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Decomposition is the gradual degradation process of dead organic matter. During the
decomposition process, the inorganic elements are released from the organic matter, which is an
exactly opposite process to the fixation of carbon during plant photosynthesis and inorganic
nutrients such as nitrogen and phosphorus in other assimilation processes. Therefore, the
decomposition of dead organic matter is a crucial ecosystem process of nutrient cycling and
carbon fluxes from land to atmosphere (Swift et al. 1979; Aerts 1997; Berg & McClaugherty 2008;
Wirth & Lichstein 2009). For instance, previous study has shown that 70-80% of plant-derived
nitrogen was returned to the soil through litter decomposition thereby supporting plant growth
in a pine plantation (Gholz & Fisher 1985). Moreover, dead organic matter such as leaf litter, dead
branches or coarse woody debris provide habitat and key food resources for a large number of
organisms in food webs, i.e., bacteria, fungi, protozoans, invertebrates and vertebrates (Bardgett
2005). Thus, understanding the mechanisms of decomposition is critical, especially against the
background of rapid global biodiversity decline resulting from landuse and climate change
(IP-BES report 2019).

Climatic variation, primarily of temperature, precipitation and associated soil humidity, litter
substrate quality and the composition, abundance and activity of the decomposer community
(Swift et al. 1979; Cornelissen 1996; Cadisch & Giller 1997), are the three important drivers of
plant litter decomposition. However, there are strong interactions between these biotic and
abiotic drivers. For instance, climatic condition (1) determines the growth performance of plants,
and thereby the quality of the litter derived from them, and (2) controls the moisture and
temperature of this litter; both factors in turn affect the composition, abundance and activity of
the decomposers and thus litter decomposition rate (Cornelissen et al. 2007). Wall et al. (2008)
found that the relative contribution of soil fauna to decomposition was dependent on prevailing
climatic conditions and the role of animals in terrestrial decomposition changes from region to
region rather than having a single global generality. Moreover, variation in the quality of litter as a
key food resource for decomposers leads to a strong coordination of the dynamic chemical
stoichiometries between litter and decomposers at global scale (Parton et al. 2007; Manzoni et al.
2010). In addition, decomposers are “domesticated” under long-term specific litter substrate
quality and environmental conditions, and the specialization of the soil community in
decomposing litter produced by the plant species involved could be reinforced over time through
physiological acclimation and evolution of the soil fauna. This could lead to a “home-field
advantage”, which is a special case of interaction among decomposer, litter quality and
environment, that is, litter substrates decompose more rapidly in their own environment than
away (Bocock et al. 1960; Hunt et al. 1988; de Toledo Castanho & de Oliveir 2008; Vivanco &
Austin 2008; Ayres et al. 2009). Previous studies have shown that climate and plant litter quality
as the primary regulators of litter decomposition might together explain as much as 65-77% of
the variation in decomposition rates (Moorhead et al. 1999; Gholz et al. 2000; Trofymow et al.
2002), while soil fauna through consumption and potential indirect effects on the composition
and activity of the microbial community, might contribute on average 27% to decomposition
(García-Palacios et al. 2013). However, due to the complex interactions among these drivers, it is
still not clear what are their relative contributions to the variance in decomposition rates.

Within a given climatic region, litter substrate quality is the major driver of differences in litter
decomposition (Melillo et al. 1982; Berg 2000; Cornwell et al. 2008). Such litter substrate quality
differences can be at the level of individual species, functional groups of species or litter mixtures
in which species may interact. Plant trait-based approaches can be useful to understand
interspecific variation in litter decomposition rates (Cornelissen 1996); this is because trait
variation in plant litters represents a legacy from the variation of the same traits in living plant
organs after they have senesceced (Cornwell et al. 2008). Previous study has shown that the
decomposabilities of different plant organs (e.g., leaves, roots, coarse stems, fine stems) were
consistently controlled by the structure-related traits e.g., lignin, C and dry matter content, and
nutrient-related traits e.g., nitrogen (N), phosphorus (P), and phenol content (Freschet et al.
2012). Variation in such traits tends to be coordinated along the plant economics spectrum
(Wright et al. 2004; Freschet et al. 2010; Reich 2014; Díaz et al. 2016). On one side along this
spectrum, plants adopt a resource acquisitive strategy with the traits permitting quick return of
investment, usually with high levels of nutrient-related traits and low levels of structure-related
traits together leading to litter with fast decomposition (Freschet et al. 2012), for instance, the
leaves and fine stems of acquisitive species usually have high nutrient concentrations and low dry
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mass per leaf area or volume, which after senescence leave a legacy in litter with high nutrient
concentrations and low mass per area or volume. Conversely, on the opposite side of the
spectrum, the conservative species usually adopt a slow investment return strategy, for example,
leaves and fine stems tend to have low nutrient concentrations and costly dry mass investment
per leaf area, and by way of legacy their leaf litter usually have low nutrient concentrations and
high fibre and lignin contents, leading to slow decomposition (Cornwell et al. 2008; Freschet et al.
2012). This legacy of plant functional traits on plant organ decomposability is still uncertain in
the following two aspects of biotic interaction: one concerns plant-plant interactions, that is, in
litter mixtures, how species with different functional traits interact with each other to drive
decomposition. The other one is plant - decomposer interactions, that is, how the functional traits
of species in a single litter treatment interact with the decomposer communities, including
invertebrates, thereby together affecting the plant litter decomposability. Even less is known
about how these two types of interactions change through time, which is a key innovation of this
PhD thesis.

Local scale functional diversity plays an important role in plant-plant and plant-decomposer
interactions at different time scales, which might in turn have effects on the litter decomposition
rate (Díaz & Cabido 2001). Thousands to millions of years of evolutionary adaptation to different
environments have resulted in a wide global diversity of woody species. Through regional and
local environmental plus biogeographic filters (Keddy 1992; Díaz et al. 1998), a small selection of
those species may in principle be fit to grow in a local community in a particular forest. Through a
combination of biotic interactions, especially competition, and fine-scale environmental filtering
(e.g., soil topography, forest gap dynamics) the local community will result in the actual
community composition that can be observed (de Bello et al. 2009). As the species’ responses to
these abiotic and biotic drivers are determined by their traits (habitat adaptation), they result in
a particular local functional (trait) diversity. This functional diversity can be seen in interspecific
differences within plant organs, such as (in this thesis) tree canopy organs: leaves and branches.
As introduced above, such trait diversity will result in the different tree species varying in leaf or
branch decomposability, because a species’ decomposability indicates the legacy of its resource
investment strategy as one aspect of a species’ adaptive strategy. This evolutionary aspect goes
through all chapters in this thesis (Figure 1).

On the time scale of decades to centuries, over time, the plant community is in constant change
and development. Beside changes in species composition driven by processes (e.g., competition,
herbivory) at a given successional stage, a major driver of species change is succession. These
changes are known to lead to major variation in species traits in forest, leading to overall
differences in functional trait composition and functional diversity. This was, for instance,
convincingly shown for forest succession across Swedish lake islands, where differences in
long-term disturbance regime on islands varying in size have led to forest chronosequences
associated with major overall woody plant trait differences and related differences in
biogeochemical cycling rates (Wardle et al. 2004). In forest succession, deciduous species often
having a stronger presence than evergreen species at early succession stage (Chapin 1993; Tang
et al. 2010), i.e., under high light conditions, due to their fast growth potential and resource
investment return strategy; over time, the microenvironment changes, and the forest matures
with more evergreen species than deciduous species, due to evergreen trees being more
successful at this stage owing to their long tree and leaf lifespan and shade tolerance despite their
slow growth (McIntosh 1981; Aerts 1995; Grime 2006; Bruelheide et al. 2011; Dent et al. 2013).
Thus, forest succession leads to a shift in plant functional composition and functional diversity in
forest communities, often with important overall changes in the relative dominance of evergreen
versus deciduous species. These different trees in terms of leaf habit do not only interact while
growing aboveground, for instance through competition, but potentially also interact via the leaf
litter they produce, which generally differ in resource quality to decomposers (Cornelissen 1996).
These interactions between evergreen and deciduous species (Figure 1), via the functional
composition and diversity in litter traits and mediated by the decomposers, may lead to
forest-level litter decomposition rates that cannot simply be predicted from the relative
abundance of deciduous and evergreen species. The importance of these evergreen-deciduous
interactions may be different at different forest succession stages with implications for forest
carbon turnover and nutrient cycling in the forest community, as will be studied in Chapters 2
and 3. When we then change the focus from longer time scales to small time scales, plant
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functional diversity also plays an important role in the interactions of plants, via litter, and
decomposers through time. Over seasons to years (Figure 1) these interactions vary on the time
scale of the life cycles of invertebrates and the decay of leaves and branches, which will be studied
in Chapters 4 and 5.

Taken together, from different species strategies resulting from evolutionary adaptation on a very
long time scale to the small time scale of seasonal dynamics of invertebrate life cycles, plant
functional diversity plays an important role in the decomposition process. However, we do not
have much knowledge about how carbon and nutrient turnover (through decomposition rates
through time) in the forest ecosystem are affected by (1) the functional traits composition in litter
mixtures, (2) the interaction of interspecific trait variation and species abundance in litter
mixtures, (3) the temporal pattern of the interaction between the litter trait diversity of leaves
and wood and invertebrates and (4) two-way interactions between the tree (branch) trait
spectrum, the abundance and activity of invertebrate populations and the density of their
predator (Figure 1). This PhD thesis will take on the challenge of filling part of the above
knowledge gaps. Several interactions between plant and litter trait variation, decomposer
identity and activity, and time on litter decomposition rates and associated nutrient release rates
will be addressed in experimental studies in the humid subtropical broad-leaved evergreen forest
belt of China. The ecology of these forests, like subtropical broad-leaved evergreen forests
globally, is less well understood than that of temperate and tropical forests, even though they still
cover large areas in the world (South-East Asia, Australia, New Zealand, India, Nepal the Caucasus,
Chile, South-East USA and islands in the Atlantic Ocean).

Figure 1 How local scale tree functional diversity affects the forest ecosystem components that determine rates of litter
decomposition processes at three time scales. Over thousands to millions of years, through evolution, some species that
are adapted to the habitat, after passing regional and local biogeographic and environmental filters, occur in a particular
forest, and the interspecific variance of their litter decomposability of different organs (leaf, branch) reflects the ways of
the species’ adaptive strategy. Over decades to centuries, especially evergreen and deciduous species have strong
interaction during forest succession, and both local scale plant functional diversity and composition and species
dominance status might shift the influence of these interactions on the carbon turnover and nutrient cycling. Over seasons
to years, both local scale plant functional diversity (via litter traits) and invertebrate decomposer populations have
dynamic interactions due to their phenology and life cycles, and such time patterns might further affect the predator that
feeds on the invertebrates, These bottom-up and top-down interactions in detrital food webs might influence carbon
turnover in the forest ecosystem.

Aims and outline of this thesis

The overall aim of this thesis, on the one hand, is to unravel the effects of biotic interactions
between forest litter types and between litter types and invertebrates on decomposition rates,
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with a key role for the time scales as indicated in Figure 1. Within this overall research agenda,
this thesis asks the following specific research questions and the chapters addressing these
questions are introduced below and in Figure 1.

How does litter trait diversity influence mixed evergreen - deciduous litter decomposition in humid
subtropical forest?

Plant functional composition and diversity are important drivers of ecosystem processes (Tilman
et al. 2006; Adler et al. 2011; Fridley et al. 2012). However, how trait composition and diversity
determine the decomposition of litter mixtures, remains debated (Gartner & Cardon 2004;
Wardle et al. 2006; Handa et al. 2014; Hoorens et al. 2010). There are two leading hypotheses of
how to predict mixed litter decomposition rate; one is the mass-ratio hypothesis the effect of each
species on litter decomposition is proportional to the relative abundance of its functional trait
values, as indicated by the community-weighted mean (CWM) trait (Grime 1998; Garnier et al.
2004). Another one is the niche complementarity hypothesis, that is, the degree of species trait
dissimilarity (as indicated for instance by Rao’s quadratic entropy index) within a community,
where higher trait dissimilarity enhances complementarity in resource use between species may
promote a more efficient acquisition of resources (Hooper & Dukes 2004; Díaz et al. 2007;
Schleuter et al. 2010). This mechanism could extend to interactions between litter types via the
exchange of resources through decomposers, hence enhancing decomposition rates. Such
interactions are investigated in Chapter 2 through a one-year field decomposition experiment
with five leaf litter types ranging from three evergreens only (initially high N/P and low specific
leaf area, SLA) to three deciduous species only (initially low-N/P and high-SLA), with 30:70,
50:50 and 70:30 % mass mixtures of these two extremes in between, in subtropical forest of
China. It is hypothesized that (1) overall decomposability of litter mixtures, not including
interactions, should be predicted by the CWM of specific leaf area (SLA) as a general predictor of
decomposability of deciduous species (high SLA, high decomposability) to evergreen species (low
SLA and decomposability); (2) the size of any positive non-additive effect of litter mixing on
decomposition rate, and associated N release, should be predicted by the abundance-weighted
dissimilarity (Rao’s quadratic entropy index) in N/P ratio between the litters in the mixture. In
other words, functional diversity may predict increasing mixing effects with increasing
differences in concentrations of key resources to decomposer organisms.

What is the contribution of subordinates in community-level litter decomposition?

In subtropical forest communities, the litter layer contains a mixture of evergreen and deciduous
species with different proportions as dependent partly on the different successional stages. Based
on the proportions of tree species abundance (or species mass fraction in the litter layer) in the
community, species can be divided in dominant and subordinates species. As more abundant
species (in terms of % forest canopy cover) also tend to produce more litter, the dominance status
of species should be very important for predicting the forest litters layer decomposition rate.
Thus, we need to synthesize not only the trait dissimilarity of evergreen and deciduous species,
but also their relative dominance status in the community. However, based on the mass-ratio
hypothesis that the dominant species determine virtually all of the ecosystem function, the CWM
litter decomposition rate was previously used to predict the mixed-species litter decomposition
rate, and based on the relative abundances and litter decomposition rates of the component
species, as underpinned by their leaf traits (Karel et al. 2008; Fortunel et al. 2009; Pakeman et al.
2011; Tardif & Shipley 2013). This approach may mask species-specific effects on in mixed litter
that might well be important for decomposition processes, especially for subordinate species,
even though their abundance is low in the community. Because the subordinates may differ from
the dominants in key traits related to the function, however, the role of the subordinates in mixed
litter decomposition processes remains poorly understood. We plug this research gap in Chapter
3 through a one-year field decomposition experiment across a chronological sequence in
subtropical evergreen broad-leaved forest. The experiment included single-species litter of
evergreen dominants, evergreen subordinates, deciduous subordinates, respectively, as well as
community-level litter mixtures. Specifically, it is hypothesized that species’ litter mass-weighted
predictions of community-level litter decomposition based on the rates of dominants only would
deviate significantly from observed community-level rates and that predictions would improve as
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subordinates with strongly contrasting traits were combined with those of the dominants.

How do interactions between litter quality and invertebrates impact litter mass loss through time?

Species’ initial leaf litter quality, as a legacy of their position on the “leaf (resource) economics
spectrum” (LES), may determine the invertebrate contribution to litter mass loss (Cornwell et al.
2008; Freschet et al. 2012). Previous studies have shown that interspecific variation in the plant
litter traits associated with breakdown of recalcitrant material (e.g., lignin and secondary
compounds) has effects on the invertebrate contribution. Also the litter quality (chemistry and
structure traits) of a given species always changes over time in decaying litter (Parton et al 2007;
Wickings et al. 2012; Parsons et al. 2014), and thereby its palatability to invertebrates. In addition,
invertebrate population abundance and activity also change through time simultaneously with
the decomposition process going on, due to the seasonal pattern of temperature, humidity and
food availability and the associated phenological stages in the life cycle of invertebrates. However,
how interactions between litter quality, as defined by initial position along the LES, and the
invertebrates impact on litter mass loss rate change through time, remains unknown. We address
this research question in Chapter 4 through a one-year field decomposition experiment using
leaf litter of 41 woody species in each of two sites in subtropical forest in China; only one of these
sites had a strong late peak (i.e. well into the decomposition trajectory) of leaf litter-feeding moth
larvae in the litter layer. Specifically, it is hypothesized that in the early decomposition period, LES
can predict litter decomposability with or without a strong invertebrate contribution, i.e., litter
with higher nutrient content and low in recalcitrant chemistry would decompose faster. But in
the later decomposition period, when higher quality litter will already have decomposed too
much and lower quality litters have still been less degraded, a strong invertebrate peak would
coincide with relatively more consumption of initially lower quality litters; this would lead to a
hump-back relationship between leaf litter mass loss and initial LES position in this period.

Positive feedbacks among tree functional diversity, termite populations and woody litter turnover:
implications for mammal populations

Plant litter functional diversity might play an important role in detrital food web, based on the
theory that the quality and availability of food resources affect consumer (prey and predator)
population dynamics in ecosystems (Srivastava et al. 2009; Ebeling et al. 2018). In our
subtropical forest ecosystem, tree litter trait diversity with a high number of functionally
different species, via resource complementarity (litter quality change among species and through
time), might provide sufficient energy to support populations of key invertebrates (Scherber et al.
2010). In turn, these invertebrates may provide the basal food resources for and support the
population density of key vertebrate predators. These predators may also exert top-down effects
on litter decomposition via their control over invertebrate populations. However, how the tree
litter trait diversity, invertebrates and predator interact with each other, and together drive
carbon turnover in the terrestrial ecosystem, is a new research theme. We address these trophic
interactions and feedbacks on forest litter carbon turnover in Chapter 5 through a 18-month
field decomposition experiment with termites exclusion (exclusion treatment and free access
treatment) using branches of 34 woody species in each of two sites in subtropical forest in China,
only one of these sites hosting Chinese pangolins (see below) as a highly threatened mammal
feeding on termites in the forest litter layer. Specifically, it is hypothesized that tree (branch)
functional diversity and trophic interactions together control litter turnover, with important
implications both for forest carbon cycling as well as for the conservation of this highly
threatened mammal. Thus this chapter identifies and quantifies trophic feedbacks between tree
functional diversity in warm-climate forests, the dynamic resource diversity in the coarse dead
wood derived from them, termites as their key-stone consumers and endangered pangolins as the
key-stone predators of the termites.

In the closing Chapter 6 of this thesis, I synthesize the most important results of previous
chapters in answer to the specific research questions introduced above, which together also yield
an emerging hypothesis that warrants in-depth study.
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Subtropical evergreen broad-leaved forest as the study system

The research to test the hypotheses introduced above was carried out in two subtropical
evergreen broad-leaved forests in Zhejiang Province, Eastern China. Two similar forest types
were selected in the two contrasting sites: i) Tiantong National Forest Park (TT) (29°52′N,
121°39′E), located in the Ningbo coastal area, which has a subtropical monsoon climate. Mean
annual temperature is 16.2 °C, with a January mean minimum of 4.2 °C and a July mean maximum
of 28.1 °C. Mean annual precipitation is 1375 mm. With humid hot summers and dry cool winters,
80% of annual precipitation falls in the wet season (from April to September) and 20% in the dry
season (from October to March). Soils are mainly red and yellow, with pH ranging from 4.4 to 5.1,
and texture is mainly medium to heavy loam (Yan et al. 2006). The dominant vegetation in the
park is subtropical evergreen broad-leaved forest (EBLF). ii) Putuo island (PT) (29°97′N,
121°38′E), located in the Zhoushan archipelago at 6.5 km from the mainland, which has a marine
subtropical monsoon climate. Mean annual temperature is 16 °C, with a January mean minimum
of 5.4 °C and an August mean maximum of 27 °C. Mean annual precipitation is 1358 mm. Annual
precipitation falls mostly in summer, followed by spring and autumn, and is the lowest in winter.
The main soil type on the island is sandy clay laterite. The island also supports taller evergreen
broad-leaved forests (EBLF) dominated by Cyclobalanopsis glauca, and in the valley and footslope
areas, mixed evergreen-deciduous broad-leaved forests are dominant due to favourable soil
fertility and hydrology and younger stand age as related for instance to typhoon-induced
landslides.

We were in the fortunate position that these two forests had a strong contrast in two aspects: on
the one hand, compared to the TT site, PT had a strong “late” peak (see above) of leaf
litter-feeding moth larvae in the litter layer during our experimental period; also, TT and PT have
different year-round food web structures associated with the detritivore system. First, while both
sites have substantial termite populations, the PT site has greater termite abundance than the TT
site. Second, in site TT, because of the illegal wildlife trade, Chinese pangolins (Manis pentadactyla)
are critically endangered on the mainland, and therefore seldom found in the forest at Tiantong;
indeed no pangolins were recorded in our TT site during the two-year experimental study period.
The PT site presents a contrary situation, where the Chinese pangolin population has stabilized in
the last two decades, because of the government’s protective policy and the island's isolation
from the mainland. This difference provided a reference for comparison between the two sites.
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Figure 2 Parts of plots (blocks) in the FUNLOG experiment in two subtropical evergreen broad-leaved forests, (a), (b)
Putuo site, (c), (d), Tiantong site. Photos by C. Guo on December 2017.
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Abstract

The effects of litter diversity on litter decomposition remain debated. We tested to what extent
the community-weighted means (CWM; functional composition) versus Rao’s dissimilarity of
litter nitrogen (N)-to-phosphorus (P) ratios explain the non-additive mixture effect on
decomposition rate (k) and associated N release.

We carried out a one-year field decomposition experiment with a range of five litter types ranging
from three evergreens only (high N/P and low specific leaf area, SLA) to three deciduous species
only (low-N/P and high-SLA), with 30:70, 50:50 and 70:30 % mixtures of these two extremes in
between, in subtropical forest of China.

There were tight hump-backed relationships of absolute k-values and N release, respectively, with
the CWMSLA. The mixtures with the highest functional evenness in terms of CWMN/P caused the
highest positive non-additivity on decomposition (R2 = 0.72) and N release (R2 = 0.95) rates. In
contrast, the mixing effect on k or N release was weakly positively correlated with Rao’s
dissimilarity of N/P (R2 = 0.38 and 0.27 respectively).

Our results provide a strong framework for predicting litter decomposition rates and associated
N release versus immobilization in mixtures of deciduous versus evergreen species based on
their differences in initial stoichiometry.
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Introduction

Plant functional composition and diversity are important drivers of ecosystem processes (Adler
et al. 2011; Fridley et al. 2012), they play a key role in ecosystem resource dynamics, particularly
in carbon fluxes and nutrient cycling through the litter decomposition process in terrestrial
ecosystems (Tilman et al. 2006). Plant trait-based approaches can be useful to understand the
effect of changes in functional composition variation in litter quality via “afterlife” effects of green
leaf traits (Cornelissen 1996; Handa et al. 2014). However, how trait composition determines the
decomposition of litter mixtures, directly or by interacting with litter from other species, remains
debated.

Within an ecosystem, litter quality is the most important factor in controlling the efficiency of
nutrient release and cycling processes of decomposition, with litter higher in nutrients and low in
recalcitrant carbon-based compounds such as lignin is generally decomposed faster (Aerts 1997;
Giller et al. 1997). However, litters of different species may also interact when in mixture. Based
on nutrient transfer theory, summarized by (Hättenschwiler et al. 2005), the relatively
nutrient-rich litter types could transfer nutrients to lower quality litter types, leading to more
rapid decomposition of low-quality litter in the mixture. Experimental evidence supported that,
more generally, litter mixing may have a non-additive effect on decomposition rate and nitrogen
dynamics as the result of nutrient transfer between species (Gartner & Cardon 2004). Several
studies have demonstrated that mixing litter can accelerate decomposition (Hector et al. 2000;
Gartner & Cardon 2004; Handa et al. 2014). However, negative or lack of non-additivity on
decomposition has also been reported repeatedly (Hoorens et al. 2003; Wardle et al. 2006).
Positive non-additivity had a positive association (Barantal et al. 2011) or no association
(Prescott et al. 2000) with leaf litter species composition and diversity. In addition, irrespective of
mass loss, litter diversity may also have an effect on nitrogen (N) mineralization or
immobilization during decomposition (Finzi & Canham 1998; Gartner & Cardon 2004). In order
to work towards a predictive framework, trait-based approaches have been used to offer a tool
for inferring mixing effects on decomposition processes based on litter composition and diversity.
However, meaningful predictive power of green leaf or litter traits on the direction and size of the
litter mixing effect on decomposition has been found in some (Hector et al. 2000; Gartner &
Cardon 2004; Hättenschwiler & Gasser 2005; Handa et al. 2014) but not in other studies
(Hoorens et al. 2010) and general relationships have still not been demonstrated. The lack of
generality may partly be because some these studies have focused on variation in nutrient
concentrations while other studies have focused on variation in nutrient stoichiometry.
Depending on which is the limiting nutrient for biological processes in an ecosystem, this
nutrient may be immobilized rather than mineralized by microbial decomposers. At ratios of
nitrogen (N) and phosphorus (P) around 15 (the Redfield ratio) biological processes tend to be
co-limited by N and P, while above this ratio P becomes more and more limiting and below this
ratio N becomes more limiting (Koerselman & Meuleman 1996; Güsewell 2004). Here we
propose that large differences in N/P ratio (rather than nutrient concentrations per se) between
litter types also lead to more exchange of N and P between litters (via fungi) to alleviate the
overall nutrient limitation of the litters and the fungi that colonize them (see above).
Distinguishing between overall nutrient concentrations and release on the one hand and litter
stoichiometry on the other hand, will improve our understanding of decomposition processes of
litter mixtures in general, and those of deciduous-evergreen mixtures in particular.

