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ABSTRACT 

 Yunnan Province in southwestern China is a highly biodiverse 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 of seedlings. One possible explanation for this 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 in a 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 periodic topping up. To test for the effects of litter quality, we compared single species 

of litter versus mixed litter control plots. The response of soil nutrients to these manipulations 

were monitored using ion exchange membranes. We show a clear difference in 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 the montane site. The litter quality 

treatments produced no overall difference in responses at either site.  

 The response of litter invertebrates to litter manipulations was estimated using pitfall 

traps. We show that, litter invertebrate composition between the two forests is different. 

Invertebrate abundance does increase with increasing biomass at the montane site, although 

there seems to be a threshold of litter volume beyond which there is an effect. In the lowland 

site, invertebrate abundance is highest in the litter removal plots, although a general increase 

with litter biomass was detected. 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 

όс҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǘƻǘŀƭύΦ ¢ƘŜ ōƛƻŘƛǾŜǊǎƛǘȅ ƻŦ !ǎƛŀƴ ŜǾŜǊƎǊŜŜƴ ōǊƻŀŘ-leaved forests is under 

threat from loss of habitat due to logging, and the planting of economic plants. Approximately 

15-20% of higher plant varieties are endangered, threatening the existence of 40,000 species of 

organisms related with them (Yang et 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). It has 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 (Dalling et al. 1998), attack by weevils (Espelta et al. 

2009), or environmental 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 I will focus on the effects of plant litter on 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 and released as inorganic soil nutrients. The 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 to 70-90% of the total 
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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 integral part of the nutrient cycling process and is an indicator of an 

ŜŎƻǎȅǎǘŜƳΩǎ ǇǊƻŘǳŎǘƛǾƛǘȅ ŀƴŘ ǎǘŀōƛƭƛǘȅΦ  Leaf senescence and fall is a major component of litter, 

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 acts as a protective 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 barrier preventing 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 the 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 rates are mediated by the decomposer community and the 

quality of the litter and may vary considerably between different forest types (Burghouts et al. 

1992). The species of litter can affect and alter decomposition rates and nutrients released, and 

this has been shown in both temperate (Hobbie et al. 2006) and tropical (Loranger et al. 2002, 

Sundarapandian and Swamy 1999) forest environments. Litter depth and quality have also been 
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shown to affect insect herbivore richness and abundance (Barajas-Guzman and Alvarez-Sanchez 

2003, Wardle et al. 2006). 

Study Site Background 

The research described in this thesis was conducted at two highly biodiverse sites 

located approximately 500 km apart in Yunnan province in southwestern China - 

Xishuangbanna Tropical Botanical Garden (XTBG) at 550 m elevation, and Ailaoshan Nature 

Reserve (ANR) at 2200 m above sea level. The two sites have very different abiotic conditions 

thus the forest at Xishuangbanna is categorized as a tropical lowland forest, while the forest at 

Ailaoshan is a tropical montane forest.  

 Nutrient dynamics can vary between forests of different elevation, with net primary 

productivity (NPP) greater in warmer forests at lower elevation than tropical montane forests 

(Vitousek 1984, and Tanner et 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 phosphorus (Tanner 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 nitrogen (Tanner et al. 1998).  
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Thesis Overview  

The overall objective of my research was to manipulate litter to test if differences in 

litter biomass and quality would influence soil nutrients and invertebrates in these diverse 

forests ecosystems. In tropical forests, seeds lying 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. Indeed, 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 some cases 

facilitate seedling establishment by providing the nutrients required for establishment, but 

there are few experimental tests of this hypothesis (Quested and Erikkson 2006).  In general 

then, there are direct and indirect interactions of litter quality and 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 of the litter invertebrate community. Increasing litter biomass should 

result in greater availability of soil nutrients, and should also lead to an increase in invertebrate 

abundance by providing a more structurally complex habitat for many different trophic levels of 

invertebrates, both decomposers and detritivores.  

