatment effects of litter species| omts@nts at
Ailaoshan. The Sum of Squares and Mean Squares are for between d@olgsmlues are
significant at p<0.05.

Nutrient d.f SS MS F P

Total N 5,18 16186.15 3237.23 0.746 0.599
NO: 5.18 17358.72 3471.74 0.870 0521
Ca 5,18 5691482.88 11382%.58 1.315 0.302
Mg 5,18 179349.33 35869.87 1.582 0.216
K 5,18 291439.33 58287.87 1.062 0.412
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Table 2.5Supply rate®f each soil nutrient (£ 1SE) in soils after 9 weeks of litter manipulation treatmetits forest at
Xishuangbanna. Different lette denote differences between treatment responses where standard errors do not overlap.

XTBG Litter Depth

Nutrient (mg/9weeks) No Litter Control 10cm NT 25cm NT 10cm T 25ecm T

Total N 219+62 a 462+86 b 358+95 ab 436+66 b 601 + 150 bc 746 £122 c
NCs 149+36 a 36275 b 250+78 b 38068 b 38766 b 717 £115 c
Ca 534+120 a 1262+219 b 1051+195 b 1329+163 b 1301+51 b 1881 +£294 c
Mg 102+12 a 28975 b 205+41 b 37945 b 333%16 b 540+ 75 c

K 220+57 a 698+181 b 242+29 a 614+158 b 371+81 c 552 +195 bc
XTBG Litter Species

Nutrient (mg/9weeks) NL Control C. burmannii  B. vulgaris S. chinensis D. retuses
Total N 219+62 a 462+86 b 453+ 62 Db 458 £+126 b  412+36 b 332+121 ab
NCs 149+36 a 36275 b 359+67 b 206+81 ac 33427 b 153 +10 ac
Ca 534 +120 a 1262+219 b 1649+198 bd 1394 +277 b  1085+158 bc 1056 =128 bc
Mg 102+12 a 28975 b 329+44 b 282+46 b 292+25 b 262+31 b

K 220+57 a 698+181 b 700+128 b 448+106 bc 582+123 b 374+70 c

21



Table 2.6Supply rate®f each soil nutrient (+ 1SE) in soils after 9 weeks of litter manipulation tredte the forests at Ailaoshan.

Different letters denote differences between treatment responses where standard errors do not overlap.

Ailaoshan Litter Depth

Nutrient (mg/9weeks) No Litter Control 10cm NT 25cm NT 10cm T 25em T

Total N 56+13 a 109+26 b 102+13 b 890+25 ab 68+20 ab 8915 b
NCs 38+12 a 8527 b 7013 b 389 a 46+19 ab 63x19 ab
Ca 1728 £287 a 3073+221 bc 2515+631 ab 2570+ 386 ab 2303 +352 a 3575+329 c
Mg 388+51 a 629 59 b 501+£66 c 57071 bc 47566 ac 76659 d
K 799+190 ac 883+72 a 934 +137 ac 1200+294 b 699+101 c 1107 +£400 abc
Ailaoshan Litter Species

Nutrient (mg/9weeks) No Litter Control S. noronhae C. wattii L. hance L. xylocarpus
Total N 56+13 a 109+26 b 100+28 b 131+50 b 130%+44 b 85%21 ab
NCs 38+x12 a 8527 b 4617 b 11053 b 103x41 b 71x20 Db
Ca 1728 £287 a 3073+221 b 2537+445 b 2577 +£690 ab 3248 +594 b 2788+374 b
Mg 388+51 a 629+59 b 541 +111 ab 500+90 ab 647+80 b 566+31 b
K 799+190 ab 883+72 a 651+48 b 761+166 ab 589+25 b  591+102 b
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In Figure 2.6the response of each nutrient to litter manipulati@shown in a
difference from control. Within each nutrient, the bars are arranged by increasing litter
amounts from litter removal (no litter) treatments, to 2%n deep litter with continuous
topping up. For total nitrogen, nitrate, calcium and magnesiumré was a significant
decrease in each of these nutrients measured in the litter removal (no litter) treatments
compared to the natural litter treatmenfThe maximum load of litter (25 cm of litter with
topping) showed a significant increase in supplgsadf each of the four nutrients. However, all
other treatments did not significantly affect the supply rates of ther nutrients, although the
general trend was an increase in each nutrient with increasing litter amounts. Potassium did