Leaf litter of deciduous species generally has favourable structure and chemistry as usually
indicated by high specific leaf area (SLA), low dry matter content and lignin concentration and (in
some cases) high nutrient and labile carbon concentrations; these traits are the legacy of the
resource acquisitive strategy of the living leaves. In contrast, green leaves and, consequently, leaf
litter of evergreen species are high in recalcitrant structure with low SLA, high dry matter content
and lignin and in some cases low nutrient concentrations. As a consequence of these trait
differences, deciduous litter is generally broken down faster than evergreen litter (Cornelissen
1996; Wright et al. 2004b; Cornwell et al. 2008; Reich 2014). However, deciduous leaves and litter
also tend to have a lower N/P ratio than those of evergreens (e.g. deciduous 13.2, evergreen 20.1
in Wright et al. 2004b; Han et al. 2005; Kang et al. 2010) and this is certainly the case for
subtropical broadleaved forest of China, where N/P ratios of deciduous species can be much
below the Redfield ratio (e.g. deciduous 11.5, evergreen 18.6 in Yan et al. 2010). If nutrient
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availability is a rate-limiting factor, then relatively nutritious deciduous species in litter mixtures
may promote faster litter decay compared to mixtures without deciduous litter species (Garter &
Cardon 2004; Liu et al. 2016). However, in mixtures where low N limits the efficiency of microbial
decomposer in respiring deciduous litter, evergreens might provide N during decomposition to
help the microbes to break down the deciduous species faster during litter decomposition
(Schimel & Hättenschwiler 2007; Handa et al. 2014). Thus, consistent with niche
complementarity, we expect positive non-additive interactions between deciduous and evergreen
litter on decomposition based on differences both in overall decomposability (deciduous species
promoting decomposition of evergreens) and in nutrient stoichiometry (evergreens with
favourable N/P ratio promoting the decomposition of deciduous litter).

In early studies on species mixture effects on decomposition usually 50-50 mixture by mass were
employed and in any trait-based predictions (Hoorens et al. 2010) all species got equal weight.
Recently, studies related to carbon gain and loss processes in communities have started to weight
species by their relative abundance in order to better approach vegetation composition in the
field. The evergreen and deciduous species mixed in litter can affect two components of the trait
composition for litter decomposition (De Bello et al. 2009): (i) the community-weighted mean of
trait values (CWM), which is the average of the values of a trait of species present in litter mixture
(Garnier et al. 2004; Ricotta & Moretti 2011) and (ii) functional diversity, which reflects the
variation in values of a specific trait, or sets of various traits, of species within a mixture
(Schleuter et al. 2010). Two particularly meaningful parameters to represent such trait variation
may be the abundance-weighted functional (trait) evenness and the abundance-weighted
functional (trait) dissimilarity, where the latter is indicated by Rao’s quadratic entropy index
(Botta-Dukát 2005; Lepš et al. 2006). For subtropical broad-leaf forest, we hypothesized that (1)
overall decomposability of litter types, not including interactions, should be predicted by the
CWM of specific leaf area (SLA) as a general predictor of decomposability of deciduous species
(high SLA, high decomposability) to evergreen species (low SLA and decomposability); (2) the
size of any positive non-additive effect of litter mixing on decomposition rate, and associated N
release, should be predicted by the functional diversity in terms of litter N/P ratio. This functional
diversity may predict increasing mixing effects with increasing differences in concentrations of
key resources to decomposer organisms, and can be represented by two parameters. The first
parameter is the abundance-weighted dissimilarity, as indicated by Rao’s quadratic entropy index
for N/P ratio between the litters in the mixture. We expect a positive linear relation of RaoN/Pwith
the effect size of non-additivity in decomposition rate and nitrogen release. The second
parameter is the CWM of litter N/P ratio. Here we expect that a hump-back shape, with the
highest effect sizes for non-additivity in decomposition rate or nitrogen release at 50-50
deciduous-evergreen mixtures, will represent the model for functional evenness in litter N/P
ratio. We tested these hypotheses in a subtropical broad-leaved forest in eastern China. A unique
feature of this experiment is that we used combinations of three deciduous species and/or three
evergreen species, respectively, in each sample, thereby reducing chance effects of less
representative deciduous or evergreen species. We carried out a one-year field decomposition
experiment, with multiple harvests, with a range of five litter types ranging from three
evergreens only to three deciduous broadleaf species only, with 30:70, 50:50 and 70:30 %
mixtures of these two extremes in between.

Materials and Methods

Study site and forests

We established experiment in Tiantong National Forest Park (29°52′N, 121°39′E), located in the
Ningbo coastal area, Zhejiang Province, in Eastern China. The climate of this region is subtropical
monsoon. Mean annual temperature is 16.2 °C, with a January minimum of 4.2 °C and a July
maximum of 28.1 °C. Mean annual precipitation is 1374.7mm, more than 80% of it falls in the wet
season (from April to September) and 20% in the dry season (from October to March) (Wang et al.
2007). The climax vegetation in this region is subtropical evergreen broad-leaved forest (EBLF).
However, in the valley and footslope areas, evergreen-deciduous broad-leaved mixed forests are
dominant due to favourable soil fertility and hydrology. In addition, deciduous tree species often
invade into secondary EBLFs after natural and human disturbance, thus leading to a widespread
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distribution of mixed evergreen-deciduous broad-leaved forests currently. Species belonging to
Fagaceae, Theaceae, Ulmaceae and Hamamelidaceae are dominant components of
evergreen-deciduous broad-leaved mixed forests at the study site and six of these were selected
for the litter decomposition experiment.

Experimental design and litter decomposition process

In summer 2014, we measured SLA of six species. Five branches were cut from different canopy
positions for five randomly selected plants per species in the studied forest. Mostly, 20
undamaged mature leaves were selected, stored in sealed plastic bags, and kept cool until
brought back to the laboratory. Within 12 hr, those samples were scanned using a leaf area meter
(LI-3100C, Li-Cor, USA) to determine the mean leaf area (Pérez-Harguindeguy et al. 2013). Then
the samples were dried at 75 °C in an oven for 48 hr to determine leaf dry mass, which was then
used to calculate SLA.

In order to collect leaf litters, three individual trees of each of the six species were randomly
selected and 5~6 litter traps were installed under the canopy of each individual tree in the
semi-intact EBLF. Freshly senesced, undecomposed leaves were collected from each litter trap
every month in autumn 2014 (deciduous species) and every month in winter 2014 (evergreen
species) from each individual tree of each species. The selected evergreens were Cyclobalanopsis
myrsinifolia (Fagaceae), Castanopsis fargesii (Fagaceae) and Schima superba (Theaceae) while the
three deciduous species were Aphananthe aspera (Ulmaceae), Celtis sinensis (Ulmaceae) and
Liquidambar formosana (Hamamelidaceae).

The leaf litter collections were sorted and cleaned, then air-dried in the laboratory for 30 days to
ensure that they reached stationary moisture content. Subsamples of each leaf litter species were
dried at 75ºC for 48h and used for initial chemical composition determination and measurement
of the initial water content, needed to estimate the air-dry to oven-dry mass ratio. The other part
of each litter species was used in the decomposition experiment.

In July 2014, we established three 10 m x 20 m replicate plots (with distance 10m between plots)
within a semi-intact EBLF, and each plot hosted five 1 m x 2 m subplots (15 subplots in total).
Subplots had a 2 m buffer strip to minimize interactive effects between samples of different
mixture treatments. The 15 subplots were chosen to have similar slope, altitude, soil type and
substrate as far as possible. We removed the herbaceous and the litter layer from these plots.

We created 5 litter mixtures of approx. 27 g each with different proportions of evergreen to
deciduous litters. In each litter mixture treatment, three individual litter species were evenly
distributed within the evergreen and deciduous components, respectively. The percentages of
evergreen mixtures versus deciduous mixtures were 100:0 (E100), 70:30 (E70D30), 50:50
(E50D50), 30:70 (E30D70) and 0:100 % (E100) (see Table S1 for details). Each litter treatment
had three replicates, each of which was placed in a separate subplot, with nine harvest times for
each litter combination (the total number of litter bag samples was 5  3  9 = 135).

Each mixed leaf litter sample was sealed into a 20 cm  25 cm nylon mesh cloth (pore size 1
mm  1 mm), after its actual air-dry mass (27g±0.1g) had been weighed. The litterbags of each
of the five treatments were placed on the forest floor in their respective subplots within each of
the three replicate plots, and each treatment replicate had nine leaf litter bags in each subplot, i.e.
one for each harvest. Each plot was covered with gauze (placed above about 1m high) in order to
prevent new litter to fall in. On Nov. 11, 2014, all 135 litter mixture bags were pinned to the soil
surface in the 15 subplots. The litter bags were collected from each plot in, respectively, weeks 4
(Dec.), 8 (Jan), 16 (Mar), 24 (May), 28 (June), 32 (July), 36 (Aug), 44 (Oct), and 52 (Nov. 11, 2015)
of the incubation. Because we assumed decomposition to be faster initially (leaching phase) and
during the summer (warm conditions), we gathered monthly in the first two months and the
three summer months (June, July, August), for the other periods every two months.

After retrieving the litter bags, we removed extraneous materials from the decomposed leaf litter
samples, dried them in an oven 75°C for 48 h, and then weighed. Mass remaining at each harvest
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was expressed as % of initial oven-dry mass. After then, litter samples were pulverized through a
fine sieve for further chemical analyses.

Litter chemical analyses

Both initial leaves and decomposed litters after each harvests were grounded by using a
laboratory mill and then passed through a 0.15 mm sieve. Total carbon (C) content was measured
by combusting 10 mg subsamples on an Elementar (vario TOC, Elementar, Germany). Thereafter,
0.2 g sub-samples were digested using concentrated H2SO4 to determine N and P concentrations
on an infrared spectrophotometer (Smartchem 200, Alliance, France).

Calculations and statistical analyses

We used the leaf litter decay coefficient k and nutrient release % to quantify key litter
decomposition parameters. Litter decomposition rate k-value was calculated by fitting the
exponential decay function kty a e  (Olson 1963), where y is the % dry mass remaining, a is
the fitting parameter, k is the decay coefficient, and t is decomposition time (week). Litter C, N, P
release% were calculated according to Eqn. 1:

     i i f f i i100 M CNP M CNP / M CNP       (Eqn. 1)

where Mi and Mf are the initial and final litter dry mass, and CNPi and CNPf are the initial and final
C, N, P concentrations.

In order to test how functional composition and diversity affect litter decomposition, Rao’s Q and
CWM (see Introduction) were calculated for different litter combinations (Eqn. 2 and Eqn. 3,
respectively). We considered that Rao’s Q quadratic entropy is a suitable index to quantify the
trait dissimilarity among species.

n n

j ik i k
i 1 k 1

Rao d p p
 

 (Eqn. 2)

where n stands for species number within mixtures, dik is the dissimilarity coefficient based one
Euclidean distance between two species i and k in the multivariate trait space of litter mixture j
(García-Palacios et al. 2017), and pi and pk are the relative abundances of species i and k in the
litter mixture j, respectively.
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  (Eqn. 3)

where pij is the relative abundance of species i in the litter mixture j, and tij is the mean trait value
of species i in the litter mixture j.

We used one-way analysis of variance (ANOVA) to test the effects of litter functional composition
and diversity (fixed factor) on decomposition rate (k-value), C, N, P release %. We examined the
assumptions of normality and homogeneity by performing Shapiro-Wilk and Levene’s tests,
respectively. We also tested for homogeneity of variance in the mixture effect size of the five
treatments. If the distributions did not deviate from homogeneity of variance, we used the LSD to
do paired comparisons, if not, we applied Dunnett’s tests.

To test the non-additive effects of species combinations on litter decomposition rate k, and on the
C, N, and P release %, we first drew our null hypothesis using 100% evergreen and 100%
deciduous treatments with CWMs, calculating a linear relationship between them as the
expectation without mixture effect; then we calculated curvilinear models with all treatments
and CWMs as observations. The mixing effect size was calculated by the absolute difference
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between observation and expectation, since the underlying response variables were already
percentages themselves. Then we tested the differences in mixture effect size among the five
treatments.

In order to quantify the relationship between the mixing effect size and Rao functional trait
dissimilarity values, we used linear and/or non-linear regressions to select the best model
between CWMs or Raos with decomposition rate (k-value), C, N, and P release %, respectively.
The best model was selected according to the lowest Akaike information criteria (AIC). All
statistical analyses were conducted using the R software, v.3.4.1 (R Core Team 2014), with which
the lme4 package was used for non-linear regressions, and model selection was performed by
using the ‘dredge’ function of the MUMIN package.

Results

Mass loss and nutrient release or immobilization in mixtures varying in percentages of evergreen
versus deciduous litter

On average, the N/P ratio of leaf litters was significantly higher, but SLA was lower in evergreen
than deciduous species (see Table S2 for details). The general pattern of leaf litter mass loss
between the five treatments varied widely and showed a consistent upward trend during the
52-week decomposition period, although the pattern fluctuated strongly in the 100 % deciduous
mixture (D100) (Figure 1a). Total organic C release % appeared to broadly follow the gradual
increasing pattern for mass loss %, also in terms of actual values, but the variability among
replicates and fluctuations through time obscured any clear difference among treatments (Figure
1b). Evergreen 100% (E100) had the lowest mass loss % with the highest N release % (or, later,
least N immobilization) compared to other treatments throughout experimental time.
Interestingly, while D100 did not have the highest mass loss % through time (although it did by
the end, after 52 weeks), it had the most negative N release % (Figure 1c), indicating the
strongest N immobilization, among all treatments. In contrast, there was no obvious consistent
sequence of C release % (Figure 1b) and P release % (Figure 1d) among treatments in the two
litter extremes (E100 and D100). Mass loss % was higher in mixtures with lower proportion of
evergreens (other than D100) throughout the experiment, i.e. the mass loss % order was: E100 <
E70D30 < E50D50 < E30D70. The pattern for N release % was opposite, N release % was higher
in mixtures with higher proportion of evergreens: E100 > E70D30 > E50D50 > E30D70 > D100.
This meant that the order for mass loss among treatments broadly matched that for N
immobilization. The E100 and E70D30 treatments had a considerable initial P release % but no
net release or immobilization later on, while the other treatments fluctuated greatly between P
release and immobilization during the decomposition process (Figure 1d).

The patterns of cumulative N immobilization and release depended on the initial N concentration
of litter mixtures, as N immobilization occurred in the mixtures with lower initial N concentration,
i.e. D100 and E30D70 (Table S3). In these treatments N was immobilized the most strongly as the
mass loss increased (Figure. 1a, c), but they showed N release in weeks 24~32 (summer season)
and by week 52 (winter). These shifts between N immobilization and release were more
moderate in the other treatments.
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Figure 1. Mass loss % and nutrient release % in different treatments in terms of percentages of evergreen versus
deciduous litter in mixtures. Note that all treatments featured net N immobilization while all treatments showed net C and
P release by the end of the experiment (52 wk).

First-order and non-additive effects on litter mixture decomposition

While CWMSLA was a good first-order predictor of decomposition rate and N release, in support of
our first hypothesis, this relationship was not linear. Instead, there were tight hump-backed
relationships of k-values (positive, R2=0.73, p <0.001) and N release % (negative, R2=0.89, p
<0.001) with CWMSLA (Figure 2). In other words, there was an obvious trend that the observed
values in deciduous-evergreen mixtures were bigger than predicted values (based on absence of
mixture effect; i.e. linear relationship) in the relationship between k-value and N release with
CWMSLA, indicating that litter mixing caused positive mixing effects on k-value and N release %
(Figure 2). In contrast, there was no obvious relationship of C release % (not shown) or P
release % with CWMSLA (p >0.05, Figure 2).

Figure 2. The relationship between CWMSLA and decomposition rate k-value, N release % and P release % of different
treatments.* p <0.05; ** p <0.01 ** p <0.001.
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Related to our second hypothesis, functional evenness turned out to be a much better predictor of
non-additive effects on decomposition processes than functional dissimilarity. Indeed,
hump-backed curves could also explain the relationships between the relative mixing effect size
of k values or N release and CWMN/P tightly (R2 = 0.72 and 0.95 respectively; see Figure 3). In
contrast the mixing effect size of k or N release % was only weakly positively correlated with
Rao’s dissimilarity for N/P (R2 = 0.38 and 0.27 respectively; Figure 3) while it was not
significantly correlated with Rao for SLA (data not shown). Between the different mixture
treatments, the positive relationships between k value and N release % respectively with RaoN/P
were strongly driven by the high values for E50D50, i.e. for the treatment with particularly high
functional dissimilarity. In contrast, there was no obvious relationship between the mixing effect
on P release % with CWMN/P (p >0.05) or RaoN/P (p >0.05).

Figure 3. The relationships betweenmixture effect size of decomposition rate k-value and N, P release% in different
treatments respectively, with RaoN/P and CWMN/P. * p <0.05; ** p <0.01 ** p <0.001.

Discussion

This study provides empirical support for our two hypotheses concerning the predictive power of
leaf litter traits for variation in decomposition rates. Indeed, in support of hypothesis 1, the
community-weighted mean (CWM) of specific leaf area could broadly explain variation in
decomposition rates in a range of litter mixtures varying in the proportions of evergreen and
deciduous species. We will not discuss this finding in-depth, as it broadly corresponds to previous,
worldwide findings (Gallardo & Merino 1993; Cornelissen et al. 1999; Cornwell et al. 2008, using
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1 divided by leaf mass per area for SLA); although (Fortunel et al. 2009) found this relationship
within some but not all of their European sites. Instead, we will focus the discussion on a more
contentious issue, i.e. species interactions in litter mixtures (i.e. hypothesis 2). We hypothesized
that the functional diversity in litter N/P ratio would predict the effect size of non-additivity in
decomposition rate and N release, and proposed two alternative models to represent functional
diversity. While there were strong positive non-additive effects of evergreen-deciduous litter
mixing on decomposition rates (k) and associated nutrient (especially N) release %, these
non-additive effects showed significant but relatively weak relationships with the first functional
diversity parameter, i.e. litter functional dissimilarity in terms of the Rao index for litter N/P ratio.
In contrast, there was a very tight fit with our second proposed model: we found a rather tight
hump-backed relationships of k and N release % with the CWM of litter N/P ratio across a range
of mixtures from predominantly deciduous to predominantly evergreen species. As the hump of
these curves represents the most diverse combination(s) in terms of deciduous and evergreen
proportions, this finding does provide convincing support for functional diversity in terms of N/P
ratio as a predictor of positive non-additivity. The fact that the mass ratios of
deciduous-evergreen mixtures were transferred to abundance-weighted trait means makes that
our findings have a closer connection to the actual mechanisms of mixture effects on
decomposition. Below we will discuss these findings, and its limitations and promises, in the
global ecological context of the previous literature.

Nutrient content and N/P ratio of deciduous species versus evergreens

Evergreen and deciduous species have different initial nutrient status. Globally, species with
longer leaf life span, as in most evergreens, tend to have lower fresh leaf N concentrations than
species with shorter leaf lifespan, as in most deciduous plants (Reich 2014). During leaf
senescence, evergreen species are often assumed to have higher nutrient resorption efficiency
than deciduous species so as to reduce nutrient loss (Aerts & Chapin 1999), although in actual
fact N resorption efficiency tends to be slightly higher in higher-latitude deciduous than
evergreen species (Aerts 1996). In contrast, in our study region (EBLFs in subtropical China),
some of the predominant deciduous species do not have higher leaf N content than evergreens.
Also, they showed a slightly greater N resorption efficiency than evergreens (e.g. NREdecidous =
38.72, NREevergreen= 33.91 in Huang et al. 2007). As a consequence, litter N concentrations of
deciduous species are lower than those of evergreens in this region. This difference is even
amplified in our study species. In general, Liquidambar formosana, Celtis sinensis, and Aphananthe
aspera predominate degraded habitats and valley areas, characterized by low soil N availability
(Yan et al. 2006), which puts a premium on high N resorption efficiency (Yan et al. 2010). These
factors may explain why litter N concentrations of deciduous species are much lower than those
of evergreens in this study (Table S2). Combining this with the litter P concentrations, which were
generally similar or even higher in deciduous compared to evergreen species, litter N/P ratios
were much lower in deciduous than in evergreen species in this study (Table S2). As we will
discuss below, these initial differences in litter N/P ratios are key to understanding non-additive
effects on decomposition of deciduous-evergreen litter mixtures.

Effect of diversity in litter N/P ratio on non-additivity in litter decomposition

Our results demonstrated that mixed litter decomposition was subjected to obvious non-additive
effects. This finding is consistent with several previous studies that have shown a non-additive
effect of litter mixtures on decomposition, both in aquatic ecosystems (terrestrial tree leaf litters
were placed in streams, Kominoski et al. 2007) and terrestrial ecosystems (see Introduction).
Here we advance the understanding of such non-additivity for mixtures of deciduous and
evergreen litters, by applying a range of relative abundances of these two litter types in mixtures.
In general, due to the complexity of woody species composition in natural forests, the relative
proportions of deciduous and evergreen species vary extensively in subtropical SE Asia, as well as
in many forested ecosystems worldwide. Our experimental design aimed to capture this broad
variation in natural forests. Especially, our study points to a likely mechanism by which such
non-additive effect is dependent on the functional diversity and composition in the
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evergreen-deciduous litter mixtures. As hypothesized, the mixing effect sizes of k value and N
release % were positively related to the RaoN/P, as they increased steeply with RaoN/P from any of
the four other mixture treatments to E50D50. However, functional dissimilarity in terms of RaoN/P
was not the best predictor of the effect size of non-additivity of litter decomposition. This is
possibly because RaoN/P was sensitive to variance in k values or N release. Indeed the variance in
k values or N release within the three species of evergreens and within the three deciduous
species, respectively, was much greater than the variance within each of the mixture treatments
(see Figure 2). Especially, RaoN/P of the E100 treatment, i.e. three evergreen species alone, was
higher than that in the D30E70 treatment, presumably because the high N/P ratios of the
evergreens (compared to those of deciduous species) led to a high absolute variance and thus a
high RaoN/P. In contrast, the tight hump-backed relations of the effect size of k or N release % with
CWMN/P were less sensitive to the variance in N/P among species within leaf habits. The
community-weighted mean puts more emphasis on the evenness of trait values. Thus, the effect
sizes of positive non-additivity of litter decomposition and N release % were best described by
functional evenness first increasing and then decreasing according to a hump-backed
relationship with CWMN/P.