 The quality of litter refers to the nutrient content and decomposability of litter and can 

vary between different species of trees. Thus, litter species manipulations should have an effect 
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on soil nutrients, as well as attracting different invertebrate communities, influencing species 

richness of litter invertebrates.  

Consequently, I tested the following predictions: 

1. The removal of litter will result in a decline in nutrient availability to plant roots in the 

soil, and a decrease in soil invertebrates. 

2. The addition of litter will result in an increase in nutrient availability to plant roots in the 

soil, and an increase in abundance and diversity of invertebrates 

3. Litter comprised of a mixture of species 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 a more diverse range of invertebrates (decomposers and 

detritivores) than single species litter, and lead to a high richness of invertebrates. 
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CHAPTER 2 

The Effects of Litter Quantity and Quality on Soil Nutrients in the Understory of 

Two Forests in SW China 

Introduction 

Plant litter is an essential part of a healthy forest ecosystem, playing a major role in the 

recycling of nutrients, providing habitat for soil invertebrates (Arpin et al. 1995), and several 

ecosystem services such as reducing leaching (Mo et al. 2003) and erosion (Ross and Dykes 

1996). The 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 increases in levels of carbon in 

the atmosphere will likely lead to increases in primary productivity and therefore more litter. 

Litter addition experiments, therefore, provide an opportunity to test the effects brought on by 

increasing CO2 levels in the atmosphere (Sayer 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 component of tropical 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 that with long term litter removal, nutrient concentrations in 

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



7 

 

Molofsky and Augspurger (1992), and Facelli (1994) argue that deeper litter provides a more 

heterogeneous cover than 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 removal and 

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, however, long 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 (Hobbie et al. 

2006) and tropical (Loranger et 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 decomposers, and attract a 

wider range of herbivores, and lead to faster breakdown of litter (Hobbie et al. 2006).  
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Litter compounds such as lignin, anti-herbivory chemicals, and leaf cuticles can 

also affect the decomposability of the litter. These chemical properties vary with season, 

species of plants, and even within genotypes of the same species (Muller et al. 1987). 

Tropical rain forests have a high species richness and diversity of plants, and this 

generates a diverse standing litter, which creates a more favourable combination of 

litter traits (Hättenschwiler et 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, Ayres et al. 2009), likely due to adaptation to a specific set of soil 

macroinvertebrate activity (Negrete-Yankelevich et 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 Xishuangbanna.  

Liu et 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, Liu et 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. Zheng et al. (2006) have also 

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

rainforest of Xishuangbanna are slower than typical rainforests, but are similar to other 

broadleaf semi-deciduous forests in Northern Turkey, Southern Australia, and Tasmania (Bailey, 

1995). These studies are highly useful to assess the litterfall, standing biomass and nutrient 

availability in these highly diverse, yet understudied systems.  

 

Predictions 

Based on the literature, three general predictions may be made; one general prediction 

for the overall study, and two specific predictions for the site. Considering the various effects 

that litter has been reported to have in the functioning of forest ecosystems, and especially in 

relation to nutrient cycling, I predict that the available and exchangeable nutrients will be 

different at these two sites ς Xishuangbanna lowland forest will be phosphorus limited, and the 

Ailaoshan montane forest will be nitrogen limited.  

 In the litter quantity experiment, I predict that by removing litter, the concentrations of 

nutrients in the soil will decrease in comparison to the natural litter (control). Also, with 

increasing litter biomass from different treatments of litter depths and topping, I predict that 

the soil nutrients will increase with increasing litter biomass. The addition of litter will result in 

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 nutrient availability in the soil, and the magnitude 

of this effect will not decline through time. 
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In the litter quality experiment, I predict that litter comprised of a mixture of species will 

provide more favourable chemistries for decomposers, and lead to faster decomposition, and a 

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

Study Sites 

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

China (Figure 2.1).  