not follow the sane trend, and decreased in all treatments.
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Xishuangbanna Litter Depth
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Figure 2.6 Mean (£95% CI) soil nutrients at Xishuangbanna under each litter depth treatment
compared to the control represented by the zero line. Error bars that do not overlap the zero
line are significantlgifferent from the control. Treatments are shown in the legend, with
abbreviations NT = no topping up of litter, and T = topping up of litter.

In Xishuangbanna litter species experiments, most of the nutrients decreased in
concentration in comparison tde control, with the only exception being the concentration of
calcium inCinnamomum burmanniFigure 2.Y. The variation in dat@asalso generally larger
than the data for litter depth treatments at the same site. Species differences may contribute

to this variation in effects in soil nutrients.
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Xishuangbanna Litter Species
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Figure 2.7Mean (x95% CI) soil nutrients at Xishuangbanna under each litter species treatment
compared to the control represented by the zero line. Error bars that do not overlap the zero
line are significantlgifferent from the control. The right-#xis corresponds to the nutrients to

the right of the break of the -4xis (Ca, and K), and the lefaXis corresponds to the nutrients

to the left of the break (Total N, NOand Mg). The species a@innamomum bumannii,

Bambosa vulgaris, Parashorea chinereig Dipterocarpus retusus.

For the litter depth experiment at Ailaoshan, litter removal and litter addition
treatments all yielded lower concentrations of soil nutrientsrgared to the control (Figure
2.8), however, only a few nutrients measured were significantly different from the control. The
magnitude of change in nitrogen is also quite different from the litter depth experiment at
Xishuangbanna. In another contrast to Xishuangbanna, the litter renfooaitter) plots did

not result in a bigger decrease in soil nutrients as compared to the other treatments.
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Ailaoshan Litter Depth
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Figure 2.8 Mean (x95% CI) soil nutrients at Ailaoshan under each litter depth treatment
compared to the control represented by the zero line cElyars that do not overlap the zero
line are significantly different from the control. Treatments are shown in the legend, with
abbreviations NT = no topping up with litter, and T = topping up with litter. The rigkitsY
corresponds to the nutrients tthe right of the break on the-#dxis (Ca, Mg, and K), and the left
Y-axis corresponds to the nutrients to the left of the break (Total N, ang).NO

Thelitter species experiment at Ailaoshan also had some surprising results, with
different soil nutriens showing different changes below ground. Total nitrogen, nitrate, calcium,
and potassium generally all shedia decrease with different species of litter, with a few
treatments being significantly different from contr@igure 2.9)However, magnesium
increased in concentration for all spesieeatments, even in the litter removal (no litter)

treatment.

26



Figure 2.9Mean (x95% CI) soil nutrients at Ailaoshan under each litter species treatment
compared to the control represented by the zero line. Ebars that do not overlap the zero
line are significantly different from the control. The righttds corresponds to the nutrients to
the right of the break on the-#xis (Ca, Mg, and K), and the lefiXfs corresponds to the
nutrients to the left of thebreak (Total N, and N{D The species ar&chima noronhae,
Castanopsis wattii, Lithocarpus han@dLithocarpus xylocarpus.

Soil Nutrients over ifhe

Changes in soil nutrients over time were mostly nonsignificant, with many data sets
violating the assmption of sphericity, and also nonsignificant interaction between Time x
Treatment.Generally, nitrogen levels at Xishuangbanna increased over time, and higher litter
input resulted in a greatemagnitude of increase (Figure 2)1@owever, the only sightant

difference was between the no litter treatment and the @ litter with topping up. In contrast,
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