The ecological mechanism underlying the positive relationship between the size of mixing effect
and functional diversity, especially functional evenness, might be attributable to niche
complementarity among mixed species (Díaz et al. 2007; Schimel & Hättenschwiler 2007; Handa
et al. 2014). In our study, niche complementarity played a likely role in promoting the
non-additive effects of litter mixture on decomposition and this role was most likely associated
with the nutrient transfer process in evergreen-deciduous mixed leaf litters. Relative to
evergreens, lower initial N content and N/P in deciduous leaf litters (Table S2) suggest that litter
decomposition of deciduous species was limited more by N. Indeed, when two types of leaf litters
were combined, the N released from evergreens offset the N limitation in deciduous litters
somewhat. For example, through one year, D100 and E30 D70 kept a consistent pattern of N
immobilization across seasons, while E100 and E70D30 showed some N release in the first 7
months of field incubation (Figure 1). The relative shift from N immobilization to N release
corresponded nicely with the proportion of evergreens in the litter. This result provides clear
albeit indirect evidence for litter N-transfer from evergreen to deciduous litters. It also explains
why P release, or the effect size of non-additivity on P release, was not predicted by the
proportions of evergreen versus deciduous litter species. At the same time, the generally fast
decomposition of deciduous litters (Figure 1, 2) may have created an active microbial community
and some summer P release (Figure 1d), stimulating the decomposition of evergreens in mixtures.
The litter nutrient (especially N) transfer and microbial facilitation between evergreens and
deciduous would theoretically have the strongest positive effect on litter decomposition when the
two types of leaf litter are mixed evenly. This was indeed the case as the litter mixtures with more
even distribution of N/P in functional space facilitated decomposition and N release more (or
reduced N immobilization more), thus showing the greatest size of non-additive effects of litter
mixture. Thus, the litter mixtures with the best stoichiometric balance caused the greatest
non-additive effect size on mass loss and N release. We acknowledge that the microbial
mechanisms behind the litter nutrient transfer processes between evergreen and deciduous
species should be investigated in depth in future, for instance through isotopic labeling.

Conclusions

By using five leaf litter mixtures with contrasting N/P and SLA from three evergreen and three
deciduous species in the subtropical area of China, this study has tested how functional diversity
and composition affect litter decomposition as related to two key plant strategies. We observed
that functional composition in terms of community-weighted SLA is a main predictor of
increasing litter decomposition rate; and of increasing N immobilization because of low N/P ratio
of deciduous tree species in subtropical China. There are remarkable positive non-additive effects
of litter mixture on litter decomposition. The hump-backed relationships of the mixing effect size
of decomposition rate and N release CWMN/P, suggest that litter mixtures with the highest
functional evenness can cause the greatest size of non-additive effects of litter mixture, due to a
combination of N transfer from N-rich evergreen litters to N-poor deciduous litters and
facilitation of evergreen litter decomposition by high microbial activity deciduous in
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fast-decomposing deciduous litter. This study provides strong evidence that differences in N/P
stoichiometry between evergreen-deciduous leaf litter mixtures play a strong role in influencing
litter decomposition rate nutrient release, which are among the key ecosystem processes in
terrestrial ecosystems. Moreover, our study highlights that the community weighted trait mean
not only has great relevance and predictive power for carbon fixation and growth related
processes (Grime 1998; Garnier et al. 2004), but also for carbon and nutrient release processes in
ecosystems. Overall, the results in this study may benefit our understanding of how functionally
different species, especially in terms of the key plant strategies, interactively control the
decomposition of litter mixtures.
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Supplementary material

Table S1. The treatment of five litter mixtures

Treatment Individual litter species in mixture The weight of each species
(g)

E100 Castanopsis fargesii, Schima superba, Cyclobalanopsis myrsinifolia 27/3
E70D30 Castanopsis fargesii, Schima superba, Cyclobalanopsis myrsinifolia 18.9/3

Celtis sinensis, Aphananthe aspera, Liquidambar formosana 8.1/3
E50D50 Castanopsis fargesii, Schima superba, Cyclobalanopsis myrsinifolia 13.5/3

Celtis sinensis, Aphananthe aspera, Liquidambar formosana 13.5/3
E30D70 Castanopsis fargesii, Schima superba, Cyclobalanopsis myrsinifolia 8.1/3

Celtis sinensis, Aphananthe aspera, Liquidambar formosana 18.9/3
D100 Celtis sinensis, Aphananthe aspera, Liquidambar formosana 27/3

Table S2. Initial qualities of monospecific litter from the six species (mean±SE). Different letters within the same rows
indicate significantly different means (p <0.05).

Evergreen Deciduous
Schima
superba

Castanopsis
fargesii

Cyclobalanopsis
myrsinifolia

Liquidambar
formosana

Celtis
sinensis

Aphananthe
aspera

N (mg·g-1) 4.28±0.02 c 10.59±0.08 a 4.77±0.01 b 2.56±0.01 d 2.41±0.02 d 1.58±0.01 e
P (mg·g-1) 0.17±0.0003 f 0.71±0.0033 a 0.52±0.0011 e 0.60±0.0016 d 0.61±0.0002 c 0.62±0.0039 b
N/P 25.71±0.11 a 14.89±0.04 b 9.16±0.01 c 4.28±0.0037 d 3.93±0.03 e 2.55±0.03 f
SLA (cm2·g-1) 99.23±2.10 c 113.97±3.07 c 117.07±4.59 c 231.57±12.29 b 308.80±1.08 a 213.89±35.09 b

Table S3. Functional diversity indices for different litter traits of different litter mixture treatments (mean±SE). CWMN,
CWMP, CWMN/P, CWMSLA, RaoN, RaoP, RaoN/P, RaoSLA, indicate community weighted mean and Rao’s quadratic entropy of
leaf nitrogen content, leaf phosphorus content, leaf N/P, specific leaf area, respectively. Different letters within the same
rows indicate significantly different means (p <0.05).

Index E100 E70D30 E50D50 E30D70 D100
CWMN 6.55±0.02 a 5.24±0.02 b 4.37±0.01 c 3.5±0.01 d 2.19±0.01 e
CWMP 0.47±0.0009 e 0.51±0.0003 d 0.54±0.0005 c 0.57±0.0009 b 0.61±0.0016 a
CWMN/P 16.59±0.04 a 12.69±0.03 b 10.09±0.02 c 7.49±0.02 d 3.59±0.02 e
CWMSLA 110.09±3.17 e 152.49±2.07 d 180.76±4.10 c 209.02±6.52 b 251.42±10.27 a
RaoN 1.40±0.02 b 0.71±0.01 c 2.43±0.03 a 0.23±0.0005 d 0.22±0.0034 d
RaoP 0.12±0.0008 b 0.06±0.0003 c 0.19±0.0005 a 0.01±0.0003 d 0.01±0.0007 e
RaoN/P 2.40±0.03 b 1.84±0.01 c 6.09±0.04 a 0.52±0.0049 d 0.38±0.01 e
RaoSLA 3.74±0.69 b 2.73±0.89 b 20.58±10.28 a 5.23±3.08 b 9.98±6.17 ab

Table S4. The decomposition rate k-value of five treatments in terms of the mass proportions of evergreen (E) versus
deciduous (D) tree leaf litter.

Treatment Equation R2
Decomposition
coefficient

(k)

Time until 50 %
decomposition

(week)

Time until 95 %
decomposition

(week)
E100 1 Y=1.06e-0.005x 0.876*** 0.005 157 640

2 Y=1.046e-0.007x 0.953*** 0.007 98 407
3 Y=0.999e-0.009x 0.941*** 0.009 78 338

E70D30 1 Y=1.021e-0.010x 0.937*** 0.010 68 290
2 Y=0.991e-0.014x 0.985*** 0.014 50 218
3 Y=0.996e-0.013x 0.969*** 0.013 53 230

E50D50 1 Y=1.012e-0.014x 0.969*** 0.014 51 218
2 Y=0.958e-0.017x 0.947*** 0.017 38 175
3 Y=0.988e-0.015x 0.965*** 0.015 46 201

E30D70 1 Y=0.982e-0.017x 0.961*** 0.017 40 175
2 Y=0.963e-0.018x 0.950*** 0.018 37 169
3 Y=0.991e-0.015x 0.987*** 0.015 44 194

D100 1 Y=0.999e-0.011x 0.965*** 0.011 61 265
2 Y=1.037e-0.015x 0.980*** 0.015 49 203
3 Y=0.986e-0.019x 0.959*** 0.019 36 159
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Figure S1. The relationship between CWMN/P and decomposition rate k-value, N release % and P release % of different
treatments.*p <0.05; ** p <0.01 ** p <0.001
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Abstract

Subordinates have relatively low abundance compared to dominants, but they may contribute
substantially to functional diversity and ecosystem functions, especially if they differ strongly
from the dominants in key traits. Here we investigated whether this phenomenon can be applied
to litter decomposition as a key carbon and nutrient cycling process.

We hypothesized that species’ litter mass-weighted predictions of community-level litter
decomposition based on the rates of dominants only would deviate strongly from observed
community-level rates and that predictions would improve as subordinates with strongly
contrasting traits were combined with those of the dominants.

We tested this hypothesis through a one-year field decomposition experiment across a
chronological sequence in subtropical evergreen broad-leaved forest. The experiment included
single-species litter of evergreen dominants, evergreen subordinates, deciduous subordinates,
respectively, as well as community-level litter mixtures.

The expected community weighted mean decomposition rates based on the evergreen dominants
alone, with or without the addition of evergreen subordinates, deviated strongly from those of
observed community litter mixture at the middle and late succession stages but not at the early
stage. When adding the deciduous subordinates to the expectation, there was no longer any
difference to observed community litter decomposition rate across succession stages. Deciduous
subordinates alone explained 7%, 21% and 15% of the total variation in community litter
mixture decomposition rate for early, middle and late successional stage, respectively, i.e., more
than would be expected from their litter mass fraction.

Deciduous subordinates with strongly contrasting nutritional and water-storing traits compared
to the dominant evergreens significantly impact litter decomposition at the community-level in
spite of their low abundance. This study highlights the importance of “being different” for
subordinates to be influential in ecosystem carbon cycling.
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Introduction

Globally, land-use and climate change are often leading to biodiversity decline (Butchart et al.
2010), and to shifts in community functional composition. This biodiversity decline is not random:
subordinate species are often more sensitive to human disturbance and may decline while the
dominants persist, although dominants were shown to be replaced by the subordinates, or by
new-comers when some functional groups were experimentally removed in grassland
ecosystems (Grime 1998; McLaren & Turkington 2010). The changes in functional composition
may modify key ecosystem processes (Hooper 1997; Chapin et al. 2000; Karel et al. 2008;
McLaren & Turkington 2010) with potentially important impacts on carbon fluxes and nutrient
cycling including litter decomposition processes (Wardle et al. 2003). Most previous research
emphasized that the dominants in terms of biomass also dominate biogeochemical cycling
(Hooper & Dukes 2004). However, while the subordinates may differ from the dominants in key
traits related to specific ecosystem functions, the implications of such differences for these
functions remains unclear.

Subordinates can have a larger effect on ecosystem processes than would be expected from their
low relative abundance (Lyons et al. 2005; Le Bagousse-Pinguet et al. 2019). For instance, 55% of
tree species are locally rare throughout their range but likely to support highly vulnerable
functions in the species diverse tropical forests in French Guiana (Mouillot et al. 2013). As
another example in the Caucasus mountains, the subordinate snowbed species Corydalis
conorhiza takes up the nitrogen (N) from snow packs that would otherwise be lost through
downslope runoff of snow meltwater, thereby enhancing the community-level N availability in
such N-limited ecosystems (Onipchenko et al. 2009). Moreover, subordinates can act as keystone
species for influencing community function. For instance, in a cold-temperate Alaskan shrub
wetland, although subordinates (e.g., Equisetum spp.) represented only 5% of the above- and
below-ground biomass in the community, their litter contributed 55, 41, and 75% of the P, K and
Ca inputs to soil nutrient pools over a 2-year period (Marsh et al. 2000). These examples together
point to a common pattern: subordinates with demographically low representation but strongly
different functional attributes compared to those of the dominants may have a disproportionate
importance for community function. This pattern may apply to community-level litter
decomposition and associated nutrient release, as variation in litter quality among species plays a
critical role in controlling these processes via trait “afterlife” effects (Aerts 1997; Cornwell et al.
2008).

The “biomass ratio hypothesis” proposed by Grime (1998) can explicitly account for the
mixed-species litter decomposition rate (i.e., the community-weighted mean: CWM) based on the
relative abundances and litter decomposition rates of the component species, and their functional
identity (Gartner & Cardon 2004; Fortunel et al. 2009; Pakeman et al. 2011; Tardif & Shipley
2013). However, in cases where subordinates have contrasting litter traits compared to those of
the dominants, they can strongly affect the decomposition of the latter, i.e., they may have
non-additive effects when they occur in mixtures with dominants (Hättenschwiler et al. 2005;
Makkonen et al. 2013; Santonja et al. 2015; Prieto et al. 2017). This phenomenon could be
particularly important if the subordinate has high content of a strongly limiting nutritional
element, as the decomposition rate of dominant species will be accelerated by subordinates (Guo
et al. 2019). In this case, predicting the community litter mixture decomposition rate based solely
on those of the dominants (i.e., without inclusion of the subordinates), might give rise to
deviations from the actual community-level decomposition. Such deviations might occur in
woody ecosystems where evergreen species are dominant while deciduous species are
subordinates.

In an evergreen ecosystem, deciduous species with strongly contrasting leaf traits may have
substantially positive non-additive effect on community-level litter decomposition and ecosystem
biogeochemistry (Guo et al. 2019). Such evergreen-deciduous mixture effect may result from the
differences in both nutrient concentrations and nutrient stoichiometry. Deciduous leaf litters
generally have less structural investment of carbon and favorable chemistry, e.g., low dry matter
content and high nutrient concentrations, whereas evergreen leaf litters tend to have more
recalcitrant structure and low nutrient concentrations (Cornelissen 1996; Freschet et al. 2012).
Based on nutrient transfer theory, the relatively nutrient-rich litters could transfer nutrients to
lower quality litters either directly (e.g. via fungal hyphae) or indirectly by stimulating microbial
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community activity, thereby leading to more rapid decomposition of low-quality litter in the
community litter mixture (Hättenschwiler et al. 2005). With respect to evergreen-deciduous
mixtures, deciduous-origin litter helps to enrich a microbial decomposer community that may
help to accelerate the decomposition of the evergreen-origin litter (Briones & Ineson 1996;
Hättenschwiler et al. 2005). Additionally, evergreens and deciduous species are different in their
N-to-phosphorus (P) ratio (Koerselman & Meuleman 1996; Güsewell 2004). Deciduous leaves
and litters tend to have a lower N/P ratio than evergreens, suggesting that the microbial
decomposers in deciduous litters are likely to be more N-limited compared to those on evergreen
litters (Huang et al. 2007); this is especially the case in subtropical broadleaved forest of China
(Yan et al. 2010). Low N limits the efficiency of microbial decomposer in respiring deciduous litter,
so evergreens might provide N during decomposition to help the microbes to break down the
deciduous litter species faster during litter decomposition in mixtures (Schimel & Hättenschwiler
2007; Handa et al. 2014). Indeed, evergreen-deciduous mixtures with strongly contrasting traits
and nutrient stoichiometry have a positive interaction on decomposition (Guo et al. 2019).

Evergreen forests are the dominant vegetation type across tropical and subtropical climate zones
including the subtropics and tropics of eastern Asia, especially China. Despite the dominant role
of evergreen species in community composition, deciduous species with generally relative low
abundance still contribute a substantial proportion to both local and regional species pools (Song
et al. 2015). Subtropical evergreen forests thus are the ideal platform for identifying the
contribution of subordinate deciduous species in community-level litter decomposition in an
evergreen world. We hypothesized that subordinate deciduous species, because of their
contrasting chemistry compared to the dominant evergreens, play a non-negligible role in
community-level litter decomposition and nutrient dynamics in evergreen-deciduous mixed
forest. In this case, community-level litter decomposition and nutrient release would not be
predicted reliably from the CWM decomposition rate of the dominants alone.

We tested this hypothesis in a one-year decomposition experiment across three successional
stages in a subtropical broad-leaved forest in eastern China. The experiment included
single-species litter of evergreen dominants, evergreen subordinates and deciduous subordinates,
respectively, as well as community-level litter mixtures. We compared the strength of our
predictions of decomposition rate and nutrient release of community litter mixtures based on
dominants alone versus based on dominants plus subordinates. We used litterfall measurements
to obtain reliable CWM abundances of different species to inform these predictions.

Materials and Methods

Study site and forests

This study was conducted in Tiantong National Forest Park (29°52′N, 121°39′E), located in the
Ningbo coastal area, Zhejiang Province, in East China. Subtropical monsoon is the typical climate
in this region. Mean annual temperature is 16.2 °C, with a January minimum of 4.2 °C and a July
maximum of 28.1 °C. Mean annual precipitation is 1375mm, more than 80% of which falls in the
wet season (from April to September) and 20% in the dry season (from October to March). Soils
in this area are mainly red and yellow with a pH value ranging from 4.4 to 5.1. The parental
substrate is composed of mesozoic sediments and acidic intrusive rocks, including quartzite and
granite. Soil texture is mainly medium to heavy loam (Yan et al. 2009).

The natural vegetation in this region is subtropical evergreen broad-leaved forest (EBLF), which
has been well protected from human disturbances around Buddhist temples for at least several
centuries. Apart from these small patches of the later successional EBLF, virtually all vegetation is
secondary, and mid-successional EBLFs and evergreen-deciduous mixed woody stands occur
widely after human disturbance. Across successional communities, the dominant species are
mostly evergreens, which can be accompanied by subordinate deciduous or evergreen species.
Dominant and subordinate species shift substantially over successional stages. At early
successional stage, after cessation of human disturbance, two evergreens (i.e., the conifer Pinus
massoniana and broadleaved Schima superba) co-dominate (Table S1), while there are several
subordinate species, mostly deciduous ones. Deciduous subordinates also feature in both mid-
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and late-successional stages, probably as legacies of canopy gaps caused by typhoons. These
three succession stages were selected for our study. The dominance status of plant species in
each succession stage was detailed in Figure S1 based on the relative basal area and in Table S1
based on the litter mass fraction (see below).

Experimental design

To test how deciduous subordinates affect litter decomposition and nutrient release rates,
representative stands for each of the three evergreen dominated forest succession stages were
selected within the study site.

We assessed the dominance status of a species in a given community by using a novel
litterfall-calibrated approach that provided accurate information about which mass fraction each
species contributed to the litter composition on the forest floor. Specifically, cross-species
litterfall patterns were monitored and assessed across the three successional forest communities
every month over a one-year period from October 2003 to November 2004. As shown in Figure
S1 and Table S1, the estimates of dominance status of plant species were consistent between the
litterfall calibrated approach and the basal area based approach. We established three 20 m x 20
m replicate plots inside at least 50 m buffer zones from the stand edge for each successional stage.
Five 2 mm mesh-sized nylon litter traps (with four 0.7m long edges and 0.5m in depth) were
regularly placed at a height of 20 cm above the ground in each plot, spaced no less than 5 m from
one another. In the laboratory, the litterfall from each trap was grouped into leaves, twigs, flowers,
fruits and unspecified materials. For leaves, we sorted by species according to characteristics
such as shape, color, vein pattern, and leaf margin morphology. After that, fresh mass for each
litter component and species was determined, and sub-samples of each litter component for each
trap were dried at 70 °C to constant mass in order to translate total fresh mass to total dry mass.
The community-level amounts of each litterfall category were summarized from five traps across
three replicated plots over 12 months. Remaining leaf litter were air-dried and saved in a
ventilated room for the subsequent litter decomposition experiment (see below). Based on the
litterfall data, we obtained the community mass fraction for each species (see Table S1 for
details), and we defined dominance status as follows: (co-)dominants (D), > 25 % of community
litter mass (i.e., dominants > 50 %, co-dominants each > 25 %); sub-dominants (d), 10-25 %;
subordinates (S), <10 % of community litter mass. For subordinates, we distinguished between
subordinate evergreens (SE) and subordinate deciduous (SD). Within the SD we only included the
first two species for each community in terms of their mass ranking, thereby excluding very rare
species that account for a minuscule amount of the total basal area in communities (Figure S1).
Therefore, we assumed that these “rare” species do not have significant influence on
decomposition processes.

To test whether the decomposition and nutrient release rates of different combinations of
evergreen (sub-)dominants, evergreen subordinates and/or deciduous subordinates could
predict those of natural litter mixtures on the forest floor, we employed litter bag samples with
each of the single species (belonging to D, SE and SD) and community-level leaf mixtures in each
of the three successional forests (Table S2). Species composition of the leaf litter mixture was
produced by employing the successive mass fractions of the original species in the litter layer for
a given community.

Litter bag incubation, harvest and measurements

Senesced, undecomposed leaves that had been collected from the litter traps and air-dried (see
above) were used to conduct the litter decomposition experiment. Prior to filling the litter bags,
air-dried mass of leaf litter subsamples from each species were weighed first, and then dried at
75°C over 48h for weighing dry mass. These subsamples were subsequently used for determining
initial N and P concentrations. Initial water content of each subsample was calculated as:
(air-dried mass﹣dry mass) / air-dried mass) ×100. We used initial water content to calibrate the
initial dry mass of the litter bag samples by assuming that leaf water-storing capacity differs
between deciduous and evergreens. Initial dry mass of litter bag samples was calculated as:
air-dried mass × (100﹣initial water content).
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The nylon litter bags, measuring 20 cm × 25 cm, had a mesh size of 2 mm. For the
community-level litter mixture, 10g of the initial water content calibrated species-mixed leaf
litters (see above) was placed into each bag, while 5g was used for each of the respective single
species. The samples were placed in such a way that the packing density was broadly similar
between the treatments, in order to minimize any effects of litter packing on decomposition via
internal microclimate (e.g., moisture). In total, 240 litter bags were produced, i.e., 5 treatments
(but 6 treatments for middle stage) × 3 replications (plots) × 3 successional stages × 5 harvests.
Specifically, treatments represented four levels of dominance status of species (i.e., D, d, SE, SD)
and one community-level litter mixture in each successional stage, which are detailed in Table S2.

We started litter bag incubation in January 2005. In each forest plot, a patch within the litter layer
was first removed in order to avoid any confounding effects of forest floor litter on the litter bag
samples. Then the litter bags were placed on the surface of these patches without overlap
between samples. Litter bags were harvested after 12 weeks (Mar.), 24 (Jun.), 32 (Aug.), 40 (Oct.),
and 52 weeks (Jan. 2006). The harvest intervals followed the local climate dynamics, i.e., short in
summer (8 wk) and longer in winter (12 wk). In the laboratory, the harvested litter bags were
quickly cleaned with a hair-brush to remove extraneous materials and soils, and the litter
samples were then oven-dried at 70 °C to a constant mass and weighed (dry mass).

Both initial and harvested litter samples were ground in a laboratory mill and then passed
through a 0.15 mm sieve. Thereafter, 0.2 g sub-samples were digested using concentrated H2SO4
to determine N and P concentrations on a flow-injection autoanalyser (Skalar, Netherlands).

Calculation of litter decomposition rate

Litter decay coefficient k was calculated by fitting the exponential decay function = kty a e 
(Olson, 1963), where y is the % dry mass remaining, a is the fitting parameter, k is the decay
coefficient, and t is decomposition time (wk). Litter N and P release % were calculated according
to Eqn. 1:

     i i f f i iElement (e) release % = 100 M e M e / M e       (Eqn. 1)

where Mi and Mf are the initial and final litter dry mass, and ei and ef are the initial and final
element (e) concentrations.

To test whether the observed decomposition rates of the community-level litter mixture can be
predicted by those from dominants alone (D) and combined with different subordinates (D+SE
and D+SE+SD), respectively, we also calculated the expected litter decomposition and nutrient
release rates based on the single species representing these combinations for each succession
stage. Calculations of expected litter decomposition rates, and N and P release rates, were applied
at the community-level, by using CWMs, with respect to each of the dominance status
combinations D, D+SE, and D+SE+SD, according to Eqn. 2:

n

j ij ij
i 1

CWM p q


  (Eqn. 2)

where n is species number, pij is the litter mass fraction of species i (being D, SE, or SD) in the
community j (successional stage) , and qij is the mean value of k (or N or P release %) of species i
in the community j. It should be noted that the CWM should in principle consider all the species
in the community, but for technical reasons in this study, we calculated a CWM for each of the
dominance status combinations (CWMD, CWMD+SE and CWMD+SE+SD).

Statistical analysis

All data were log-transformed to satisfy the assumption of normality and homogeneity. To
determine the effects of dominance status on litter decomposition (k, and N and P release) at a
given succession stage, one-way analysis of variance (ANOVA) was used. Dominance status (D, SE,
SD, and mixture) was included as a fixed effect. If there was a significant effect of dominance
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status, least-squares mean separation with Tukey’s correction was used to test for the pair-wise
differences in k, and N and P release between litterbag treatments.