 
 

 

Figure 2.1. Map of 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) (21º55' N, 101º15'E) is located 

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

and Myanmar (Zheng et al. 2006) (Figure 2.2a). It is located at the northern edge of tropical 

Asia, where tropical and subtropical vegetation coexist in a unique ecosystem (Zheng et al. 

2006).  It has distinct dry and wet seasons, with a tropical climate due to its relatively low 



12 

 

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

1221 mm with 85% of this occurring in the rainy season from May to October (Zheng et al. 

нллсύΦ aŜŀƴ ŀƴƴǳŀƭ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ нмΦтɕ/ ǊŀƴƎƛƴƎ ŦǊƻƳ мпΦуɕ/ ƛƴ ǘƘŜ ŎƻƭŘŜǎǘ ƳƻƴǘƘ όWŀƴǳŀǊȅύ 

ǘƻ нрΦоɕ/ ƛƴ ǘƘŜ ǿŀǊƳŜǎǘ ƳƻƴǘƘ όWǳƴŜύ ό¸ŀƴƎ ŀƴŘ /ƘŜƴ нллфύΦ ¢ƘŜ ǎƻƛƭǎ ŀǊŜ ǘƘƛŎƪΣ ƭƻƻǎŜ and 

porous having a distinctive red colour, with a pH ranging from 4.5-5.5 (Cao et al. 2006), and the 

surface is usually covered by about 2-3 cm of litter (Zhang, et al. 2009).  

The second study site was ƭƻŎŀǘŜŘ ǿƛǘƘƛƴ ǘƘŜ !ƛƭŀƻǎƘŀƴ bŀǘƛƻƴŀƭ bŀǘǳǊŜ wŜǎŜǊǾŜ όноɕорΩ- 

нпɕппΩbΣ мллɕрпΩ- млмɕол9ύ ǿƘƛŎƘ ƛǎ ǘƘŜ ƭŀǊƎŜǎǘ ŀǊŜŀ ƻŦ ƴŀǘǳǊŀƭ ŜǾŜǊƎǊŜŜƴ ōǊƻŀŘ-leaved forest in 

China (Young and Herwitz 1995, Qiu et al. 1998). The study site is within a 504 km2 area of 

pristine old-growth forest, and experimental plots were established close to the Forest 

Ecosystem Research Station (FERS) (Figure 2.2b) of Kunming Institute of Ecology. Mean annual 

ǘŜƳǇŜǊŀǘǳǊŜ ŀǘ ǘƘŜ C9w{ ƛǎ ммΦоɕ/ ǿƛǘƘ Wǳƭȅ ŀƴŘ WŀƴǳŀǊȅ ōŜƛƴƎ ǘƘŜ ǿŀǊƳŜǎǘ όƳŜŀƴ мсΦпɕ/ύ ŀƴŘ 

ŎƻƭŘŜǎǘ όƳŜŀƴ рΦпɕ/ύ ƳƻƴǘƘǎ ǊŜǎǇŜŎǘƛǾŜƭȅΦ aŜŀƴ ŀƴƴǳŀƭ Ǌŀƛnfall is 1931 mm, with 85% of this 

occurring in the rainy season (May to October) and mean annual humidity is 86% (Liu et al. 

2000). The area is located at an elevation of 2200 m above sea level, and is classified as a 

subtropical montane evergreen broad-leaved forest, dominated by members of the Fagaceae, 

Euphorbiaceae, Theaceae and Lauraceae families (Hua 2006).  It shares 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 4.2-4.9) with a high organic matter and nitrogen content, 

and litter typically ranges from 3 ς 7 cm deep (Liu et al. 2000). 
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Figure 2.2. Photograph of the understory at the study sites at (a) Xishuangbanna Tropical 
Botanical Garden (XTBG), and (b) Ailaoshan (FERS). Note the extensive litter layer at both sites 
 

Experimental Design  

Three replicate experimental blocks, each approximately 6m x 6m, were chosen in open, 

flat areas to avoid large trees transecting the plot in each of the two study sites ςXTBG and FERS 

(Figure 2.3). Within each block we removed all loose litter with gentle brushing and marked out 

30 plots, each 0.5 m x 0.5 m. We then applied 3 replicates each of 10 different experimental 

treatments (Figure 2.4); all treatments were assigned randomly on the 30 plots.  