In order to examine the predictive power of the expected litter decomposition or nutrient release
rate for the observed values of the community-level litter mixture, the deviation from each
prediction was tested by using Chi-squared for each successional stage. This test was repeated for
each of the above-mentioned combinations D, D+SE, and D+SE+SD. Note that there were no SE
species in early and late succession stages, so CWMD+SE was only calculated for the middle
succession stage, while for early and late stages, the litter mass fraction of SE was treated as zero
when calculating CWMD+SE.

Further, a linear mixed effect model was employed to examine the relative contributions of
dominants, subordinate evergreen and subordinate deciduous on community-level litter mixture
decomposition for each succession stage. In this analysis, three dominance status combinations
(i.e., CWMD, CWMSE, and CWMSD) were treated as fixed factors, and species was included as
random factor. The response variable was the observed community-level litter mixture
decomposition rate k, or N or P release rates. The linear mixed effect model was constructed with
Eqn. 3:

D SE SDCWM CWM CWM (1| species)y ε     (Eqn. 3)

where, y is decomposition rate k, or N and P release rate of community-level litter mixture at a
given succession stage; CWMD, CWMSE, and CWMSD are the respective community-weighted
means (dominance status) of litter decomposition rate k or nutrient release rate of D, SE, and SD,
respectively, at a specific succession stage. The error term is defined by ɛ.

Effects of CWMD, CWMSE, CWMSD and species on litter decomposition and nutrient release rates of
community-level litter mixture were assessed with both marginal (R2m) and conditional (R2c)
decision coefficients, based on the linear mixed effect model. The explanatory power of each
independent variable for litter decomposition or nutrient release rates of the community-level
litter mixture was calculated with variance decomposition in the model as suggested by
Nakagawa & Schielzeth (2013). In this calculation, the variance proportion of the specific fixed
variable (i.e., CWMD, CWMSE or CWMSD) was the ratio of the variance of that variable to the total
variance of the response variable (i.e., the decomposition rates of the observed community litter
mixture). The regression slope of each CWMD, CWMSE and CWMSD in the linear mixed effect model
represents the effect size of dominants, subordinate evergreen and subordinate deciduous on
community litter mixture decomposition at a given succession stage. All statistical analyses were
conducted using the R software, v.3.5.1 ( R Core Team 2019), within which the lme4 package was
applied for linear mixed effect model construction.

Results

Over one-year incubation, community-level litter mixtures displayed an average cumulative mass
loss of 43.3% (ranging from 16.3% to 47.9%). The mean of the cumulative mass losses was
41.9% (ranging from 5.8% to 70.1%) in dominants, 77.9% (ranging from 35.2% to 86.5%) in
subordinate deciduous and 63.8 % (ranging from 18.2% to 67.7%) in subordinate evergreens
across successional stages.

Decomposition rate and nutrient release among dominants, subordinates and litter mixture across
succession stages

One-way ANOVA results showed that litter decomposition rate k was significantly affected by
species’ dominance status at each of the successional stages (Figure 1A). At early stage, the k
value of one D species (Pinus massoniana) was larger than that of community litter mixture while
the other D (Schima superba) was similar to that of community litter mixture; the k values of SD
were higher than those for D and community litter mixture. At middle stage, the lowest k values
were found in D, and SE (represented by Castanopsis fargesii) was rather similar in k with SD
(specifically Acer olivaceum) but almost twice as large in k as D. The k values were intermediate in
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d (Pinus massoniana), SD (Liquidambar formosana) and the community litter mixture.
Decomposition rates k of SD was the largest at late stage, and k values for D and d were
significantly smaller than those for community litter mixture at late stage.

Nitrogen release was also significantly affected by species’ dominance status at each successional
stage (Figure 1B). At early stage, community litter mixture showed N immobilization, while the
two D and SD species showed an opposite pattern, i.e., Schima superba (D) and Castanea seguinii
(SD) immobilized N, and Pinus massoniana (D) and Quercus fabri (SD) released N. Inversely, the N
dynamics of the different dominance status and litter mixtures showed diverse patterns at middle
and late stages. For instance, N was immobilized in d and SD species and released in community
litter mixture at middle and late stage. The N dynamics of D showed N release at late stage. In
contrast, the P dynamics pattern among dominance status was partly different from that in N
dynamics at a given successional stage (Figure 1C). The P dynamics pattern of SD was completely
different from that of D, d and SE at each successional stage, i.e., P was generally immobilized in
SD while all other litter treatments showed P released across successional stages. The community
mixture showed neutral P dynamics at early stage but P release at middle and late stages. There
was no significant difference in P release between dominants and community litter mixtures at
middle and late stages (Figure 1C).

Figure 1. Decomposition rate k, nitrogen and phosphorus dynamics of litters across dominant and subordinate species
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and the community-level litter mixture along a chronological sequence (early to late succession) in subtropical China. The
letters along the X-axis represent functional groups (dominance status) and/or litter types. The lower case letters at each
bar indicate significant differences in k or nutrient release rate across litter types at a given succession stage.

Observed versus expected litter decomposition patterns for community-level litter mixtures

The CWMs of k for the dominants could predict community-level litter k at early and middle
succession stages without significant deviation, but the observed value was significantly higher
than the expected at late stage (Figure 2A). When adding SE to the expectation for middle stage
(Figure 2B), this deviation became still more pronounced and significant. In contrast,
cumulatively adding SD to the expectation caused strong convergence of expected and observed
community-level litter k, to the extent that there was no longer any significant difference between
expected and observed values across successional stages (Figure 2C).

The observed N dynamic changed from immobilization at early stage to increasing release at the
subsequent two stages so that observations for CWMD, CWMD+SE, and CWMD+SE+SD were drastically
and significantly lower than expectations at early stage (Figure 2D, E, F). In contrast, there was no
difference between expected and observed values at middle stage (Figure 2D, E, F). For late stage,
the observation for CWMD+SE+SD was significantly higher than expectation, while there was no
deviation of the CWMD or CWMD+SE, and observations (Figure 2D, E, F).

The pattern for P release broadly followed that for N release, even though, overall, observed P
showed neutral dynamics or release and no immobilization. In early stage the observed values for
community-level P dynamics were much higher (and showed strong P release) compared to the
expected values based on CWMD, CWMD+SE, and CWMD+SE+SD, respectively (Figure 2G, H, I). In
contrast, the observed values did not deviate significantly from expectations at middle and late
stages (Figure 2G, H, I).
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Figure 2. Expected versus observed community litter decomposition and nutrient release rates. Expected community
litter mixture was determined by using CWM of the dominants (CWMD: A, D and G), the dominants plus evergreen
subordinates (CWMD+SE; B, E and H), and the dominants plus evergreen and deciduous subordinates (CWMD+SE+SD; C, F and
I), respectively. Asterisks indicate that the expectation is significantly different from the observation in k or nutrient
release at the same succession stage. Note: *** p <0.001, ** p <0.01, * p <0.05, ns: no significant difference.

Relative contribution of dominants and subordinates to community-level litter decomposition

The linear mixed model revealed that dominants, subordinate evergreens and subordinate
deciduous species all had significant but different contributions (in terms of effect size) to
community-level k across succession stages (Figure 3). Specifically, at early stage, D and SD jointly
explained 73% of the variance in community-level k, and the contribution of the CWMD and the
CWMSD was 35% and 7%, respectively (Table 1). Species explained 5% of the variation in
community-level k at early stage (Figure 3, Table 1).

At middle stage, the joint explanatory power of CWMD, CWMSE and CWMSD for the
community-level k was 79%, the contribution of CWMD was the largest (33%), followed by
CWMSD (21%) and CWMSE (10%) (Figure 3, Table 1). Species explained an additional 2%.

At late stage, the joint explanatory power of CWMD and CWMSD for the community-level k was
52%, while species explained an additional 15% (Figure 3, Table 1). Among dominance status
treatments, CWMD made the highest contribution to variance in community-level k (31%) while
CWMSD explained 15 % (Table 1).

In addition, the mixed effect models showed that there were non-significant overall effects of
CWMD, CWMSE and CWMSD on N and P release rates of community litter mixture as detailed in
Table S3.
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Figure 3. Effect sizes of CWMD, CWMSE and CWMSD on community litter mixture decomposition rate k across three
succession stages. The black dots represent the magnitude and direction of the fixed effect factors, which are obtained
from the slope and standard error of the fixed factors in the linear mixed model. The fixed effects and overall
interpretation of the model are represented by R2. R2m, marginal R2; R2c, conditional R2.

Table 1. Results of the linear-mixed models for community-level litter mixture decomposition rate

Stage Random effect Fixed effect

Factors Variance SD
R2random
effect Factors Estimate SE df

T
value P

R2fixed
effect

Early
R2m=0.73 Species 7.04×10-7 9.03×10-4 0.05 CWMD 1.60×10-3 6.79×10-4 96.34 2.35 <0.05 0.35
R2c=0.78 CWMSD 1.63×10-3 5.12×10-4 95.88 3.15 <0.01 0.07
Mid
R2m=0.79 Species 1.87×10-6 1.37×10-3 0.02 CWMD 3.75×10-3 5.77×10-4 98.87 6.50 <0.001 0.33
R2c=0.81 CWMSE 2.06×10-3 5.64×10-4 98.76 3.64 <0.001 0.10

CWMSD 3.01×10-3 5.93×10-4 97.75 5.09 <0.001 0.21
Late
R2m=0.52 Species 9.45×10-7 3.07×10-4 0.15 CWMD 4.18×10-3 7.54×10-4 95.44 5.55 <0.001 0.31
R2c=0.67 CWMSD 2.91×10-3 5.15×10-4 94.23 5.65 <0.001 0.15

Note: R2m, marginal; R2c, conditional. R2random effect (=R2c - R2m) is the explanation power of the species, R2fixed effect is the
explanation power of each fixed factor and R2m is the total explanation power of the fixed effect at a given successional
stage, respectively.

Discussion

Our analytical approach to partitioning the contributions of dominant and subordinate species to
litter layer decomposition processes has revealed how explicitly accounting for leaf litter from
deciduous subordinates in an evergreen (forest) world can be critical for understanding overall
carbon cycling. Indeed, our study has demonstrated that subordinate deciduous trees, together
accounting for less than 10% of litterfall mass but being very different in their litter chemistry
and structure, make a non-negligible contribution to community-level decomposition rates, as
demonstrated by 7%, 21% and 15% of the total variation for early, middle and late successional
stage, respectively. This result is consistent with our hypothesis and provides some support that
“being different” is important for the relative influence of subordinates in the overall forest-level
decomposition rate. Below we will discuss these findings, and their limitations, in the global
ecological context of the previous literature, specifically for the roles of subordinates in ecological
functions.
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Contrasting roles of deciduous and evergreen species in leaf litter decomposition

Evergreen and deciduous plants have different initial status, generally, evergreens adopting
conservative strategies with low nutrient concentrations, and deciduous adopting acquisitive
strategies with high nutrient concentrations in leaves (Wright et al. 2004). Therefore, evergreen
and deciduous species play different roles in the decomposition process due to their contrasting
nutritional traits in environments differing in availability of N and P (Aerts & Chapin 2000). In
subtropical China, the leaf litter P concentrations in deciduous species were found to be higher
than those in evergreens (Table S4, see also Huang et al. 2007). As there was no obvious
difference in leaf litter N concentrations between evergreens and deciduous species, the N/P
ratio of deciduous species was lower than that in the evergreens, but only at the middle and late
successional stages (Table S4). The magnitudes of these ratios suggest that evergreen species
show strong P limitation in leaf litter decomposition. Moreover, the P concentrations and N/P
ratio of community litter mixtures increased stepwise from early to late succession stages. This
phenomenon indicates a N/P stoichiometric shift towards P limitation of microbial
decomposition in community-level litter mixture through forest succession; and the degree of P
limitation in decomposition of evergreen species is stronger than that of community-level litter
decomposition. This mechanism thus explains why there is higher expected than observed P
release at early successional stage and that these effects are lost at middle and late successional
stages due to greater P limitation (Figure 2). Interestingly, our results obtained in a subtropical
forest chronosequence are consistent with those found in other ecosystems where stoichiometric
relationships especially for P limitation in litter decomposition play a vital role in plant-soil
feedback via microbial activity (Fanin et al. 2011; Hättenschwiler et al. 2011; Makkonen et al.
2012; Fanin et al. 2013).

In addition to N and P stoichiometry, deciduous species had consistently somewhat higher leaf
water content than evergreen species, although only significantly so across species at the late
successional stage (Table S4). Across three successional stages, leaf water content in community
litter mixtures was broadly greater than either deciduous or evergreen species although, again,
only significantly so across species at the late successional stage. These patterns together suggest
that mixing deciduous with evergreens can mechanistically increase leaf litter moisture through a
direct complementarity effect of leaf water content. As such, deciduous species may play an
important role in maintaining the high moisture of the litter mixture, thereby promoting
microbial activity in litter decomposition (Makkonen et al. 2013; Santonja et al. 2015).

Effect of subordinates with contrasting traits on litter decomposition rate

Notwithstanding the key role for the dominants in community-level litter decomposition rate in
our study, as in many previous studies (see Introduction), our results have demonstrated that
trait dissimilarity, particularly for leaf nutritional traits between subordinate and dominant
species, affects the predictive power of community-level litter decomposition rate. However, the
relative importance of subordinates varied greatly from community to community along a forest
succession sequence. The contribution of - especially deciduous - subordinates to
evergreen-dominated community-level decomposition was negligible for the earlier successional
forest but substantial for the middle and late stage of forest succession. The pattern was opposite
for N and P release or immobilization during decomposition: only in the earlier successional
stage did community-level nutrient dynamics deviate from predictions based on the dominants
only. Still, in spite of these inconsistencies the role of subordinates in our study is strong enough
to invite further research in this field. To guide such research, we propose a conceptual diagram
visually representing the hypothesis that the importance of subordinates to ecosystem function is
mainly reflected in the trait differences between the subordinates and the dominant species
(Figure 4A); as this difference becomes greater, the deviation between observed community level
decomposition rate and that based on the dominants-only should increase. In addition, the
abundance of the subordinates (on a scale from just above zero to max. 10 % of abundance/cover
of the entire community) should also affect their relative importance (Figure 4A). In our study we
found some empirical support for this concept, but only convincingly so for leaf litter phosphorus
(Figure 4B; and to a lesser degree litter N/P, not shown here), which differed strongly and
consistently between evergreen and deciduous species (see below). Thus, the non-negligible role
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of deciduous subordinates in EBLFs can be explained from two aspects. First, with an increase in
the dissimilarity in leaf phosphorus concentration between subordinates and dominates, the
deviation of predictive power of decomposition rate (k) between CWMD (less accurate) and
CWMD+S (more accurate) increases. Second, with increased abundance of deciduous subordinates,
this deviation between CWMD and CWMD+S also shows an increasing trend (Figure 4B, SE:
F=29.30, p <0.01, SD: F=1.50, p >0.05). It is important to note that our findings for the difference
in litter N content or moisture content between evergreens and deciduous species did not
support our conceptual diagram (not shown here), perhaps partly because these differences were
smaller and less consistent than for litter P. Still, our concept may help to test and interpret the
role of subordinates in litter decomposition in other ecosystems in the world; and perhaps also in
processes other than decomposition.

Figure 4. (A) Conceptual diagram showing how subordinates become more important for predicting community-level
liter decomposition rate (k) as their litter becomes more dissimilar from that of the dominants. When dominant and
subordinate species are similar in trait value, the community weighted mean k of the dominants (CWMD) should predict
community-level k well (i.e., zero difference between predictive value of CWMD+S versus CWMD). This could hypothetically
be the case if both the dominants (D) and the subordinates (SE) are evergreen. As the trait dissimilarity increases, e.g.,
when D is evergreen but subordinates (SD) deciduous, CWMD loses its predictive power of community k and the
predictive power of CWMD+S and CWMD and diverges more and more, i.e., CWMD+S becomes an increasingly better
predictor of community k. This conceptual diagram also shows that the relative abundance of subordinate species
(represented by arrows) may affect the degree of divergence CWMD and CWMD+S based k predictions. (B) We used our
dataset to provide the first test of the conceptual diagram, showing a significant positive relationship between leaf
phosphorus dissimilarity of dominant and subordinate and divergence of k predictions based on CWMD+S versus CWMD.
The modeled percentages abundance of subordinates represented the actual abundances in our study. We then added
20% to the actual abundance of subordinate species (both for SE and SD) and decreased it by 20% of the actual
abundance, respectively (ensuring that the abundance of subordinate species was less than 10% of the entire
community).

Altogether, our results suggest that the “biomass ratio hypothesis” does not always accurately
predict the relative effects of coexisting species on community- and ecosystem-level litter
decomposition and nutrient dynamics, especially when dominant and subordinate species have
strongly contrasting values for the traits that matter most for the process studied. In such cases
inferring biogeochemical cycling rates from the rates of the dominants may lead to inaccurate
conclusions about community- or ecosystem-level decomposition and nutrient turnover rates.
This finding is consistent with several previous studies that have shown a significant effect of
subordinates on ecosystem process in experiments with subordinates removal (Peltzer et al.
2009; Butchart et al. 2010; Hedde et al. 2010; Mariotte et al. 2013; Mouillot et al. 2013; Le
Bagousse-Pinguet et al. 2019). In our study, deciduous species featured in an evergreen (forest)
world as subordinates, but they still played a significant role in the community-level
decomposition processes due to their large trait difference (specifically for litter P and N/P)
compared to evergreen species. This role was evident for the middle and late succession stages of
the forest, as hypothesized, but not for the early stage. The ecological mechanism underlying this
phenomenon might be attributable to niche complementarity within community-level litter
mixtures (Hättenschwiler et al. 2014). In our study, niche complementarity played a likely role in
promoting the effects of (deciduous) subordinates in (evergreen-dominated) community litter
mixture on decomposition and this role is most likely associated with the nutrient transfer
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process in evergreen-deciduous mixed leaf litters. Evergreens initially had a higher N/P ratio and
lower P concentrations than deciduous litters (especially for middle and late successional stages)
(Table S4), suggesting that litter decomposition of evergreens is P-limited. Indeed, when two
types of leaf litters are combined, the P released from deciduous offsets the P limitation of
decomposition in community-level litter mixture somewhat. A previous study showed that the
presence of subordinate plant species modified soil microbial communities, which in turn led to a
decrease of litter decomposition and a consequent reduction in soil nutrient availability (Mariotte
et al. 2013). In contrast, our research showed that from early to late succession stage, the
decomposition rate increased and the dynamics of nutrients shifted from immobilization to
release. When the limited nutrients (especially P) get mixed in litters, they may be transfered
from litter species to litter species and microbial facilitation between evergreens and deciduous
would theoretically have the strongest positive effect on litter decomposition as succession
progresses (Guo et al. 2019).

In conclusion, based on a field decomposition experiment across a chronological sequence in
subtropical evergreen broad-leaved forest in eastern China, this study provides empirical
evidence for a non-negligible role of subordinate deciduous species in driving community-level
litter mixture decomposition. In spite of inconsistencies between forest types, our results partly
support the notion that subordinates with relatively low abundance but strongly contrasting
traits compared to dominants can significantly affect key ecosystem processes. This study
highlights the importance of “being different” for subordinate deciduous within an evergreen
world for shaping carbon and nutrient dynamics. We believe that our findings for Chinese
subtropical forests also have important implications for understanding the role of subordinates in
litter carbon and nutrient dynamics in other climate zones and ecosystems in the world.

We argue that community and/or ecosystem ecology would benefit from more attention being
paid to subordinates for better understanding the relationships between biodiversity and
ecosystem function in the contexts of land-use and global climate changes. Our proposed
conceptual model (Figure 4) may provide a broadly applicable approach for a standardized way
to analyze and interpret results from such investigations.
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Supplementary Materials

Figure S1. Species rank according to the importance value (based on the relative proportion of basal area of species in
communities) at early, middle and late successional stages. Note: the relative proportions of basal area of each species
were calculated at the scale of 20 m × 20 m (plot size).
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Table S1. Characteristics of selected species across succession stages in evergreen broad-leaved forests in Tiantong
National Forest Park, East China. IV, importance value based on litter mass fraction

Succession

stage

Dominant and

sub-dominant

species

Subordinates Leaf habit Community

mass fraction

(%)

Species

IV

rank

Early Pinus massoniana Evergreen 29.17 1

Schima superba Evergreen 26.35 2

Quercus fabri Deciduous 1.34 23

Castanea seguinii Deciduous 0.21 40

Mid Schima superba Evergreen 60.84 1

Pinus massoniana Evergreen 13.25 2

Castanopsis

fargesii

Evergreen 9.05 12

Liquidambar

formosana

Deciduous 6.13 24

Acer olivaceum Deciduous 3.28 36

Late Castanopsis fargesii Evergreen 60.02 1

Schima superba Evergreen 15.25 2

Liquidambar

formosana

Deciduous 7.68 4

Sassafras tzumu Deciduous 4.98 17

Table S2. Initial litter mass of litter bags for single-species and litter mixture treatments across succession stages

Types Treatment Species Mass (g)

Early

D Evergreen co-dominant Pinus massoniana 5

D Evergreen co-dominant Schima superba 5

SD Deciduous subordinate Quercus fabri 5

SD Deciduous subordinate Castanea seguinii 5

M Community litter mixture -------------------- 10

Mid

D Evergreen dominant Schima superba 5

d Evergreen sub-dominant Pinus massoniana 5

SE Evergreen subordinate Castanopsis fargesii 5

SD Deciduous subordinate Liquidambar

formosana

5

SD Deciduous subordinate Acer olivaceum 5

M Community litter mixture -------------------- 10

Late

D Evergreen dominant Castanopsis fargesii 5

d Evergreen sub-dominant Schima superba 5

SD Deciduous subordinate Liquidambar

formosana

5

SD Deciduous subordinate Sassafras tzumu 5

M Community litter mixture -------------------- 10
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Table S3. Results of the linear-mixed models for the nutrient release rates of the community litter mixture decomposition
N
(%) Stage Random effect Fixed effect

Early Factors Variance SD
R2random
effect Factors

Estima
te SE df T value P

R2fixed
effect

R2m=0.29 Species 34.23 10.05 0.01 CWMD 27.78 8.73 99 3.18 <0.05 0.23
R2c=0.30 CWMSD -2.58 8.02 99 -0.32 0.74 0.002
Mid
R2m=0.05 Species 29.37 12.12 0.001 CWMD 1.49 8.86 96 0.17 0.86 0.001
R2c=0.051 CWMSE 0.96 9.04 96 0.11 0.92 0.00

CWMSD -9.33 9.63 96 -0.97 0.34 0.04
Late
R2m=0.08 Species 9.45 13.07 0.24 CWMD -3.10 4.22 99.55 -0.74 0.47 0.02

R2c=0.32 CWMSD -0.63 7.91 98.64 -0.14 0.89
0.0000
6

P
(%) Stage Random effect Fixed effect

Early Factors Variance SD
R2random
effect Factors

Estima
te SE df T value P

R2fixed
effect

R2m=0.15 Species 153.1 12.38 0.13 CWMD 10.59 5.85 98.73 1.81 0.08 0.11
R2c=0.28 CWMSD 2.61 5.21 99.39 0.50 0.62 0.007
Mid
R2m=0.09 Species 148.45 19.18 0.001 CWMD 3.94 4.45 96 0.88 0.38 0.02
R2c=0.091 CWMSE 5.06 4.44 96 1.14 0.26 0.04

CWMSD 4.63 4.45 96 1.04 0.31 0.03
Late
R2m=0.06 Species 151.6 12.31 0.31 CWMD -2.26 2.98 96.55 -0.76 0.45 0.01
R2c=0.37 CWMSD 5.07 4.30 94.84 1.18 0.25 0.07
Note: R2m, marginal; R2c, conditional. R2random effect (=R2c - R2m) is the explanation power of the species R2fixed effect is the
explanation power of each fixed factor and R2m is the total explanation power of the fixed effect at a given successional
stage, respectively.

Table S4. Mean(±SE) values of litter quality in terms of nutritional and water-storing traits among species across
succession stages. The capital case letters indicate significant differences in nitrogen (N), phosphorus (P), N:P and leaf
water content of community litter mixture across succession stages. The lower case letters indicate significant differences
in nitrogen (N), phosphorus (P), N:P and leaf water content across litter types at a given succession stage.