  

Figure 2.3. Photograph of the plots set up in the understory at (a) Xishuangbanna Tropical 
Botanical Garden (XTBG), and (b) Ailaoshan Mountain (FERS).  
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Figure 2.4.  One replicate block of experimental treatments in the understory of two forests in 
SW China. Treatments were randomly assigned to plots, but for clarity of explanation they have 
not been randomized in this figure. Plots labeled 1-4 had litter added from four different 
species of canopy trees. Control plots had 5 cm of the natural mixed litter from the site 
reapplied to the plot. Plots labeled 10 cm and 25 cm (black print) had natural litter from the 
sites added to depths of either 10 cm or 25 cm and these depths were maintained throughout 
the experiment by weekly top-ups. Plots with red print had mixed-species litter added to 
depths of 10 cm and 25 cm, but these were not topped-up. 

 

To test the effects of litter quality on soil nutrients, we gathered litter from the four 

most abundant species of 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 is 5 cm. At XTBG, these were: Bambosa 

vulgaris Schrad ex J.C. Wendl, Cinnamomum burmannii (Nees & Th. Nees) Nees ex Blume, 

Dipterocarpus retusus Blume, and Parashorea chinensis Wang Hsie. At Ailaoshan, the four 

species were: Schima noronhae Reinw. Ex Blume, Castanopsis wattii (King ex Hook. F.) A. Camus, 

Lithocarpus hancei (Benth.) Rehder, and Lithocarpus xylocarpus (Kurz) Markgr. For the plots 

that tested the effects of litter species, a loose nylon net (mesh size 4-5 cm) 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 uncovered. 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 

ǘƻǇǇŜŘ ǳǇ ŘǳǊƛƴƎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘΤ ǘƘƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ǘƘŜ ŜŦŦŜŎǘ ƻŦ άƴŀǘǳǊŀƭƭȅ ƻŎŎǳǊǊƛƴƎέ ƭƛǘǘŜǊΦ ¢ƻ 

test for the effects of litter quantity, two different depths of litter (10 cm and 25 cm) were 

placed on plots surrounded by a mesh net to maintain the 10 cm and 25 cm heights. In half (18) 

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

decomposed (black plots in 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 plots in Figure  2.4). 

The litter for these plots was the same natural mixture of litter 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 availability within each plot throughout the experiment, we 

used PRS ion-ŜȄŎƘŀƴƎŜ tǊƻōŜǎϰ όtƭŀƴǘ wƻƻǘ {ƛƳǳƭŀǘƻǊ tǊƻōŜǎΤ ²ŜǎǘŜǊƴ !Ǝ LƴƴƻǾŀǘƛƻƴǎΣ 

Saskatoon). Each probe contains a cation or anion exchange membrane enclosed in a plastic 

frame. The probes provide a measure of the availability of 14 different cation and anion 

elements (NO3, NH4, K, Ca, Cl, Na, SO4, H2PO4, Mg, Mn, Cu, Zn, Fe, Al). There were two pairs of 

anion and cation probes in each 0.5 m x 0.5 m 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 after a further 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 washed with deionized water, stored at 

room temperature in the lab at XTBG and then sent to Western Ag Innovations for analysis.  

 Ion exchange membranes are different from the majority of previous litter nutrient 

studies (Loranger et al. 2002, Sayer and Tanner 2010), which used indirect methods such as 

assessing litter nutrient concentration, and soil cores. These 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 total accumulation of each 

nutrient throughout the 9 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, NO3, NH4, Ca, Mg, 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 PC-ORD statistical software, version 5.0 (McCune and Mefford, 2006).  