Stages Leaf habit Litter type N (mg·g-1) P (mg·g-1) N:P
Leaf water

content (%)

Early

Evergreen Pinus massoniana 3.55±0.38 bc 0.33±0.04 c 10.76±1.95 b 0.10±0.01b

Evergreen Schima superba 4.30±1.60 bc 0.39±0.05 c 11.03±1.84 b 0.12±0.01 ab

Deciduous Quercus fabri 5.56±0.12 b 0.53±0.09 ab 10.49±1.58 b 0.12±0.02 ab

Deciduous Castanea seguinii 9.97±0.68 a 0.64±0.09 a 15.57±2.60 a 0.12±0.02 ab

Community litter mixture 3.23±0.40 cB 0.41±0.01 bcB 7.88±4.03 bB 0.18±0.05 aA

Mid

Evergreen Schima superba 6.56±1.43 b 0.24±0.04 b 27.33±5.10 a 0.13±0.01 c

Evergreen Pinus massoniana 3.73±1.18 b 0.39±0.09 ab 9.56±3.05 b 0.09±0.01 bc

Evergreen Castanopsis fargesii 12.88±2.53 a 0.47±0.04 ab 27.40±7.55 a 0.12±0.02 bc

Deciduous Liquidambar formosana 7.07±2.04 b 0.69±0.02 a 10.25±2.36 b 0.16±0.02 ab

Deciduous Acer olivaceum 6.33±1.40 b 0.54±0.04 ab 11.72±2.89 b 0.15±0.01 ab

Community litter mixture 6.46±1.41 bB 0.48±0.06 abB 13.46±5.10 aA 0.19±0.03 aA

Late

Evergreen Castanopsis fargesii 11.39±2.55 a 0.37±0.33 b 30.78±5.44 a 0.12±0.02 c

Evergreen Schima superba 7.95±1.03 a 0.34±0.07 b 23.38±2.68 ab 0.11±0.01 c

Deciduous Liquidambar formosana 7.88±1.09 a 0.65±0.04 ab 12.12±2.45 c 0.16±0.01 b
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Deciduous Sassafras tzumu 9.21±1.07 a 0.64±0.03 ab 14.39±4.05 bc 0.17±0.01 b

Community litter mixture 10.87±2.48 aA 0.78±0.07 aA 13.94±5.43 bcA 0.22±0.06 aA
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Abstract

Litter quality and decomposers are critical to carbon and nutrient cycling through litter
decomposition. However, how relationships between litter quality and invertebrate detritivores
change litter mass loss through time is poorly known. Species’ initial leaf litter quality, as a legacy
of their position on the “leaf economics spectrum” (LES), may determine the invertebrate
contribution to litter mass loss. This contribution may change through time, as both population
peaks of invertebrate detritivores and litter quality of given species will change through time.

Here we introduce invertebrate phenology into a conceptual model of drivers of litter mass loss.
We hypothesized that in the early decomposition period, LES can predict litter decomposability
with or without a strong invertebrate contribution, i.e., litter with higher nutrient content would
decompose faster. But in the later decomposition period, when higher quality litter will already
have decomposed too much and lower quality litters have still been less degraded, a strong
invertebrate peak would coincide with relatively more consumption of initially lower quality
litters; this would lead to a hump-back relationship between leaf litter mass loss and initial LES
position in this period.

We tested our hypothesis through a one-year field decomposition experiment using leaf litter of
41 woody species in each of two sites in subtropical forest in China; only one of these sites had a
strong late peak of leaf litter-feeding moth larvae in the litter layer.

LES score of litter species had a positive linear relationship with litter mass loss before the key
invertebrate consumer peaks in the litter layer. However, with the invertebrates peaking later into
the decomposition process, the invertebrate consumption peaked at initially lower quality litters,
which altered the species’ decomposability trajectory on the LES, consistent with the
hypothesized hump-back relationship between leaf litter mass loss and LES. This phenomenon
resulted in a strongly reduced slope of cumulative mass loss on initial LES score across species.

Our finding highlights the importance of considering interactions between the timing of
detritivore activities and the timing of litter quality for better understanding the relationships
between soil animals and ecosystem carbon and nutrient cycling.
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Introduction

Plant litter decomposition is an important process of carbon and nutrient cycling in terrestrial
ecosystems, as it provides the nutrients for plant growth and energy for microbial activity (Swift
et al. 2010). Substrate quality, (microbial and invertebrate) decomposer community composition
and climatic factors are the three fundamental drivers of decomposition (Smith & Bradford 2003;
Coleman et al. 2004). Due to the complex interactions among these drivers (Wall et al. 2008; Fujii
et al. 2016), their relative contributions to litter decomposition rates are still unclear. At global
scale, climate and substrate quality contribute more than 57% to variation in leaf litter
decomposition (Berg et al. 1993; Aerts 1997), while invertebrate fauna contribute on average
27% to decomposition not only by altering litter microbial decomposition, but through an overall
contribution to mass loss including consumption and potential indirect effects on the
composition and activity of the microbial community (García-Palacios et al. 2013). However,
within a given climatic region, how litter quality and decomposers, including invertebrate
detritivores, interactively drive litter decomposition remains for discussion. To make progress
towards answering this question, it may be helpful to make an explicit bridge between
interspecific variation in leaf functional traits and litter quality.

The leaf economics spectrum (LES) integrates a suite of functional traits associated with
acquisitive versus conservative resource use strategies of different plant species (Wright et al.
2004). The afterlife legacy of these traits determines the leaf litter quality that controls litter
decomposability (Cornelissen et al. 2004; Santiago 2007; Fortunel et al. 2009; Freschet et al.
2012). Faster decomposition rates are often associated with lower lignin concentration (Swift et
al. 1979) and dry matter content (Kazakou et al. 2006; Fortunel et al. 2009) and high nutrient and
labile carbon concentrations (Bosatta & Staaf 1982; Cornwell et al. 2008), and these traits are the
legacy of the resource acquisitive strategy of the living leaves. In contrast, litter derived from
green leaves underpinning a conservative strategy usually has recalcitrant structure with low
specific leaf area (SLA), high dry matter content and lignin and low nutrient concentrations
(Cornelissen 1996; Cornwell et al. 2008; Freschet et al. 2012). As for decomposers, besides
microbial abundance, composition and activity (Wardle et al. 2004; Bradford et al. 2016),
invertebrate detritivores are also important drivers of decomposition. Invertebrates mediate the
effects of the abiotic environment and litter traits on decomposition efficiency via microbial
grazing and litter fragmentation (Wardle et al. 2004; David 2014; Frouz et al. 2015b). Moreover,
they directly accelerate litter mass loss and nutrient transformations by consuming leaf litters
(Seastedt & Crossley 1980; Joly et al. 2018). However, the relationships between litter quality and
invertebrate detritivores effect are still unclear (e.g., Frouz et al. 2015a; Fujii et al. 2016; Coq et al.
2018) and we know even less about how they change through time during the decomposition
process.

While the majority of studies on the direction and extent of the invertebrate detritivores’ effect
reported that litter mass loss was significant enhanced by soil animal activity (Hättenschwiler &
Gasser 2005; Araujo & Austin 2012; Castanho & Oliveira 2012; García-Palacios et al. 2013), the
literature has reported different responses of litter mass loss to soil animals as dependent on
litter trait differences (Smith & Bradford 2003). For example, some studies showed that the soil
animal effect is stronger in species with more recalcitrant litter compared with easily
decomposing litters (Yang & Chen 2009; Riutta et al. 2012), while other studies concluded that
the soil animal effect is stronger in higher quality litter (Schädler & Brandl 2005; Fujii et al. 2016;
Fujii et al. 2018) or independent of litter quality (González & Seastedt 2001; Smith & Bradford
2003; Carrillo et al. 2011). Here we argue that one of the reasons for this inconsistency in
previous findings for the soil animal contribution to decomposition as dependent on litter traits is
their lack of consideration of time, i.e., the phenological aspect of the animal contribution to
decomposition. A previous study used a feeding experiment showing how differences in litter
quality among plant species affected the animal (specifically earthworm) performance and fitness
differently across the life history (Steinwandter et al. 2019). However, this study only worked
with the same undecomposed litter repeatedly through time, thereby ignoring the fact that, in
nature, litter quality and invertebrate detritivores abundance change through time
simultaneously. While some invertebrate detritivore taxa (e.g., millipedes and/or slugs) may not
show strong phenological patterns besides inactivity during winter or drought periods, other taxa
such as moths (Lepidoptera) and beetles (Coleoptera) often have a rather fixed life history
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through the seasons, leading to short peaks of larval abundance and associated litter
consumption. The litter quality at the time of the invertebrate detritivores peak is determined
both by their initial quality and its decomposition stage. How the timing of such peaks interacts
with the timing of litter quality of different plant species could influence their litter mass loss
trajectories importantly, with implications for carbon cycling rates, but there is neither theory nor
empirical data in the current literature to make these linkages.

To fill this important research gap, we propose and test a conceptual model, for the first time, by
linking natural temporal patterns in invertebrate detritivores abundance with temporal patterns
in litter quality and litter mass loss rate across plant species. This framework (Figure 1) accounts
for the fact that, for a given set of litter species ranging widely in initial litter quality, the ranking
of the relative invertebrate contributions to mass loss may change over time as dependent on
when the natural abundance peak of a key invertebrate detritivores occurs. Here, for conceptual
simplicity, we divide the decomposition process as driven by invertebrate detritivores and litter
quality interaction into two periods: an early decomposition period versus a later decomposition
period (Figure1). We hypothesized that during the early decomposition period, i.e., after the main
litterfall period for a range of species, the detritivores will preferentially colonize and consume
the litter substrates of high initial quality, i.e., with high values along the LES (Figure 1a). As a
consequence, the positive relationship between the LES and microbial leaf litter mass loss, in the
absence of invertebrate consumers (dashed lines in Figs. 1a, 1b), will be reinforced by the
invertebrate detritivores, thus leading to positive feedback of LES on this relationship
(continuous line in Figure 1b). In case of the late invertebrate peak that matches well into the
decomposition process, this peak will coincide with initially low and medium quality litters (but
less so the lowest quality litters) by degrading enough to have become more palatable. In contrast,
the higher quality litter will already have been decomposed too much and lost too much of its
initial structure and digestible compounds to be of interest to the invertebrate detritivores, while
the lowest quality (i.e., recalcitrant) litters will have remained unpalatable. As a consequence,
there should be a hump-back relationship between invertebrate colonization and consumption
per unit litter mass and initial litter quality across species (Figure 1c). This negative feedback of
invertebrate consumption on the relationship between initial litter quality and decomposition
stage should lead to a hump-back relationship between leaf litter mass loss and LES for the latter
period of the litter mass loss trajectory (Figure 1d). This scenario would reduce the slope of the
cumulative mass loss trajectory against the LES over the entire decomposition period, although
perhaps not for the initially very low quality litters (which would be expected to still be
recalcitrant during the latter period). We test the above conceptual model by explicitly studying
the interactions between time patterns of litter mass loss across species varying in LES (initial
litter quality) and time patterns in the abundance of their invertebrate detritivores. We carried
out a one-year field litter decomposition experiment with 41 woody species, which were
simultaneously incubated in each of two subtropical forests in China. We were in the fortunate
position that one of these two forests had a strong late peak of leaf litter-feeding moth larvae in
the litter layer while the other forest did not have such a peak, providing a reference for
comparison. Thus, a unique feature of this experiment is that we can simultaneously consider
both the natural presence and phenology of the larvae and the time pattern of litter mass loss of
wide-ranging litters.
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Figure 1. Conceptual model hypothesizing how invertebrates’ relative consumption per unit litter mass (at given local
abundance; a, c) and periodic leaf litter mass loss rate (b, d), respectively, as a function of initial litter quality (as
represented by position along the leaf economic spectrum) across multiple plant species, could depend on if and when a
strong peak of invertebrate detritivores occurs. The early (a, b) and later decomposition periods (c, d) after the main
litterfall peak are separated. For calculation of period mass loss rate, mass loss is relative to the mass at the beginning of
each period. See main text for further details

Materials and Methods

Study sites

This study was conducted in two contrasting sites in Zhejiang Province, Eastern China: i)
Tiantong National Forest Park (TT) (29°52′N, 121°39′E), located in the Ningbo coastal area,
which has a subtropical monsoon climate. Mean annual temperature is 16.2 °C, with a January
mean minimum of 4.2 °C and a July mean maximum of 28.1 °C. Mean annual precipitation is 1375
mm. With humid hot summers and dry cool winters, 80% of annual precipitation falls in the wet
season (from April to September) and 20% in the dry season (from October to March). Soils are
mainly red and yellow, with pH ranging from 4.4 to 5.1, and texture is mainly medium to heavy
loam (Yan et al. 2006). The dominant vegetation in the park is subtropical evergreen
broad-leaved forest (EBLF), while ravines and mountain bases are dominated by mixed
evergreen-deciduous broad-leaved forests. Secondary shrubland or young forests are also
common earlier succession stages following the cessation of repeated harvesting ~30 years ago,
especially at the edge of the forest park; these stands are composed of a mixture of deciduous and
evergreen species (details with full species names in Suppl. Mat. Table S1). Acarina (mites) and
Collembola (springtails) are the dominant soil animals (94% of total invertebrate abundance) in
the forest litter layer in TT (Yi et al. 2006). In addition, several species of millipede dominate the
litter fragmenting macro-invertebrate community in this forest. These invertebrates do not have
strong seasonal abundance peaks.

ii) Putuo island (PT) (29°97′N, 121°38′E), located in the Zhoushan archipelago at 6.5 km from
the mainland, which has a marine subtropical monsoon climate. Mean annual temperature is
16 °C, with a January mean minimum of 5.4 °C and an August mean maximum of 27 °C. Mean
annual precipitation is 1358 mm. Annual precipitation falls mostly in summer, followed by spring
and autumn, and is the lowest in winter. The main soil type on the island is sandy clay laterite, the
parent material consisting mostly of coarse-grained granite weathering rocks. The island also
supports taller evergreen broad-leaved forests (EBLF) dominated by Cyclobalanopsis glauca, and
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accompanying species are Lithocarpus glaber, Machilus thunbergii and Eurya japonica. In the
valley and footslope areas, mixed evergreen-deciduous broad-leaved forests are dominant due to
favourable soil fertility and hydrology, and Liquidambar formosana, Quercus acutissima and
Cinnamomum camphora are dominant species (full species names see Supp. Mat. Table S1).
Acarina and Collembola are the most abundant soil animals in the forest litter layer in PT.
Termites, Lepidoptera (moth) larvae, Diptera (fly) larvae and isopods are the main litter
fragmenting invertebrates in this forest. While termites mainly consume the dead branches in the
litter layer, larvae consume more leaf litter than isopods in the forest litter layer, especially
Lepidoptera larvae.

We selected the Pyralidae moth Arippara indicator Walker as the target detritivore to test our
conceptual framework, based on its strongly seasonal phenology (authors’ observation) and its
contrasting occurrence between the two sites: abundant in PT and absent in TT as the contrast
sites. Half of the life cycle of this moth occurs in the litter layer. Old mature larvae pupate in
winter and spring and turn into adults in the litter layer in late May. The first generation of larvae
appears in the litter layer in late May and 3-4 generations are active in the litter layer from late
May to November (Leraut 2013). Larval abundance and biomass peak in autumn, from August, i.e.,
partly before and partly coinciding with the main litter fall period from September through
November. Their numbers remain substantial in early winter (Figure S1), but then their
consumption is probably low owing to lower temperatures and preparation for pupation.

Tree species and sampling

From October to November 2017, we collected leaf samples from 41 important and
representative woody species in TT and PT. The species set included evergreen trees and shrubs,
deciduous trees and shrubs and conifers. From the TT site, 28 tree species were sampled: 6
evergreen trees, 7 evergreen shrubs, 7 deciduous trees, 4 deciduous shrubs and 4 conifers. From
the PT site, 18 tree species were sampled which included 3 evergreen tree, 5 evergreen shrub, 5
deciduous tree, 3 deciduous shrub and 2 conifer tree species. Five species, i.e., Liquidambar
formosana, Cinnamomum camphora, Pinus massoniana, Ficus erecta and Mallotus japonicus were
sampled from both sites in order to compare the effects of environmental conditions on
intraspecific variability in leaf traits and decomposability. Because collection site caused no
difference in litter decomposability in L. formosana, C. camphora and P. massoniana, and there
was no significant effect of intraspecific difference or “home field effect” (Ayres et al. 2009) on
leaf litter mass loss (Figure S4), we treated the same species collected from two sites as one
species, whereas F. erecta and M. japonicus litters respectively collected from two sites were not
significantly different in mass loss, thus treated as one species when analyzing the relationship
between leaf traits and decomposability (Figure S4). In total, 132 individual healthy adult trees
were sampled, i.e., 44 species (including 3 recurrent species) × 3 replications (Table S1). We
collected healthy, non-senesced leaf samples from different canopy positions of each tree. We are
aware that this procedure by-passes natural nutrient resorption and other senescence-related
processes, but based on previous work we expected the cross-species patterns of
decomposability and consumability to invertebrate detritivores to correspond closely between
green-collected leaves and naturally senesced leaf litter (Freschet et al. 2012; Fuji et al. 2016; Zuo
et al. 2018). We will therefore refer to the leaf samples going into the decomposition process as
litter below. All leaf litter samples were air-dried and stored in open paper bags in the laboratory.

Litter decomposition experiment

Similar litter bag decomposition sub-experiments were set up simultaneously at both sites. Prior
to filling the litter bags, leaf litter subsamples from each species were dried at 75°C for 48h and
then weighed for the calculation of initial water content, which was used to calculate the initial
dry mass of the litter bag samples. For the incubation itself, 10g of air-dried leaves were weighed
and sealed into separate nylon litter bags (20cm × 25cm, 1 mm mesh size). For needle-leaf litter
0.5 mm mesh size was used for the bottom part of the litter bag to retain the needles. We
presumed it was unlikely this treatment could substantially affect access to invertebrates or



Chapter IV

53

microclimate in the litterbags. The samples were placed in such a way that the packing density
was broadly similar between the treatments, in order to minimize any effects of litter packing on
decomposition via internal microclimate (e.g., moisture). In total, 1056 litter bags were produced,
i.e., 44 tree species (including 3 repeated species) × 3 replications (plots) × 2 incubation
environments (site) × 4 harvest times.

In order to incubate the litter bags, in November 2017, we established three 20 m × 30 m
replicate plots in PT and TT site, respectively. Plots within each site were chosen to have similar
slope, altitude, soil type and substrate as far as possible, and each plot within a site had a 10 m
buffer strip to minimize interactive effects between samples of different species.

We started litter bag incubation in early January 2018, by which time the larvae in the litter layer
were assumed not to consume much (if any) litter anymore because of low temperatures and
preparation for pupation. The litterbags of each species were placed on the forest floor in their
respective subplots within each of the three replicate plots randomly, and each species’ replicate
had four leaf litter bags in each subplot, i.e., one for each harvest. In order to make sure all litter
bags made good contact with the soil surface, all litter bags were pinned to the soil surface in the
subplots. Litter bags were harvested after 3 months (early April), 6 months (early July), 9 months
(early October), and 12 months (early Jan. 2019). We refer to the corresponding periods as
seasons: spring, summer, autumn and winter, respectively. Note that spring starts early in this
subtropical climate zone.

We collected all litterbags in sealed plastic bags and transported them to the laboratory within a
few hours. There, we carefully removed extraneous materials and soil from the litter materials.
Then, macrofauna (Arippara indicator larvae) were collected by hand from the litter bags first.
After larvae had been extracted, we separated the invertebrates’ faeces and leaf litter materials
from each litter bag, and then cleaned leaf materials with a brush, after that put the leaf materials
and invertebrates faeces into paper bags respectively. All the litter samples were then oven-dried
at 70 °C to a constant mass and weighed (dry mass). Since these moth larvae and their faecal
pellets were not only found in many of the 1 mm mesh litterbags but also in the 0.5 mm mesh
bags of the needle-leaf litters (Figure S2), we conclude that mesh size did not constrain the
moth’s access to any of the litters.

Measurement of the initial litter quality

In order to measure the initial leaf traits relevant to decomposition, random sub-samples of each
litter sample were stored in sealed plastic bags immediately after collection in the field, and kept
cool until being brought back to the laboratory. Within 12 hrs, 20 leaves for each tree were
measured for leaf thickness by a blade thickness gauge, and then scanned using a leaf area meter
(LI-3100C, Li-Cor, USA) to determine the mean leaf area (Pérez-Harguindeguy et al. 2013). The
subsamples were then weighed for fresh mass, and dried at 75 °C in an oven for 48 h to determine
leaf dry mass. These data were then used to calculate SLA and leaf dry matter content (LDMC).

Initial leaves were ground by using a laboratory mill and then passed through a 0.15 mm sieve.
Thereafter, 0.2 g sub-samples were digested using concentrated H2SO4 to determine nitrogen (N)
and phosphorus (P) concentrations on an infrared spectrophotometer (Smartchem 200, Alliance,
France).

Calculation of leaf litter decomposition rate

To test for differences in leaf litter decomposition rates between leaf litter species, litter mass loss
rate % was calculated according to Eqn. 1:

 i f i(Period) Mass loss % = M M /M 100%    (Eqn. 1)

Where Mi and Mf are the initial and final litter dry mass; when calculating the (early or late)



Invertebrate phenology modulates leaf economics spectrum effects

54

period mass loss, Mi is the final litter dry mass of the previous stage and Mf is the final litter dry
mass for this period.

Statistical analysis

To test the effects of tree species and incubation sites on leaf litter mass loss across time, we
performed a two-way repeated measures ANOVA. In order to quantify the main axes of overall
functional trait variation in the different litter species, a principal component analysis (PCA) was
performed. The first axis (PC1), accounting for 47.9% of variance in litter quality, was strongly
related to the contents of leaf N, leaf P and SLA. The second axis (PC2), only related to LDMC and
leaf thickness, accounted for 21.1 % of variance (Figure S3). Because of the relatively high
proportion of variance explained by the first PCA axis, we used the PC1 scores to represent a
synthetic variable incorporating multiple trait variables as an index of the LES in the subsequent
analyses. To evaluate the relationship between litter mass loss % and position along the LES
separately for the two periods (early and late decomposition period), linear regression and
nonlinear regression were used to find the best-fit relationship between mass loss % and the LES.
In order to test the difference of cumulative leaf litter mass loss % between the sites TT and PT at
each harvest time, and because these relationships were found to be linear, slopes between PT
and TT at each harvest were compared by standardized major axis regression (SMA).

The Arippara indicator larvae were found in litter bags of different species in the PT site during
the late decomposition period (9-month and 12-month harvests). To evaluate the effect of the
larval consumption on the leaf litter mass loss in PT, linear regression was used to test the
relationship between litter mass losses and the larval abundance or larval faeces mass for the late
peak. Simultaneously, since we found that the moth abundance differed among the plots within
the Putuo site, linear regression was used to test the relationship between the standard deviation
of mass loss and the larval abundance or larval faeces mass. Non-linear regression was used to
test the relationship between larval abundance or larval faeces mass and the LES.

For mass loss data, we used Levene’s test to examine the homogeneity of variance and
Shapiro-Wilk test for normality. Leaf litter mass loss was ln-transformed to satisfy the
assumption of normality and homogeneity. All statistical analyses were performed in R language
version 3.5.1 (R Core Team 2019), with PCA and SMA regression conducted using ‘vegan’ and
‘smart’ R packages, respectively (Warton et al. 2012; Oksanen et al. 2017).

Results

Seasonal patterns in mass loss of leaf litters between two sites

Species and incubation sites had significant effects on cumulative leaf litter mass loss across four
seasons (species: F=13.95, p<0.001, sites: F=26.75, p<0.001, Table S2). There was no significant
difference in mass loss of leaf litters between sites PT and TT over spring (F=1.89, p>0.05) or
summer (F=0.05, p>0.05), although TT appeared to have slightly higher mass loss values overall
compared to PT in spring (Figure 2a, 2b). However, mass loss was significantly higher in PT than
that in TT over autumn (F=8.24, p<0.01) and winter (F=8.78, p<0.01) (Figure 2c, 2d), especially
the litter mass loss for species positioned at the middle part of the LES (medium and rather low
litter quality) was significantly greater in PT than in TT. Moreover, the variance (i.e., standard
errors) of leaf litter mass loss showed contrasting patterns between the two sites, with that in PT
being significantly higher in autumn and winter than in spring and summer (F= 36.4, p<0.001)
(Figure 2), but with TT having no significant difference in mass loss across seasons (F=1.34,
p>0.05).
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Figure 2. Cumulative leaf litter mass loss of 41 species in Putuo (PT) and Tiantong (TT) over four seasons: spring (early
Jan. - early Apr.), summer (early Apr. - early July), autumn (early Jul - early Oct.) and winter (early Oct. - early Jan.)