A one-way 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 nutrient data, analyzing each time period separately.. To test for differences between 

the two sites, total nitrogen was analyzed using repeated measures for Xishuangbanna and 
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Ailaoshan litter depth treatments, as 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 independently within each site as follows. Differences between each treatment mean 

were tested using a one-way analysis of variance (ANOVA) followed ōȅ ŀ ¢ǳƪŜȅΩǎ ƳǳƭǘƛǇƭŜ 

comparison. Five soil nutrients were analyzed ς Total N, NO3, Ca, Mg, and K. Phosphorus and 

NH4 were initially included, but the levels of these two nutrients were very low, and did not 

meet either the normality (using the Shapiro-Wilk 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: 

 

where ( ) is the difference between the two means, and ( ) is the standard error of 

the contrast which is calculated as:                       

                                                      

The one-way ANOVAs and repeated measures ANOVAs 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 nutrients: Xishuangbanna had higher 

levels of total nitrogen, nitrate (NO3) and ammonium (NH4), while the levels of calcium (Ca), 

magnesium (Mg), potassium (K) were higher at Ailaoshan. Supple rates of phosphorus were 

equally low in both sites. 

 

  
Figure 2.5. PCA ordination of soil nutrients from Xishuangbanna (XTBG) and Ailaoshan plots, (a) 
in response to litter depth treatments and (b) litter species treatments. Each symbol represents 
a single 0.5 m x 0.5 m treatment plot. Vectors denote direction and strength of correlations 
between each nutrient and the PCA axes. 
 

For different litter depths (Figure 2.5a), 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 Total N, NO3, and 

NH4 have high, negative loading values (<-0.27), while Ca, Mg, K and P show high, positive 
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loading values (>0.34). For litter species treatments (Figure 2.5b), the first two PCA axes 

explained 69.1% of the variance in the data.  The first PC axis shows that Total N, NO3, and NH4 

have high, negative loading values (<-0.30), while Ca, Mg, and P shows high, positive loading 

values (>0.35). On the second axis, K has a strong, negative loading value (-0.77). These results 

show that in both the litter depth treatments and the litter species treatments, the first axis 

separates the two experimental sites at Xishuangbanna and Ailaoshan. These are significantly 

different (litter depth; PerMANOVA: F(38,1) = 26.70, p<0.001), (litter species; PerMANOVA: F(38,1) 

= 42.81, p<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 ANOVAs testing for treatment effects of litter depth on soil nutrients in 
Xishuangbanna. The Sum of Squares and Mean Squares are for between groups. Bold values 
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 

NO3 5,18 726728.46 145345.69 6.198 0.002 

Ca 5,18 3827753.71 765550.74 5.300 0.004 

Mg 5,18 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 ANOVAs testing for treatment effects of litter species on soil nutrients in 
Xishuangbanna. The Sum of Squares and Mean Squares are for between groups. Bold values 
are significant at p<0.05.  

Nutrient d.f. SS MS F P 

Total N 5,18 186869.83 37373.97 1.194 0.351 

NO3 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 

 

Table 2.3. 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 groups. Bold values 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 

NO3 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 on soil nutrients at 
Ailaoshan. The Sum of Squares and Mean Squares are for between groups. Bold values 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 

NO3 5,18 17358.72 3471.74 0.870 0.521 
Ca 5,18 5691482.88 1138296.58 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 2.5. Supply rates of each soil nutrient (± 1SE) in soils after 9 weeks of litter manipulation treatments in the forest at 
Xishuangbanna. Different letters 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 25cm T 

Total N 219 ± 62   a 462 ± 86   b 358 ± 95    ab 436 ± 66    b 601 ± 150   bc 746 ± 122   c 

NO3 149 ± 36   a 362 ± 75   b 259 ± 78   b 380 ± 68    b 387 ± 66   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 289 ± 75   b 295 ± 41   b 379 ± 45    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   b 458 ± 126   b 412 ± 36   b 332 ± 121  ab 