Differences in the relationship between leaf litter quality and mass loss in two sites

Interactions of species by incubation sites over four seasons resulted in different patterns of the
period-specific leaf litter mass loss (species × sites × seasons: F=1.69, p<0.05, Table S3). There
was no significant difference in the explanatory power of the LES for the period leaf litter mass
loss between TT and PT during the early decomposition period, i.e., in both sites the period leaf
litter mass loss increased from the conservative end to the acquisitive end of the LES with similar
regression slope and intercept (Figure 3a). In contrast, during the late decomposition period,
there was a significant difference in the relationship of the period mass loss against the LES
between TT and PT (Figure 3b). In PT, there was a hump-back relationship between the LES and
period mass loss, where mass loss peaked at medium and rather low litter quality at the LES. In
TT, there was a slightly negative relationship between absolute mass loss and the LES.
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Figure 3. The relationship between period leaf mass loss and the leaf economics spectrum in Putuo (PT) and Tiantong
(TT) at early (a) versus late (b) litter decomposition period

Interactions among species, incubation sites and seasons also had significant effects on the
cumulative leaf litter mass loss (species × sites × season: F=2.57, p<0.001, Table S2). The
significance of the interactive effects between species and sites on the cumulative leaf litter mass
loss increased as the season progressed (spring: F=1.54, p=0.25; summer: F=0.35, p=0.56;
autumn: F=19.82, p<0.001; winter: F=16.72, p<0.001, Figure 2). The regression relationship
between the cumulative leaf litter mass loss and the LES was largely site- and season-specific
(Figure 4). Remarkably, the regression slope between the cumulative mass loss and the LES was
significantly lower in PT than in TT (p<0.05) in autumn while there was no significant difference
across the other three seasons (Figure 4).

Figure 4. The relationship between cumulative leaf litter mass loss and the leaf economics spectrum in Putuo (PT) and
Tiantong (TT) across harvest seasons
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Effects of invertebrates on leaf litter mass loss

We found substantial numbers of larvae and faecal pellets of the moth Arippara indicator in litter
bags in the PT, while no other macrofauna were observed in litterbags in both TT and PT. Among
the mesofauna only Acarina (mites) and Collembola (springtails) were rather abundant
(averaging between 10 and 20 individuals per litter bag for both taxa). Their abundances were
similar between TT and PT (Figure S5) and these invertebrates are therefore unlikely to influence
the findings for the moth larvae effect on the decomposition trajectories across tree species (see
below). The effect of moth larvae on litter mass loss was observed only in PT during the late
decomposition period. Leaf litter mass loss was positively correlated with larval abundance
(Figure 5a) and there was also significant positive correlation between the standard deviation of
leaf litter mass loss and larval abundance across species (Figure S6a). Similar patterns were
found also for larval faeces mass both with litter mass loss (Figure 5c) and the standard deviation
of leaf litter mass loss (Figure S6b). This variation was likely due to the heterogeneous
distribution of moths between the plots in PT. Moreover, there was a hump-back relationship
between the LES and each of larval abundance (Figure 5b) and larval faeces mass (Figure 5d).

Figure 5. The relationships between leaf litter mass loss and larval abundance (a), between larval abundance and the leaf
economics spectrum (b), between leaf litter mass loss and faeces mass of larval (c), and between faeces mass of larval and
the leaf economics spectrum (d) in Putuo

Discussion

We have presented here the first study which has explicitly addressed the interaction between
time patterns of litter mass loss across species varying in initial litter quality and time patterns in
the abundance of their key invertebrate detritivore. By comparing the mass loss of leaf litter of
the same 41 woody species in two contrasting sites, only one of which had a strong late peak of
leaf litter-feeding moth larvae in the litter layer, we could reveal how important such interactions
can be to in situ mass loss rates. Indeed, our litterbag study has demonstrated that the LES,
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representing plant functional strategy (Wright et al. 2004), can be used as a relevant predictor of
litter mass loss (Freschet et al. 2012) during the initial decomposition period soon after main
litterfall, without strong interference by invertebrate consumers in the litter layer. During this
period, as hypothesized, litter mass loss rates scaled positively and linearly with litter quality as
indicated by N and P content and SLA. However, we found a strong deviation from this
relationship due to a strong invertebrate detritivore peak occurring later into the decomposition
process. Then, the invertebrates reached higher abundance and consumption rates (i.e., larger
faecal biomass) on the initially rather low and medium quality litters. As hypothesized, this
interaction of timing of litter quality and invertebrate phenology altered the ranking of the
species’ litter mass loss rates on the LES, leading to a hump-back relationship between leaf litter
mass loss and the LES during the latter decomposition period. As a result, in the site rich in
decomposing moth larvae the initially steep slope of cumulative litter mass loss against LES
position was significantly reduced in the later period (autumn and winter) compared to that in
the initial period (spring and summer); and also compared to that in the site without these moth
larvae in the later period (Figure 3). Below we will discuss how our findings shed new light on
the non-negligible roles of phenology of the invertebrates and the time pattern of litter mass loss
of wide-ranging litters along the LES, in the global ecological context of the previous literature.
We will also discuss next research steps to be taken in order to further evaluate the field
relevance of such interaction.

Leaf litter quality and its decomposability

Leaf functional traits reflect the species’ resource use strategy for rapid acquisition or
conservation of resources represented by the LES. In our study, corresponding with the literature
(Wright et al. 2004; Reich 2014; Díaz et al. 2016), the acquisitive strategy (high LES values) was
indicated by high SLA, low LDMC and high N and P contents compared to those for the
conservative strategy. As a consequence of these trait differences, acquisitive strategy species’
litter was generally broken down faster than conservative strategy species’ litter (Cornelissen
1996; Cornwell et al. 2008; Freschet et al. 2012; Zuo et al. 2018).

However, litter quality always changes over time in decaying litter (Parton et al. 2007; Wickings et
al. 2012; Parsons et al. 2014) and the rate of this change in terms of specific chemistry and
structure depends on initial litter quality. Specifically, the ratio of easily degradable material
versus recalcitrant forms of carbon in litter decreases during decomposition (Preston et al. 2009).
While the initial chemical composition of litters from different plants varies greatly (see also
Figure S3), after the initial release of the easily degradable material (i.e., nutrients, labile
carbohydrates, and soluble phenols), partly through leaching, the chemical composition of
different litter species tends to converge (Melillo et al. 1989; Preston et al. 2009). This has
consequences for the quality of litter through time as experienced by invertebrate detritivores.
For litters positioned high on the LES in our study, after fast early litter mass loss in spring and
summer (Figure 4a, b), the little that what was left for the late period must have been relatively
high in recalcitrant carbon (i.e., lignin), leading to strongly reduced litter mass loss rates for this
period. Moreover, key to our main finding, this litter residue had become rather unpalatable to
moth larvae, because of loss of structure, unfavorable chemistry or a combination of these. In
contrast, the litters with rather low to intermediate positions on the LES, with lower initial litter
mass loss rates, probably still had favorable structure and had not yet lost most of their nutritious
compounds by the time the later decomposition period started. Moreover, microbial activity
tends to initially immobilize nutrients (i.e., N, P) on recalcitrant litter, and make it more
decomposable during decomposition (Schimel & Hättenschwiler 2007; Handa et al. 2014). These
factors together likely made the relatively recalcitrant litters more palatable to the moth larvae, to
the extent that the mass loss rate of these litters in the later period was faster than those of the
initially high quality litter, but only in the site with the strong peak of moth larvae (Figure 3b).

While these results all support our conceptual framework with at first a linear and subsequently
a humpback pattern for period-specific litter mass loss against LES position (Figure 1), the most
recalcitrant litter does not entirely support our hypothesis of a humpback relationship for
cumulative litter mass loss against LES position at final harvest. The most likely explanation for
this is that the three species on the most recalcitrant side of the LES spectrum consisted of two
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pine (Pinus) species and the angiosperm Casuarina equisetifolia. All three have needle-shape
leaves leading to very low SLA (as leaf area was measured as projected area), which pulled the
LES towards low values. Especially C. equisetifolia was therefore more decomposable in terms of
actual tissue quality (e.g., in terms of N and P content) than suggested by it having the lowest LES
value of all species. This species already had fast litter mass loss in spring and summer (before
the larval peak) both in the sites TT and PT, which also led to high cumulative mass loss in
autumn and winter; this pulled the left side of the regression in PT upward so that an otherwise
slightly humpbacked relationship had moved into a linear one.

Field relevance of interactions of LES, invertebrate phenology and litter phenology on litter mass
loss

Previous studies have shown that invertebrate detritivores can contribute a lot to litter
breakdown and accelerate litter mass loss rate (Seastedt 1984; Meyer et al. 2011; García-Palacios
et al. 2013; Berg & McClaugherty 2014). However, our results have shown that this contribution
can be strongly mediated by phenology. While our experiment has demonstrated the potential
importance of such interaction, we need to discuss to what extent our experiment captures the
natural interactions of litter LES position, litter phenology and invertebrate phenology on litter
mass loss rates in the evergreen broad-leaved forests we studied, given practical limitations of a
litterbag study. Firstly, our experiment broadly captured the natural phenology of leaf litters in
these forests, which generally peaks in autumn, even though for logistic reasons (time needed for
litterbag weighing and filling; the same starting date for all litter species for standardization) the
incubation could not start until early January. Since decomposition was generally very slow in
winter (Oct.-Jan.), as evidenced by comparing Figure 4c and 4d, this delayed start probably did
not interfere much with the natural annual litter mass loss pattern, at least when not considering
the invertebrate contribution at first. Certainly it mostly matched the phenology of the deciduous
species, which shed all their leaves in autumn. For evergreens, there is litterfall both in autumn
and spring, although the main peak in our subtropical forest is also in autumn and early winter
(centered on October) for the majority of species in our study.

For the matching of litter phenology and invertebrate phenology some caveats should be made,
even though our experiments was carried out in situ and with broadly representative timing with
natural phenology. The delayed start of the experiment could have caused some discrepancy of
our experiment with the natural phenological patterns. If the start of the experiment had
matched natural litterfall more closely still, a peak of moth larvae in autumn/winter (see Figure
S1) might have coincided partly with the initial decomposition period. This could have provided
an even more comprehensive test of our conceptual framework. If as hypothesized, at that stage
the moth larvae would have preferred litter species of high quality, i.e., high LES values (Figure
1a), this would have led to enhanced initial litter mass loss of high LES species (Figure 1b). As the
deciduous species in our forest sites tend to shed their leaves somewhat earlier (Sept/Oct.) than
the evergreens (Oct/Nov.), and because deciduous species tend to have high litter quality (i.e., LES
positions), they could have emphasized this effect. If so, this initial interaction of moth larvae and
the LES would have amplified the contrasting litter species ranking of litter mass loss rates
between the early (Figure 1a, 1b) and late decomposition periods (Figure 1c, d). New
experiments should be designed to test how the same invertebrate peak can affect the litter mass
loss ranking across species immediately versus a year after litterfall. Such experiments should
then also take into account the relative abundance of these different litter species in the litter
layer in their subsequent decomposition stages at different times of the year, as determined by
the tree abundance and the exact litterfall phenology of each species.

Additionally, such new experiments should also make sure to use naturally senesced leaf litter
rather than non-senesced “leaf litter” as in the current study (see Methods). Indeed, at this stage
we cannot be certain that nutrient resorption during senescence could not interfere with our
findings for the relationships between initial leaf (litter) quality, timing of invertebrate
detritivores abundance and species rankings of mass loss through time. However, additional
empirical evidence from trees in one the research sites, i.e., TT (Huang et al. 2007), suggests that
this problem would likely been minor, at least for the N contribution. Among mature trees of 29
species green leaf N and leaf litter N were highly correlated in the entire species set (R2=0.78,
p<0.001, Figure S7a) as well as in the subset of 12 species common to our study (R2=0.84, p
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<0.001, Figure S7c). The corresponding relationships between green leaf P and leaf litter P were
less strong (29 species set, R2=0.48, p <0.001, Figure S7b; 12 species subset, R2=0.37, p <0.05,
Figure S7d). Thus, variation in P resorption (but not in N resorption) could in theory slightly alter
the species’ ranking in terms of consumability to the moth larvae; and could thus interfere
somewhat with our relationships between initial leaf (litter) quality, timing of invertebrate
detritivore abundance and ranking of mass loss over time.

While new experiments are needed to give even better matching with the three-way interactions
between species’ scores along the LES, moth larval and litter phenology in the subtropical forests
studied here, our current experiment provides a convincing proof of concept of the occurrence
and substantial magnitude of such interaction. While it is well known that the relative importance
of biotic and abiotic drivers may shift during the decomposition process (García-Palacios et al.
2016), our study is the first to show that this transition may be driven by the combination of
phenology of invertebrates and changing litter quality through the seasons. Several taxa of
invertebrate detritivores such as Lepidoptera and beetles have a rather fixed life history as the
result of evolutionary adaptation or plastic response to temperature regimes and food availability
through the seasons, leading to short peaks of larval abundance and associated litter
consumption. Previous studies have demonstrated that food preferences of invertebrate
detritivores could lead to a stronger positive decomposer animal effect on higher quality litters
(Coq et al. 2010; Fujii et al. 2018), but here we have shown that the ranking of invertebrate effect
on litter mass loss according to initial litter quality may change according to the phenology of the
invertebrates. A worthwhile challenge will be to identify other natural systems, and not only
forest systems, in which this phenological phenomenon also plays a role in carbon and nutrient
cycling.

Conclusions

Our study based on a leaf litterbag decomposition experiment with 41 woody species has
explicitly compared seasonal dynamics of litter mass loss both with and without inclusion of
invertebrate detritivores in subtropical forest in eastern China. We have aimed to capture the
natural temporal patterns of litter mass loss in the field, where the litter quality and invertebrate
detritivores abundance change through time simultaneously. We provide the first conceptual and
empirical evidence of how the timing of invertebrate detritivore peaks interacts with the timing
of litter quality of different plant species varying greatly in initial litter quality along the leaf
economics spectrum. We found that the leaf economics spectrum can predict litter mass loss
rates at early decomposition stage and future study should test whether this pattern would be
amplified in the case of a strong invertebrate contribution. However, with an invertebrate peak
occurring much later, after the early decomposition period as in our study, the initially relatively
low and medium quality litters were decomposed faster than the initially high quality ones, which
led to a hump-back relationship between leaf litter mass loss and LES and negative feedback on
the regression of cumulative mass loss over the LES. This study highlights the importance of
“decomposer animal phenology” for understanding how litter quality, decomposers and their
interaction drive litter mass loss rate and, thereby, carbon and nutrient dynamics. We argue that
plant-soil feedback research would benefit from more attention being paid to phenology for
better understanding the relationships between soil animals and ecosystem carbon and nutrient
cycling.
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Supplementary Materials

Figure S1. Larval abundance in leaf litter bags across species along the harvest sequence in Putuo

Figure S2. Comparison of larval abundance and larval faeces mass between different mesh sizes
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Figure S3. The leaf economics spectrum according to the results of PCA of 5 leaf economics traits across 41 wood plant
species. Different symbols represent different functional groups and each point indicates one species

Figure S4. Comparison of the annual leaf litter mass loss for the same species sampled in both Tiantong (TT) and Putuo
(PT) and incubated in both “at home” and away from their home sites

Figure S5. Comparison of Acarina (mites) and Collembola (springtails) in leaf litter bags between Tiantong (TT) and
Putuo (PT)
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Figure S6. The relationship between standard deviation (Sd) of leaf litter mass loss with each of larval abundance (a) and
larval faeces mass (b) in Putuo

Figure S7. The relationships between green leaf N and P and leaf litter N and P for each of 29 tree species (a, b) and 12
species common to our study (c, d) in Tiantong site

Table S1. Species lists in the leaf litter decomposition experiment in Tiantong (TT) and Putuo (PT)
Family Species Growth

form
Sampling site

Theaceae Schima superba Gardn.et Champ. ET TT
Camellia fraternaHance. ES TT
Eurya loquaiana Dunn. ES TT
Eurya emarginata (Thunb.) Makino ES PT

Symplocaceae Symplocos lancilimbaMerr. ES TT
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Symplocos setchuensis Brand ES PT
Pittosporaceae Pittosporum tobira (Thunb.) Ait. ES PT
Elaeagnaceae Elaeagnus pungens Thunb. ES PT
Fagaceae Lithocarpus glaber (Thunb.) Nakai ET TT

Castanopsis carlesii (Hemsl.) Hay. ET TT
Cyclobalanopsis glauca (Thunb.) Oerst. ET PT
Quercus fabri Hance DT TT

Ericaceae Rhododendron ovatum (Lindl.) Planch. ex Maxim. ES TT
Lauraceae Machilus thunbergii Sieb.et Zucc. ET TT

Cinnamomum camphora (L.) presl ET TT
Cinnamomum camphora (L.) presl ET PT
Sassafras tzumu (Hemsl.) Hemsl. DT TT
Litsea elongata (Wall. ex Nees) Benth. et Hook. f. ES TT
Litsea cubeba (Lour.) Pers. DS TT

Casuarinaceae Casuarina equisetifolia Forst. ET PT
Hamamelidaceae Liquidambar formosanaHance DT TT

Liquidambar formosanaHance DT PT
Loropetalum chinensis (R.Br.) Oliv. ES PT

Magnoliaceae Manglietia insignis (Wall.) Blume ET TT
Taxodiaceae Cunninghamia lanceolata (Lamb.) Hook. CT TT

Metasequoia glyptostroboidesHu et Cheng CT TT
Fabaceae Dalbergia hupeana Hance DT TT

Robinia pseudoacacia Linn. DT PT
Cornaceae Swida wilsoniana (Wanger.) Sojak DT PT
Anacardiaceae Choerospondias axillaris (Roxb.) Burtt et Hill. DT TT

Pistacia chinensis Bunge DT PT
Rhus chinensisMill. DS TT

Ulmaceae Celtis sinensis Pers. DT PT
Styracaceae Alniphyllum fortunei (Hemsl.) Makino DT TT
Aceraceae Acer buergerianumMiq. DT TT
Aquifoliaceae Ilex latifolia Thunb. ES TT
Myrtaceae Syzygium buxifolium Hook. et Arn. ES TT
Moraceae Ficus erecta Thunb. var. beecheyana (Hook. et Arn.) King DS TT

Ficus erecta Thunb. var. beecheyana (Hook. et Arn.) King DS PT
Cudrania tricuspidata (Carr.) Bur. ex Lavallee DS PT

Euphorbiaceae Mallotus japonicus (Thunb.) Muell. Arg. var. floccosus S. M.
Hwang

DS TT

Mallotus japonicus (Thunb.) Muell. Arg. var. floccosus S. M.
Hwang

DS PT

Pinaceae Pinus massoniana Lamb. CT TT
Pinus massoniana Lamb. CT PT
Pseudolarix amabilis (Nelson) Rehd. CT TT
Pinus thunbergii Parl. CT PT

Note: ES: evergreen shrub; ET: evergreen tree; DS: deciduous shrub; DT: deciduous tree; CT: conifer tree.

Table S2. Results of interaction effects among species, incubation site and seasons on the cumulative leaf litter mass loss
Df SS MS F P

Species 45 48284 1073 13.95 <0.001
Site 1 2057 2057 26.75 <0.001
Season 1 62222 62222 716.17 <0.001
Species × site 91 54903 603 1.79 <0.001
Species × season 45 7786 173 1.99 <0.001
Site × season 1 2881 2881 33.16 <0.001
Species × site × season 91 18004 198 2.57 <0.001
Residuals 184 15986 87
Note: Df: Degree of freedom; SS: Sum of square; MS: Mean of square

Table S3. Results of interaction effects among species, incubation site and seasons on the period leaf litter mass loss
Df SS MS F P

Species 45 15365 341 1.33 <0.05
Site 1 4417 4417 17.26 <0.001
Season 1 6773 6773 26.46 <0.001
Species × site 46 18139 394.3 1.053 0.4
Species × season 46 21760 473 1.36 0.09
Site × season 1 11842 11842 37.41 <0.001
Species × site × season 46 19860 432 1.69 <0.05
Residuals 90 23040 256
Note: Df: Degree of freedom; SS: Sum of square; MS: Mean of square
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Abstract

Biodiversity is rapidly declining and this may negatively affect ecosystem processes by
influencing food webs through time. However, how temporal variance in food availability across
plant species, through temporal resource complementarity affects higher trophic levels in detrital
food webs, is a new and important question. Here we argue that time can play an important role
in feedbacks among plant functional diversity, resource availability, prey and predator
populations and litter decomposition rates.

Here we introduce a temporal pattern into a conceptual model of the positive feedback of (dead
wood-feeding) termite and (termite-feeding) pangolin populations and forest wood
decomposition. We hypothesized that tree functional diversity (in terms of a wood resource
economic spectrum, WES) supports a threatened pangolin population through maintaining
termite populations via complementary basal food resources supplied through time.
Simultaneously, the consumption of dead wood by termites was hypothesized to sustain dead
wood turnover in a functionally diverse forest by the same temporal mechanism of changing
wood quality over time. And termite predation by pangolins might constrain the termite
population size, thereby indirectly reducing forest-scale wood decomposition rate and enhancing
its carbon storage.

We tested our hypothesis through an 18-month termite-exclusion decomposition experiment by
incubating coarse (i.e. 5 cm diameter) deadwood of 34 woody species in two subtropical forests
in East China. One site sustained a healthy pangolin population thanks to effective conservation
and isolation from the mainland, while another had lost its pangolin due to hunting and illegal
wildlife trade.

We found that there was a positive linear relationship of % wood mass loss as a function of initial
wood quality (WES) both with and without termites in the first 6 months and in the period
between 6 and 12 months of incubation. Moreover, termite presence increased the slope of this
relationship in both sites. In contrast, in the period between 12 and the 18 months, the termite
abundance and consumption peaked at initially medium quality litters in one of the sites, thereby
increasing mass loss of these litters in a humpback relation with the WES. This shift in termite
preference of dead wood species along the WES pointed to complementary food availability to
termites through time, thereby promoting both termite and pangolin populations. These findings
broadly supported our concept.

Our finding indicates that, while top-down and bottom-up forces controlled termites
simultaneously, it was ultimately likely tree functional diversity, through wood traits, that could
help to sustain pangolins as the top predator as well as, forest carbon turnover through time.
Further study is needed to test whether and how our concept may apply to other detrital systems
and food webs. In general, food web research would benefit from a stronger focus on temporal
patterns for better understanding the interactions of basal resource functional diversity, prey and
predators on ecosystem function.
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Introduction

Biodiversity is dramatically declining as a result of habitat loss, unsustainable hunting and fishing
practice and climate change (IP-BES Report 2019), and this may negatively affect ecosystem
processes and functions. Much research on terrestrial plant biodiversity has focused on how the
loss of plant species or functional groups affects primary productivity (Hector et al. 1999; Hooper
& Dukes 2004; Balvanera et al. 2006; Fargione et al. 2007), nutrient cycling and carbon flux
(Hooper & Vitousek 1998; Hättenschwiler 2005; Handa et al. 2014), e.g. through niche
complementarity of plants or microbes. Within this biodiversity-ecosystem function debate, the
emphasis has shifted from effects of taxonomic diversity or different coarse functional
groups/growth forms to effects of continuous variation and diversity in functional traits at the
species level (Violle et al. 2007), i.e. functional diversity (Díaz et al. 2007; Handa et al. 2014).
However, this recent body of investigation has hardly addressed one key aspect of how
biodiversity affects ecosystem functions and services, i.e. via multi-trophic interactions (but see
Bascompte et al. 2003). Species loss at producer level, i.e. plants, may also affect other trophic
levels, i.e. their associated consumers and their predators, and lead to changes in multi-trophic
interactions in food webs of ecosystems (Scherber et al. 2010). Those interactions are often hard
to unravel, because, on the one hand, there may be “top down control” by which predators control
the prey population thereby affecting energy and nutrient flows in food webs (Srivastava et al.
2009); while on the other hand, the quality and availability of plant-based resources affect the
population dynamics of consumers and their predators in ecosystems through “bottom up control”
(Haddad et al. 2009; Scherber et al. 2010). Moreover, multi-trophic interactions might be
particularly important if key-stone species of consumers or predators are involved, as ecosystems
might be vulnerable to environmental changes that interfere with the populations of key-stone
species.

Plant functional diversity, via resource complementarity of functionally different species, has
been predicted to be positively linked to the regulation of the availability of basal food resources
for consumers, which as prey can promote the resource availability to the next trophic level up. A
recent study has shown that highly mixed plant communities can sustain sufficiently high prey
populations to support high predator density (Thakur & Eisenhauer 2015), indicating that plant
functional diversity can lead to proportional “bottom-up” promotion of populations at
subsequent higher trophic levels. However, an important aspect of natural plant communities is
that the resource supply by plants, both in terms of food quantity and quality might change over
time. Such changes could be a consequence of interspecific variation in plant phenology in the
consumer food web or in changes in dead matter quantity and quality in the detritivore food web.
There are some evidences that green (plant) food webs can be structured by environmental
changes at different time scales, e.g., seasonal, inter-annual, decadal (Voigt et al. 2003; McMeans
et al. 2015). However, to our knowledge no previous studies have addressed how temporal
variance in food availability across plant species could lead to temporal resource
complementarity to higher trophic levels in brown (detritivore) food webs. Such temporal
variance in food availability could occur, for instance, in dead wood of tree species of different
initial trait composition and decomposing at different rates. In addition, in the opposite direction,
higher predator densities can suppress populations of prey “top down”, which can induce
interactive effects, or feedbacks, between predator densities and plant functional diversity on
prey populations (Haddad et al. 2011; Scherber et al. 2010). Such multitrophic feedbacks could
also be affected by temporal variance (including complementarity) in quantity or quality of food
supply, with potentially important consequences for ecosystem processes such as the carbon
turnover of dead plant matter. However, to our knowledge there have not been any theoretical or
empirical studies to test this hypothesis.

Here we propose and test this hypothesis in an intriguing study system that provides a highly
novel context for linkages between functional diversity and trophic interactions, with important
implications both for forest carbon cycling as well as for vertebrate conservation: trophic
feedbacks between tree functional diversity in warm-climate forests, the dynamic resource (trait)
diversity in the coarse dead wood derived from them, termites as their key-stone consumers and
pangolins as the key-stone predators of the termites (Figure 1). Pangolins are among the most
endangered mammals in the world owing to poaching and illegal trafficking as well as
deforestation; all four Asian and all four African species range in status from “vulnerable” to
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“critically endangered” as a result (Corlett 2007; Wu & Ma 2007; IUCN Red List of Threatened
Species 2016). By consuming termites and controlling their populations, pangolins strongly affect
forest carbon dynamics, as termites are the primary invertebrate dead wood decomposer,
contributing for instance up to half to dead wood turnover in southern China (Liu et al. 2015). At
the opposite end of the brown food web, dead wood quality, as determined by one or more wood
traits, affects wood palatability to termites. Previous studies have shown that termites prefer to
consume softer dead wood of lower density and dry matter content (Takamura 2001; Liu et al.
2015). Therefore, the continuous availability of dead wood with favourable trait composition can
be predicted to help termite populations to thrive, thereby supporting the population of
pangolins. However, dead wood quality of each given tree species changes through time during
the decay trajectory and this may affect the functional diversity dynamics of dead wood. How the
feedbacks in this brown food web between pangolins, termites and dead wood traits affect wood
decomposition rates across tree species and how these feedbacks change over time, is unknown.

Here, based on the theory above and our field observations in subtropical broad-leaved forests in
China, we propose and test a conceptual model which, for the first time, links natural temporal
patterns in pangolin density, termite populations and wood mass loss with temporal patterns in
wood litter quality across tree species. This hypothetical framework (Figure 1) proposes that,
after strong forest logging or typhoon impact, a set of functionally different woody species
(ranging widely in initial wood quality) will provide a major food resource to the forest floor.
Termites, being selective dead wood consumers, will first consume high-quality tree species, with
low wood density, dry matter and lignin content, and high wood nutrient and cellulose content.
Such a set of traits has previously been associated with a resource-acquisitive growth strategy
along a “wood economics spectrum” (WES; Baraloto et al. 2010; Freschet et al. 2012; Pietsch et al.
2014; Zuo et al. 2018). Over time, after the high-quality wood has been mostly eaten, we
hypothesize that the initially medium-quality wood becomes more palatable owing to microbial
activity and decomposition. Thus, the initially medium-quality wood (i.e. with intermediate WES
values) should now be consumed preferentially by termites. This temporal pattern would imply
that, in case of a broad range of initial wood qualities along the WES, i.e. high functional diversity,
there will be a stable provisioning of sufficient food resource for termites to maintain their
population through time. In turn, a larger and stable termite population may increase the density
of pangolins. Taken together, we hypothesize that woody plant functional (trait) diversity might
support a threatened mammal species at the top of the food chain. Simultaneously, the
consumption of dead wood by termites should help to sustain dead wood turnover in a high
functional diversity forest (Figure 1) by the same temporal mechanism of changing wood quality
over time. Termite predation by pangolins might constrain the termite population size, thereby
indirectly reducing forest-scale wood decomposition rate and enhancing its carbon storage. In an
alternative scenario, where pangolins as the key predator are lost from the forest, e.g. through
hunting, these multitrophic feedbacks might change, and might alter the carbon budget of a forest,
via an increase in carbon turnover of dead wood by termites, mediated by dead wood functional
diversity.

We were in the fortunate position to put our conceptual framework to the experimental test by
comparing dead wood traits and decomposition rates of 34 tree species, termite abundance and
their contributions to decomposition rates in two subtropical evergreen broad-leaved forest sites
in Eastern China. One site, located in Ningbo coastal area, Zhejiang Province, had lost its key-stone
predator, Chinese pangolin (Manis pentadactyla), due to hunting and illegal wildlife trade, while
another site, located in Putuo island, Zhoushan archipelago, still sustains a healthy pangolin
population thanks to effective conservation and isolation from the mainland. In each of these two
forest sites we carried out an identical 18-month wood decomposition experiment with 5 cm
diameter branches of 34 woody species, with field termite exclusion treatments (full access
versus exclusion) using litterbags of different mesh sizes (see Methods).
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Figure 1 Conceptual model hypothesizing the feedbacks between tree functional diversity, maintenance of
termite populations, dead wood (carbon) turnover and mammal predator (here pangolin) populations.
Coarse branches of a wide range of functionally different tree species in terms of their position along the
wood economics spectrum (WES) enter the forest floor as dead wood owing to logging or typhoon impact
(Time 0). At time 1, during the initial period of decay, the termites prefer tree species with high dead wood
quality (i.e. high WES values), where they reach high abundance and accelerate the consumption and carbon
turnover of high-quality wood. After the high quality wood has been used up (Time 2), the medium quality
wood has decayed somewhat and become more palatable; thus, the initially medium quality wood should
now have higher termite abundance and consumption leading to relatively high decomposition rate. Thus,
with high tree functional diversity there should be stable availability of dead wood of suitable quality on the
forest floor to maintain termite populations, thereby also promoting stable prey availability to sustain the
pangolin population. If and where pangolins are lost, and thereby the “top-down” control over termite
populations, the latter will only be controlled “bottom up” and dead wood turnover will increase.

Methods

Study systems

We conducted this study in two sites in Zhejiang Province, East China: i) Tiantong National Forest
Park (TT) (29°52′N, 121°39′E), located in the Ningbo coastal area, which has a subtropical
monsoon climate. Mean annual temperature is 16.2 °C, with a January mean minimum of 4.2 °C
and a July mean maximum of 28.1 °C. Mean annual precipitation is 1375 mm. With humid hot
summers and dry cool winters, 80% of annual precipitation falls in the wet season (from April to
September) and 20% in the dry season (from October to March). Soils are mainly red and yellow,
with pH ranging from 4.4 to 5.1, and texture is mainly medium to heavy loam (Yan et al. 2006).
The dominant vegetation in the park is subtropical evergreen broad-leaved forest (EBLF). ii)
Putuo island (PT) (29°97′N, 121°38′E), located in the Zhoushan archipelago at 6.5 km from the
mainland, which has a marine subtropical monsoon climate. Mean annual temperature is 16 °C,
with a January mean minimum of 5.4 °C and an August mean maximum of 27 °C. Mean annual
precipitation is 1358 mm. Annual precipitation falls mostly in summer, followed by spring and
autumn, and is the lowest in winter. The main soil type on the island is sandy clay laterite. The
island also supports taller evergreen broad-leaved forests (EBLF) dominated by Cyclobalanopsis
glauca, and in the valley and footslope areas, mixed evergreen-deciduous broad-leaved forests are
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dominant due to favourable soil fertility and hydrology. On the mainland, because of the heavy
illegal wildlife trade, Chinese pangolins (Manis pentadactyla) are critically endangered; they are
seldom found in the TT site, and there were no pangolins present in our experimental site during
the two study years. In contrast, in the PT site the Chinese pangolins population has stabilized in
the last two decades, because of the local Buddhist temple's protective policies and the island's
isolation from the mainland. In both sites, termites with Coptotermes formosanus, Odontotermes
formosanus, Reticulitermes chinensis and Reticulitermes speratus as the dominants, are the major
decomposers of dead wood (Yi et al. 2006).

Tree species and sampling for wood decomposition experiment.

From October to November 2017, we selected 32 important and representative woody species in
TT and PT, and 2 island endemic woody species in PT (Pittosporum tobira, Eurya emarginata).
The species set included 7 evergreen trees and 11 evergreen shrubs, 7 deciduous trees and 4
deciduous shrubs, 4 conifer trees and 1monocot tree (bamboo) (full species names see Supp. Mat.
Table S1). Here we define “shrub” by adult height rather than growth form, as they included both
short stature understorey trees with a single main stem and multi-stemmed shrubs from harsh
coastal and sunny habitats (e.g. Pittosporum tobira, Eurya emerginata). In total, 147 individual
healthy adult trees/shrubs were selected, i.e., 34 species× 3 replications (but 6 replications for
shrub). After tree selection we chain-sawed those trees/shrubs and collected wood samples as
20-cm long stem sections of 5 ± 0.5 cm diameter; these sections were from branches for trees and
from main stems in shrubs for controlling size effects on decomposition. Adjacent to each end of a
stem section a 2-cm thick disk was sawn out for analyses of initial wood traits. Here we were used
the healthy living trees standardizing the initial, undegraded phase for all samples, and avoiding
complications of prior pathogen attack having altered wood quality and providing a direct link to
the functional traits of living trees (Cornelissen et al. 2012). Moreover, in the forests studied
typhoon-induced wind-throw as well as logging are very common, so a large fraction of the trees
is still alive when downed. We will therefore consider these wood samples as representative of
dead wood going into the decomposition process.

Wood decomposition experiment

A litter bag method was used to assess the termite contribution to litter decomposition measured
as % mass loss. We constructed three different types of litter bags in order to quantify termite
consumption of the coarse wood samples: (1) termite exclusion treatment, enclosed stainless
steel litter bags with 0.05 mm mesh; (2) termite access treatment, nylon litter bags with 4 mm
mesh. All types of litter bags were 25 cm × 15cm. Each single fresh sample (20 cm long × 5 ± 0.5
cm) was weighed immediately after cutting (see below for measurement of water content), and
then sealed into a litter bag. In total, 1224 litter bag samples were produced, i.e., 34 tree species ×
2 treatments × 3 replications (plots) × 2 incubation environments (sites) × 3 harvest times.

In order to incubate the litter bags, in December 2017, we established three 20 m × 30 m
replicate plots in PT and TT site, respectively. Plots within each site were chosen to have similar
slope, altitude, soil type, litter substrate and forest structure and composition as far as possible,
and each plot within a site had a 10 m buffer strip to minimize interference of samples in
different plots. We started litter bag incubation in December 2017, by which time the termite
activity and wood consumption was low because of low temperatures. The litter bags of each
species were placed on the forest floor in their respective subplots within each of the three
replicate plots randomly, and each species’ replicate had three litter bags per treatment in each
subplot, i.e., one for each harvest. The distances between subplots were approx. 2 m. In order to
make sure all litter bags stayed in place and made good contact with the soil surface, they were
pinned to the soil surface in their subplots. Litter bags were harvested after 6 months (July 2018),
12 months (Dec. 2018) and 18months (July 2019).

We collected all litterbags in sealed plastic bags and transported them to the laboratory within a
few hours. There, we carefully removed extraneous materials and soil from the dead wood
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remains. During sampling, each wood sample was put in a large tray with tall enough edges for
the termites not to crawl out. We cut the sample into small pieces and cleaned mud and sand
(brought in by termites) with a brush carefully, all pieces of the sample were collected after
cleaning and sealed into paper bags. We then collected the termites from the tray and counted
them. All the wood samples were then oven-dried at 75 °C to a constant mass and weighed (dry
mass).

Wood traits

In order to measure the initial wood traits considered to be relevant to the WES and to
decomposition, each 2 cm wood disk sub-sample was stored in a sealed plastic bag immediately
after collection in the field, and kept cool until being brought back to the laboratory. Within 12 h,
after the bark had been removed, a sub-sample was cut from each disk to obtain fresh mass and
determine initial wood volume using Archimedes’ principle of water displacement (details in
Williamson &Wiemann 2010).

All wood sub-samples were dried at 75 °C in an oven for 72 h to determine dry mass. Initial wood
density (g·cm-3) was calculated as dry mass divided by volume and initial water content as (fresh
mass﹣dry mass)/ fresh mass, and the initial dry mass of the litter bag samples was calculated as
fresh mass × (1﹣initial water content). Initial (undecomposed) wood sub-samples were ground
in a laboratory mill and then passed through a 0.15 mm sieve. Thereafter, 0.2 g sub-samples were
digested using concentrated H2SO4 to determine N and P concentrations on an infrared
spectrophotometer (Smartchem 200, Alliance, France). Lignin content was determined by sulfuric
acid-titration method. Briefly, under the action of acetic acid, lignin was dissolved in the mixture
of ethanol and diethyl ether, oxidized by potassium dichromate to carbon dioxide and water in a
sulfuric acid medium, the excess potassium dichromate was returned by sodium thiosulfate, with
starch-potassium iodide solution as an indicator, and the lignin content was calculated by the
concentration of sodium thiosulfate and the volume of sodium thiosulfate consumed in the
titration solution. Cellulose content was determined by sulfuric acid-anthrone-colorimetry. Briefly,
cellulose was hydrolyzed into glucose by heating under acidic conditions. Then under the action
of concentrated sulfuric acid, the monosaccharides were dehydrated to produce furfural
compounds. Colorimetric determination was made by reaction of the anthracone reagent with
furfural compounds, and the cellulose content was calculated from the absorption value and the
standard curve.

Termite and pangolin abundance

To quantify the termite abundance in situ, we sampled the termites in the experimental plots of
PT and TT in July 2018 and July 2019 based on the Jones and Eggleton transect method (Jones &
Eggleton 2000). Since the area of our plots was 30 m x 20 m, we adjusted the method and took
our entire plot as belt transect, divided into ten 3 m x 2 m sections. In each section we counted
the number of termites with an area meter (10 cm x 10 cm), based on counts of 1cm x 1cm grid
cells across the diagonal grid. We scaled these data up to plot scale and also examined all dead
wood and leaf litter for the presence of termites to obtain total termite abundance of each plot.
See above for termite counts in the harvested dead wood samples.

We determined the density of pangolins in PT by counting their mounds in each incubation plot
and, simultaneously, in three nearby plots of the same area but without wood samples.

Calculation of wood mass loss rate

Wood litter mass loss rate % was calculated according to Eqn. 1:

 i f i(Period) Mass loss % = M M /M 100%    (Eqn. 1)

where Mi and Mf are the initial and final wood dry mass; when calculating the period mass loss, Mi
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is the final wood dry mass of the previous stage and Mf is the final wood dry mass for this period.

The contribution of termites to decomposition was calculated as effect size (Borenstein et al.
2009) according to Eqn. 2, based on termite access and exclusion treatments described above.

with_termites without_termites

with_termites

(mass loss mass loss )
Termites' contribution =

mass loss
- (Eqn. 2)

Statistical analysis

In order to quantify the main axes of overall wood functional trait variation across the different
woody species, a principal component analysis (PCA) was performed. The first axis (PC1),
accounting for 55.9 % of variance in litter quality, was strongly related to the contents of wood
nutrients (nitrogen, phosphorus), wood cellulose and wood structure (density, lignin). The
second axis (PC2) was related to wood water content, accounting for 17.1 % of variance (Figure
S2). Because of the relatively high percentage of variance (55.9%) explained by the first PCA axis,
we used the PC1 scores for the respective tree species to represent a synthetic variable
incorporating multiple wood trait variables as an index of their WES positions in the subsequent
analyses. The PCA approach was performed again to quantify the community-level tree functional
trait variability for forest plots in TT and PT. The PC1 of PT and TT accounted for 50.3% and
40.9% of trait variance, respectively. And which were strongly related to the leaf economic traits
(specific leaf area, nitrogen, phosphorus and mean leaf area) and wood density (Figure S4). We
used the community importance value-weighted mean (CWM) of WES, specific leaf area and
wood density to compare differences of community functional identity between PT and TT sites
by using Student's t-test. The CWM of WES was calculated by multiplying the PC1 scores of each
species with its relative important value for a given community.

An ANCOVA was used to determine the dependence of wood mass loss on specific experimental
variables. Using the wood (cumulative or period) mass loss as the dependent variable, the
interaction of harvest time, termite presence/absence as the independent variables, and WES
value (dead wood quality) as covariate, separate ANCOVAs were performed for the PT and TT
sites respectively. To evaluate the relationships between (cumulative), mass loss % (for termite
access and exclusion treatments) and position along the WES separately for the different
incubation periods, linear regression and non-linear regressions were used to find the best-fit
relationship between mass loss % and the WES. To test the relationship between (cumulative or
period) mass loss % in the termite access treatment (with nylon mesh litterbags) and termite
abundance at each harvest time, linear regression and non-linear regressions were used to find
the best-fit relationship between mass loss % and termites abundance. We used Student’s t-test
to test the differences in cumulative mass loss % of termite access and exclusion treatment,
termite abundance and the contribution of termites to wood mass loss between two sites.

To evaluate the relationship between termite abundance and the WES of the two sites at each
harvest time, linear and non-linear regression were used to find the best-fit relationship. To
evaluate the effect size of the termites on position along the WES of the two sites at each harvest
time, linear and non-linear regression were used to find the best-fit relationship. For mass loss
data, we used Levene’s test to examine the homogeneity of variance and Shapiro-Wilk test for
normality. Wood mass loss was log-transformed as, compared to untransformed data or other (e.g.
arcsine (square-root)) transformations, it best met the assumptions of normality and variance
homogeneity. All statistical analyses were performed in R language version 3.5.1 (R Core Team
2019).

Results

The CWM of values along the wood economic spectrum of dead wood species collected from the
PT community was -0.016±0.03 (range -0.292 to 0.187) (PC1 value), while that of the TT
community was -0.034±0.04 (range -0.735 to 0.086) (Table 1). This indicates that, overall,
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resource-conservative species were more prevalent in TT and resource-acquisitive species more
in PT. The higher mean WES value, and the higher functional diversity as indicated by the
(importance value weighted) variance in WES values, corresponded with the higher termite
abundance in PT than in TT at the beginning of the experiment. After the wood samples (with
overall range -3.92 to 4.99 along the WES) had been put in the plots, termite abundance showed
an increasing trend in both sites, resulting in a significantly higher values by approximately 250%
after 18 months of incubation (Table 1). On the whole, the termite abundance in PT was about
twice as high as that in TT (Table 1). In turn, in line with our expectations, pangolin mound
density was significantly and four times higher in the experimental plots with dead wood samples
added (thereby increasing termite abundance) compared to the control plots in the PT site (Table
1).

Table 1 Comparison of the biotic and soil characteristics of the two sites where the wood samples were incubated

Variables Putuo (PT) Tiantong (TT)

Forest type Evergreen broad-leaved
forest

Evergreen
broad-leaved forest

Dominant species Quercus glauca Schima superba
Range of the community wood economic spectrum (PC1) -2.06—3.44 -2.94—2.53

CWM of wood economic spectrum (PC1) -0.016±0.03 -0.034±0.04
CWM of specific leaf area 124.70±6.78 NS 102.40±6.57
CWM of wood density 0.64±0.02 NS 0.57±0.02

Soil pH 4.78±0.03 NS 4.09±0.06
Soil available K (mg·kg-1) 14.76±0.75 NS 16.65±1.63

Soil available P (g·kg-1) 5.19±0.53 * 2.33±0.19
Soil organic matter (g·kg-1) 6.70±0.58 ** 20.43±0.50

Soil N (g·kg-1) 1.06±0.05 * 3.44±0.25
Termite density (ind·m-2) in Aug. 2018 153.23±20.92 * 67.18±11.86

Termite density (ind·m-2) in Aug. 2019 395.22±38.95** 184.20±23.21

Pangolin burrow density (ind·ha-1) in wood sample incubated
plots in Nov. 2019

133±30 *** 0

Pangolin burrow density (ind·ha-1) in control plots in Nov. 2019 33±8 *** 0

Note: Asterisk indicated there was significant difference between TT and PT site,* p < 0.05; ** p < 0.01; *** p < 0.001; NS,
No significant difference.

Relationship between wood quality, termite activity and decomposition over time in two sites

Comparison of the termite exclusion and access treatments strongly support the view that
termites play an important role in coarse wood mass loss (Figure 2). Specifically, after 18 months
of incubation of the wood samples across 34 species, the termite access treatment resulted in an
average cumulative mass loss of 26.6% (range 1.5% to 84.6%) at the PT site and 21.1% (range
1.18% to 68.8%) at the TT site across species. In contrast, mass loss without termite
consumption was on average 14.7% (range 1.1% to 60.7%) at PT and 12.7% (range 1.0% to
45.7%) at the TT site (Figure S3a, b). The difference between termite exclusion and access
treatments generally increased from 6-12 months and then decreased at 18 months in both sites
(Figure S3a, b).

There were significant positive relationships between WES (wood initial quality) and period
mass loss in the treatment without termite access at 6 and 18 but not at 12 months, and the slope
of 18 months was higher than that of 6 months in two sites (Figure 2a, b, e, f). With termite access,
the period mass loss increased steeply from the resource-conservative end to the
resource-acquisitive end of the WES in PT and TT at 6 months and 12months (Figure 2a, b, c, d).
At the 18 month harvest, in contrast to the positive linear relation for the mass loss trajectory on
WES in the treatment without termite access (Figure 2f), there was a hump-back relationship
between WES and period mass loss in the treatment with termite access in the more termite-rich
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PT site, i.e., period mass loss peaked at medium initial wood quality, and the termite abundance
also showed a similar pattern with mass loss (Figure 2e). Conversely, there was a positive linear
relationship between WES and period mass loss in the treatment without termite access both in
PT and TT at the 18 month harvest (Figure 2e, f), while in TT the slope of this relationship was
slightly larger than that for the treatment with termite access. These patterns of period mass loss
at 18 months caused convergence of the relationships between the termite treatments after the
initial divergence at the 6 month harvest, leading to significant interaction among WES
(covariate), harvest time and termite presence/absence on period mass loss in the PT and TT
sites respectively (Table 3). The net result of the subsequent divergence and convergence
patterns over decomposition time was a lack of interaction of WES (covariate) x termite access
treatment on cumulative mass loss (Table 3).
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Figure 2 Relationships between the wood economics spectrum (PC1 values) and wood mass loss with termite access
(open circles, solid line) and without termite access (filled circles, dotted line) in the two sites (Putuo versus Tiantong) at
each harvest time (period mass loss) and cumulatively over the entire 18 months. The best-fit regression lines with
confidence intervals (between dotted lines) are given where significant. The size (diameter) of the circles denotes termite
abundance, and the colour gradient from blue to red for the circles denotes the conservative end to the acquisitive end of
the WES. Regression equations are also given for the relationships between termite abundance and mass loss in the dead
wood samples across species. The comparison of overall final cumulative mass loss between PT and TT with and without
termite access is shown in the inserted bar diagrams. ***, p<0.001; ns, not significant.
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Table 3. Analysis of covariance (ANCOVA, with WES as the covariate) testing the interactive effects between harvest time
and termite presence/absence on the period woodmass loss and cumulativewood mass loss over 18 months in the PT
site and TT site respectively.