NO3 149 ± 36   a 362 ± 75   b 359 ± 67   b 206 ± 81   ac 334 ± 27   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 289 ± 75   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 
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Table 2.6. Supply rates of each soil nutrient (± 1SE) in soils after 9 weeks of litter manipulation treatments in 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 25cm T 

Total N 56 ± 13   a 109 ± 26   b 102 ± 13   b 89 ± 25   ab 68 ± 20   ab 89 ± 15  b 

NO3 38 ± 12   a 85 ± 27   b 70 ± 13   b 38 ± 9   a 46 ± 19   ab 63 ± 19  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 570 ± 71   bc 475 ± 66   ac 766 ± 59   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. hancei L. xylocarpus 

Total N 56 ± 13   a 109 ± 26   b 100 ± 28   b 131 ± 50   b 130 ± 44   b 85 ± 21  ab 

NO3 38 ± 12   a 85 ± 27   b 46 ± 17   b 110 ± 53   b 103 ± 41   b 71 ± 20  b 

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 2.6, the response of each nutrient to litter manipulation is shown in a 

difference  from control. Within each nutrient, the bars are arranged by increasing litter 

amounts from litter removal (no litter) treatments, to 25 cm deep litter with continuous 

topping up. For total nitrogen, nitrate, calcium and magnesium, there was a significant 

decrease in each of these nutrients measured in the litter removal (no litter) treatments 

compared to the natural litter treatment. The maximum load of litter (25 cm of litter with 

topping) showed a significant increase in supply rates of each of the four nutrients. However, all 

other treatments did not significantly affect the supply rates of the four nutrients, although the 

general trend was an increase in each nutrient with increasing litter amounts. Potassium did 

not follow the same trend, and decreased in all treatments. 
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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 significantly different 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 to the control, with the only exception being the concentration of 

calcium in Cinnamomum burmannii (Figure 2.7). The variation in datawas also 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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Figure 2.7. Mean (±95% 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 significantly different from the control. The right Y-axis corresponds to the nutrients to 
the right of the break of the X-axis (Ca, and K), and the left Y-axis corresponds to the nutrients 
to the left of the break (Total N, NO3, and Mg). The species are: Cinnamomum burmannii, 
Bambosa vulgaris, Parashorea chinensis, and Dipterocarpus retusus. 

 

For the litter depth experiment at Ailaoshan, litter removal and litter addition 

treatments all yielded lower concentrations of soil nutrients compared 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 removal (no litter) plots did 

not result in a bigger decrease in soil nutrients as compared to the other treatments. 
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Figure 2.8. Mean (±95% CI) soil nutrients at Ailaoshan under each litter depth treatment 
compared to the control represented by the zero line. Error bars 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 right Y-axis 
corresponds to the nutrients to the right of the break on the X-axis (Ca, Mg, and K), and the left 
Y-axis corresponds to the nutrients to the left of the break (Total N, and NO3).  

 

 The litter species experiment at Ailaoshan also had some surprising results, with 

different soil nutrients showing different changes below ground. Total nitrogen, nitrate, calcium, 

and potassium generally all showed a decrease with different species of litter, with a few 

treatments being significantly different from control (Figure 2.9). However, magnesium 

increased in concentration for all species treatments, even in the litter removal (no litter) 

treatment. 
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Figure 2.9. Mean (±95% CI) soil nutrients at Ailaoshan under each litter species treatment 
compared to the control represented by the zero line. Error bars that do not overlap the zero 
line are significantly different from the control. The right Y-axis corresponds to the nutrients to 
the right of the break on the X-axis (Ca, Mg, and K), and the left Y-axis corresponds to the 
nutrients to the left of the break (Total N, and NO3). The species are: Schima noronhae, 
Castanopsis wattii, Lithocarpus hancei, and Lithocarpus xylocarpus.  
 

Soil Nutrients over Time 

Changes in soil nutrients over time were mostly nonsignificant, with many data sets 

violating the assumption 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 greater magnitude of increase (Figure 2.10), however, the only significant 

difference was between the no litter treatment and the 25 cm litter with topping up. In contrast, 












































