PT site TT site
Period woodmass loss Df F P F P
Harvest time 2 3.41 <0.05 9.62 <0.001
Termite presence 1 39.18 <0.001 19.17 <0.001
WES 1 99.89 <0.001 93.50 <0.001
Harvest time × termite presence 2 1.58 0.21 0.84 0.44
Harvest time ×WES 2 3.29 <0.05 4.30 <0.05
Termite presence × WES 1 0.10 0.75 0.33 0.56
Harvest time × termite presence ×WES 5 10.13 <0.001 2.90 <0.05
Residuals 206
Cumulative woodmass loss
Termite presence 1 34.45 <0.001 37.68 <0.001
WES 1 130.85 <0.001 210.26 <0.001
Termite presence × WES 2 0.86 0.35 1.71 0.19
Residuals 206
Note: Df: Degree of freedom

The period wood mass loss was positive correlated with termite abundance at the 6 and 18 but
not the 12 month harvest at both, and the goodness of fit between termite abundance and wood
mass loss was higher in PT than TT (Figure 2). Termite abundance in the wood samples was
correlated with WES across harvest times (Figure 3). With the decomposition process going on,
the distribution of termite abundance on WES shifted. At 6 months, there was a significant,
exponential increase from the conservative end to the acquisitive end in both sites, while the
termite abundance in PT was significantly higher than in TT (Figure 3a, b). At 12 months, the
termite abundance peak occurred at slightly higher than medium initial wood quality, and the
termite abundance in PT was approximately four times more than in TT (Figure 3c, d). By 18
months in the PT site, the termite abundance peak was moved further towards the conservative
end of the WES spectrum (Figure 3e), i.e. to the centre of the range, while the width of the peak
(i.e. the range) increased at 18 months in TT (Figure 3f). After 18 months of incubation, there was
no significant difference in overall termite abundance anymore between PT and TT. All in all, the
peak of termite abundance i shifted from high to medium initial wood quality during the
decomposition process.

The contribution of termites to period mass loss was positively correlated with WES in PT and TT
at the 6 months harvest, and the termite effects increased from the conservative end to the
acquisitive end; there was no significant difference between the two sites (Figure 4a, b). There
was a similarly pattern between 12 months and 6 months in PT but, in contrast, the termite
contribution had no relationship with WES in TT. Again there was no significant difference
between the two sites (Figure 4c, d). Conversely, at 18 months there were (rather weak)
hump-back relationships between termite contribution and WES both in PT and in TT; i.e. the
termite contribution peaked at medium initial quality of the dead wood (Figure 4e, f). By then, the
termite contribution to wood mass loss was significantly higher in PT than in TT.
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Figure 3 Relationships between the WES values (PC1) and termite abundance in the two respective sites across harvest
times. The best-fit regression lines with confidence intervals (between dotted lines) are given where significant. The
colour gradient from blue to red colour for the circles denotes the conservative end to the acquisitive end of the WES. The
comparison of overall termite abundance between PT and TT with and without termite access is shown in the inserted
bar diagrams. ***, p <0.001; ns, not significant.
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Figure 4 Relationships between the WES (PC1 values) and the termite contribution to period wood mass loss at the three
subsequent harvest times in the two incubation sites. The best-fit regression lines with confidence intervals (between
dotted lines) are given where significant. The bar plots (see inserts) show the comparison of the overall termite
contribution between PT and TT at each harvest time. *, p <0.05; ns, not significant.

Discussion

Here we have presented the first study to experimentally reveal and unravel cascading effects of
tree functional trait diversity through trophic chains, on a biogeochemical process. It is also the
first study explicitly highlighting how these effects can depend on trait shifts through time. By
conducting the termite exclusion treatment to investigate coarse branch decomposition of 34
woody species in two sites, we found that the WES representing woody plant functional strategy
(Cornwell et al. 2008; Weedon et al. 2009; Pietsch et al. 2014; Reich 2014) via controlling coarse
woody debris quality, can be used as a relevant predictor of wood mass loss (Freschet et al. 2012)
during the decomposition process. Moreover, with the decomposition process proceeding, the
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predictive power of the WES increased, and as hypothesized, decomposition rates scaled
positively and linearly with wood quality as indicated by wood N, P content, cellulose, lignin and
wood density. Interestingly, we found that termite access significantly accelerated wood mass loss
rate across the decomposition process, but there was a clear time pattern of this acceleration
(Figure 3), which was driven by the combination of dynamic wood quality and termite abundance
(i.e. intensity of their activity; Figure 4). Specifically, in the beginning of the decomposition
process (6 months in Figure 2), termites preferentially consumed the species of resource
acquisitive strategy (high nutrient content and less structure material); in this case, the termites’
consumption amplified the initial WES effect on decomposability (i.e. increased its regression
slope). However, once the wood of the acquisitive species had been considerably depleted,
initially medium quality species had become more palatable and were consumed more by the
termites, which modulated the tree species’ decomposition trajectory on the WES. As a result, this
interaction of timing of litter quality and termite abundance altered the ranking of the species’
decomposition rates on the WES, leading to a hump-back relationship between wood mass loss
and the WES during the latter decomposition period (18 months in Figure 2). Taken together, our
findings strongly point to high wood functional diversity helping to provision sufficient food
resource for termites to maintain their population through time. In turn, this larger and stable
termite population seemed to have increased the density of pangolins as indicated by increasing
density of their burrows. Although our results cannot prove causality, they strongly suggest
woody plant functional (trait) diversity supporting a threatened mammal species at the top of the
food chain through the detritivore subsystem. At the same time, the temporally stable
consumption of dead wood by termites should help to sustain dead wood turnover in a forest of
high functional diversity, with implications for the forest carbon budget. Below we will discuss
how our findings shed new light on the non-negligible roles of plant functional diversity via trait
shifts through time, through cascading effects in trophic chains, in the global ecological context of
the previous literature.

The functional traits reflect wood litter quality and its decomposability

Woody plants vary substantially in their stem traits and these differences can clearly affect the
wood decomposition process via their trait “afterlife” effect in ecosystems (Cornwell et al. 2009).
According to the plant economic spectrum (Reich 2014), species adopting the resource
acquisitive strategy of woody stems usually have higher nutrient content (i.e., N, P), lower tissue
(wood) density, dry matter and lignin content. In contrast, species adopting the resource
conservative strategy tend to have lower nutrient content and larger investment in wood dry
matter and lignin content, which can make nutrient limitation a serious constraint on wood
decomposition. As a consequence of these trait differences, acquisitive strategy species’ wood
litter was generally found to be broken down faster than conservative strategy species’ litter
(Weedon et al. 2009 Chave et al. 2009; Freschet et al. 2012; Reich 2014; Liu et al. 2015; Zuo et al.
2018). This is consistent with our expectation (Figure 1) and with our results, which showed a
positive correlation of wood mass loss in our termite exclusion treatment with wood N, P and
cellulose content, and low density and lignin content (WES, Figure S2, Figure 2). Moreover, with
the decomposition going on, there was a significant increasing trend in the difference between
the cumulative mass loss of acquisitive and conservative strategy wood species. Thus, besides the
period mass loss rate of 12 months in the two sites, other results all support our conceptual
framework that without termites, there was a positive linear correlation between decomposition
and WES (Figure 2c, d). However, there was no obvious pattern of difference in the period mass
loss across species in 6-12 months (July-December). The most likely explanation for this is that
after a first rapid decomposition stage (via leaching or fungal decomposition) of high quality
wood litter, the nutrients and labile carbohydrates of high quality wood litter will have been
strongly reduced while low quality wood remains recalcitrant. Indeed, mass loss rates were
generally very low during this period in spite of temperature and moisture being high enough for
microbial decomposition at least in the first (summer) part of that period. Still, overall, these
findings across 34 woody species indicate that acquisitive strategy woody species usually have
faster wood and nutrient turnover rate than more conservative species in the subtropical
evergreen broad-leaved forest ecosystem.

We found that functional traits diversity in terms of the WES plays an important role in wood
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decomposition (carbon turnover) in subtropical evergreen forest. Our new dimension to this
relationship is the importance of the change in litter quality through time as mediated by
invertebrates. While, without the involvement of invertebrate decomposers the wood
decomposition rate could be predicted by initial values along the WES, when termites
participated in the decomposition process they actively altered the species’ ranking in terms of
the WES through wood incubation time; and they moved in abundance and activity from initially
high WES species to initially medium WES species. Thus, the termite contribution to mass loss
was strongly predicted by initial wood quality, consistent with previous findings (Liu et al. 2015),
but was modulated by the changing wood quality ranking as perceived by termites through time.
These findings have an interesting parallel with leaf litter decomposition, for which previous
research showed that food preferences of decomposer animals often lead to a stronger positive
decomposer animal effect on higher quality litters (Coq et al. 2010; Fujii et al. 2018). Recently, we
also found a modulating effect of invertebrate consumption on leaf mass rankings with initial
litter quality, i.e. along the leaf economics spectrum, over time (Guo et al. 2020). However, in that
study the modulation was due to a single outbreak by detritivorous moth larvae, while in this
study the decomposing invertebrates (i.e. termites) were present in considerable abundance
through time in the forest study sites, but changed their relative abundance and consumption
among tree species through incubation time. What is new and important about our findings is
that we found the wood quality driven termite activity altered the species’ decomposability
trajectory along the WES across decomposition time, due to the termites’ changing their
preference for different tree species as decay progressed.

Temporal pattern of interactions of tree functional diversity and termite abundance on
decomposition associated with pangolin density

Termites are the main invertebrates that feed on dead wood; a number of studies have
demonstrated that termites contribute a lot to wood litter fragmentation and accelerate wood
mass loss (Wood & Sands 1978; Stamm 2006; Liu et al. 2015), especially for soft, low density and
nutrient-rich wood species (Takamura 2001; Liu et al. 2015). In turn, when there is a stable
provisioning of sufficient food resource from wood for termite consumption, this is beneficial to
the maintenance of a termite population through time. Our results strongly suggest that high
(woody) functional diversity helps to maintain stability in the food web in our forest ecosystem,
supporting both detritivorous prey (i.e. termite) and thereby predator (i.e. pangolin) populations
through stable provisioning of sufficient food resource for termites through time. We have to
make the caveat that the causality of wood functional diversity supporting the pangolin
population in the PT site cannot to proven with our experiment and would need further in-depth
study. The fact that we added dead wood in our research plots may by itself have stimulated both
termites and pangolins and, in theory, year-to-year changes in environmental conditions could
also have interfered with termite and pangolin populations. Still, our results strongly suggest that,
if only initially high, medium or low quality wood had been added in the experiment, the termite
populations would not have increased as much as they did with the broader economic spectrum
(also compared to the initial forest community) incubated in our forest plots over the time span
of the experiment: and neither would the number of pangolin burrows in the PT plots have
quadrupled (Table 1). Moreover, although indirect evidence, the (living) tree community in the PT
site, with the larger overall termite density, had a broader wood trait range than the Tiantong site
(Table 1, unweighted WES range and community weighted variance in WES), which is likely to
translate into a wider overall range in dead wood quality in PT. Taken together, our results are
consistent with the hypothesis that woody plant functional (trait) diversity supports a threatened
mammal species at the top of the food chain. Simultaneously, the consumption of dead wood by
termites helped to sustain dead wood turnover in a high functional diversity forest by the same
temporal mechanism of changing wood quality over time. While there must have top-down
control on the termite population by the pangolins in the PT sites, this did not strongly constrain
the termite population size, which was still higher than in the TT site without pangolins. While
interactive effects of top-down and bottom-up forces in regulating food web structure have been
shown in the literature (Faithfull et al. 2011; Leibold et al. 1997), it seems that in our system the
positive bottom-up control of termite populations by dead wood strongly outweighed the
negative top-down control by pangolins (Figure 1). However, most of these previous studies



Chapter V

83

demonstrated the influence of a top-down force by manipulating the presence/absence of
predators, which we could not do in our study. In addition, to overcome predation pressure, prey
communities may show compensatory population growth via faster regeneration (Crawley 1992).
This can provide an explanation why the PT termite population did not decline with a significant
increase in predator activity (i.e. pangolin burrow density), even though, at high predator density,
prey suppression can increase for a short duration when prey population growth is constrained
by a lack of the basal resource (Polis & Strong 1996). However, in a functionally diverse forest,
with the wood resource complementarity as shown in our study, this resource constraint is
relatively low through time, allowing prey (termites) to reach high population density in spite of
predator (pangolin) control. If hunting and trafficking of pangolins ceased completely and
pangolin populations were allowed to regain their natural population size across the entire
region, the contribution of top-down versus bottom control of termite populations and their
effect on wood decomposition would be easier to study.

Additionally, based on our study, new experiments are needed to further enrich our conceptual
model with empirical evidence. On the one hand, other pangolin species in Asia and Africa as well
as other specialist termite predators in the world (e.g. aardvarks in Africa; some armadillo
species in the Americas) are also facing population decline or are even in danger of extinction.
Whether, besides halting their persecution by people, improving their habitat by promoting plant
functional diversity and, thereby, their staple food will help to recover or sustain the populations
of these species in general is in need of further study. Some ants are also known to have termites
as one of their staple foods (Buczkowski & Bennett 2007), but whether or how they compete for
termites with vertebrate termite feeders such as pangolins, or are themselves eaten and thereby
controlled top-down by these vertebrates, and thereby indirectly affect wood decomposition, are
intriguing questions for further investigation. On the other hand, the process of decomposition in
terrestrial ecosystems is integrated in multiple complex food chains (together forming the food
web), thus, to test and better understand the generality of the positive feedback we studied here,
we need to identify the interactions between other wood (or leaf, root) decomposing
invertebrates or predators of other detritivores and plant functional trait diversity. Although
termites are the dominant species in the (sub)tropical wood decomposition process (Liu et al.
2015), other invertebrates such as beetles tend to control the animal contribution to
decomposition in temperate ecosystems, either directly through feeding or by facilitating other
decomposers such as fungi or similar-sized animals to invade the dead wood by tunneling,
feeding, breeding and even intended microbe cultivation (Ulysen 2016; Zuo et al. 2014). In the
dead wood in our experiment, we found a wide variety of beetles and millipedes; although their
abundance is far less than that of termites, how (much) they affect wood decomposition, directly
or by affecting other decomposers, especially via fungi cultivation and the interaction with
termites, still needs to be explored. Importantly, we need to study how these different
decomposers, through time (e.g. decay stages, seasons), interact between each other and with the
trait diversity of their basal resource via the decomposing function. Therefore, multiple harvests
or developing procedures to track animal population dynamics (Schwarzmüller et al. 2015) in
such experiments can provide further insights into time effects of decomposers, and their
suppression by predators, as influenced by resource availability.

Conclusions

Our study based on a termite-exclusion decomposition experiment with 34 woody species has
explicitly compared decomposition dynamics both with and without inclusion of termites in the
presence versus absence of pangolin in two subtropical forests in eastern China. We have aimed
to capture the positive relationship between woody plant functional (trait) diversity and a
threatened mammal pangolin at the top of the food chain via maintaining a stable termite
population. We provide empirical evidence in support of our positive feedback hypothesis
whereby the termites’ consumption of dead wood helps to sustain dead wood turnover in a
functionally diversity forest by the temporal mechanism of changing wood quality over time; and
whereby a stable provisioning of sufficient food resource maintains termite populations, thereby
supporting pangolin density. We provide the first concept and empirical evidence of how the
timing of termite abundance interacts with the timing of wood litter quality of different plant
species varying greatly in wood initial quality along the wood economics spectrum. We found that
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the wood economics spectrum can predict wood decomposition rates no matter the termite
presence or absence within the first decomposition phase, with termites amplifying the
microbially driven linear decomposability ranking of tree species. In contrast, there was a
hump-back relationship between period wood mass loss and WES after 18 months in PT, due to
the termite abundance peak shifting from high to medium initial wood quality after the early
decomposition period. Because of the functional diversity helping to maintain the termite
population through time, it likely enhanced the pangolin density. This study highlights the likely
importance of tree functional diversity in maintaining the population of threatened pangolins and
accelerating forest carbon turnover through time. We argue that food web research would benefit
from more attention being paid to temporal patterns for better understanding the effect of the
interaction of basal resource functional diversity, prey and predators on ecosystem function.
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Supplementary Materials

Figure S1 Termite abundance in total wood samples across species along the harvest sequences in the Putuo (PT) and
Tiantong (TT) site

Figure S2 The wood economics spectrum according to the results of PCA of 6 wood economics traits across 34 wood
plant species. Different symbols represent different functional groups and each data point indicates one species
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Figure S3 Cumulative wood litter mass loss of 34 species in PT (a) and 32 species in TT (b) across harvest time. Note:
Eurya emarginata and Pittosporum tobira as shrubs from sun-exposed habitats and endemic to PT and its archipelago,
were only incubated in PT .
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Figure S4 The community-level tree economics spectrum according to the results of PCA of 5 leaf an wood economics
traits for each of PT (a) and TT (b).
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Chapter VI

General discussion
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The overall aim of this thesis has been to unravel the effects of biotic interactions between forest
litter types and between litter types and invertebrates on decomposition rates, with a key role for
the time scales ranging from seasonal to the long time scale allowing trait evolution. Within this
overall research agenda, as described in Chapter 1, this thesis has asked four main research
questions: (1) How does litter trait diversity influence mixed evergreen-deciduous litter
decomposition in humid subtropical forest? (2) What is the contribution of subordinates to
community-level litter decomposition? (3) How do interactions between litter quality and
invertebrates impact litter mass loss through time? (4) Are there positive feedbacks among tree
functional (trait) diversity, termite populations and woody litter turnover; and could such
feedbacks affect predatory mammal populations? From Chapters 2 through 5, these questions
were answered separately. In the following, I summarize and synthesize the main results of this
thesis connected to the research questions. This integration is done explicitly with a view to the
future and will identify important research gaps, some of which emerging directly from this
thesis, that require further investigation.

6.1 Different time patterns of the contribution of tree functional diversity on carbon
turnover

Ecologists are becoming increasingly aware of the role of functional trait diversity in driving
ecosystem processes, including litter decomposition. In this thesis, our study has shown that
functional trait diversity contributes importantly to litter decomposition, partly via plant – plant
and plant – invertebrate decomposer interactions, over a hierarchy of temporal scales, ranging
from thousands to millions of years, decades to centuries and seasons to years (Figure 1 in
Chapter 1). One of the novelties of this thesis is that we proposed and tested a temporal
conceptual framework, and this framework is crucial to our understanding of the nature and
ecological significance of relationships between biotic drivers and litter decomposition processes.

The thousands to millions of years of evolution leading to the present-day species and their traits,
and the subset of those in a particular forest, go through all chapters in this thesis. The species
ranking of decomposability of their leaf or woody litter is a consequence of the species’ adaptive
strategy in terms of resource investments to promote growth or tissue protection. In a particular
forest, biotic interactions and fine-scale environmental filtering result in the actual community
composition with local functional (trait) diversity (de Bello et al. 2009). This functional trait
diversity can be seen in interspecific differences within different plant organs, such as leaves and
branches, as is easily seen when comparing evergreen and deciduous species. Through the trait
‘afterlife effect’, functional trait diversity has important consequences for forest decomposition, as
different tree species contribute differently to the decomposition process and thereby to carbon
turnover and nutrient cycling. Again, the relative abundances of evergreen and deciduous species
in a forest exemplify this at coarser functional scale, as the favorable structure and nutrient
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content lead to deciduous species usually producing leaf litter that is decomposed faster than that
of evergreens in the same forest (see Chapters 2 and 3). In Chapters 2 and 3 we looked at the time
scale of decades to centuries, i.e. the time scale of forest succession, and highlighted the
importance of functional trait diversity for plant community level decomposition. Because the
species change that accompanies succession leads to overall differences in functional trait
composition and functional diversity in the woody plant community. As we mentioned above,
evergreen and deciduous litters have different performance during the decomposition process.
Therefore, when evergreen and deciduous leaves are mixed in different proportions, the
combinations present different functional composition and diversity. In Chapter 2 we found that
functional composition in terms of community weight mean (CWM) of specific leaf area (SLA) is a
main predictor of litter decomposition rate in subtropical China. And the litter mixture of
evergreen and deciduous species presented a remarkable positive non-additive effect on the
decomposition process. The litter mixtures with the highest functional evenness in terms of
initial N/P stoichiometry caused the greatest size of positive non-additive effect of litter mixing
on decomposition rate and N release rate. This positive interaction between evergreen (high N/P)
and deciduous litters (low N/P) was likely due to a combination of N transfer from N-rich
evergreen litters to N-poor deciduous litters and facilitation of evergreen litter decomposition by
high microbial activity in fast-decomposing deciduous litter. In previous studies, more attention
has been paid to SLA, LDMC or nutrient content as indicators of species’ decomposability
(Freschet et al. 2012), and this chapter demonstrates that N/P stoichiometric ratio can well
characterize the decomposition of mixtures. Thus, N/P stoichiometry of different species in leaf
litter mixtures play a strong role in influencing litter decomposition rate nutrient release
processes in ecosystems.

In Chapter 3 we also focused on the litter decomposition at community level, but here we not only
highlighted the importance of functional trait diversity in the strict sense, but rather functional
trait composition. Specifically we focused on the dominance status (relative abundance) of
evergreen and deciduous trees in the community. The importance of the evergreen-deciduous
interactions was different across forest succession stages due to their relative abundance shift,
with implications for forest carbon turnover and nutrient cycling in the forest community. In this
chapter, we partitioned the contributions of dominant and subordinate species to litter layer
decomposition processes, and provided some support that “being different” is important for the
relative influence of subordinates in the overall forest-level decomposition rate. Evergreen
dominants and deciduous subordinate species have different initial trait status, such as N and P
stoichiometry (see above) and leaf water content. Although subordinate species have relatively
low abundance compared to dominant species, they may contribute significantly to forest
functional diversity and ecosystem functionality, for instance through interactions with evergreen
litter, as reported in Chapter 2. Deciduous subordinates alone explained 7%, 21%, and 15% of the
total variation in community litter mixture decomposition rate for early, middle, and late
successional stages in subtropical evergreen forest, respectively, which was more than expected
purely based on their (low) relative abundance.

In Chapters 4 and 5 we looked at the time scale over seasons to years, and highlighted the
importance of temporal patterns in functional trait diversity – invertebrate interaction for
decomposition as determined by the life cycles or other temporal patterns of invertebrates and
the decay stage of leaves and branches. In Chapter 4, we provided the first evidence how leaf
litter decomposition depends on the interactions between the timing of invertebrate detritivore
peaks with the timing of litter quality of different plant species varying greatly in initial litter
quality along the leaf economics spectrum. We found that the leaf economics spectrum can
predict litter mass loss rates positively and linearly at early decomposition stage and future study
should test whether this pattern would be amplified in the case of a strong invertebrate
contribution. However, with an invertebrate peak occurring much later, after the early
decomposition period as in our study, the initially relatively low and medium quality litters were
decomposed faster than the initially high quality ones, which led to a hump-back relationship
between leaf litter mass loss and LES and negative feedback on the regression of cumulative mass
loss over the LES. Different to previous studies, our study highlights the importance of
invertebrate animal phenology for understanding how litter quality, decomposers and their
interaction drive litter mass loss rate and, thereby, carbon and nutrient dynamics.
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The aim of Chapter 5 was to focus on the interaction between functional trait diversity and
termites on coarse wood (i.e. branch) decomposition at the time scale of seasons to years. In this
chapter we provided some evidence of positive feedbacks between functional diversity, trophic
interactions and decomposition rates through time. First, we demonstrated that branch (wood)
functional diversity, as had been predicted, was positively linked to the regulation of the
availability of basal food resources for the termites. Branch functional diversity led to
proportional “bottom-up” promotion of termite populations, because the food resource (wood
quantity and quality) supplied by decomposing branches changed over time, thereby providing a
rather continuous supply of the higher quality dead matter quality to the detritivore food web
including termites. The termites in our study preferred to consume high-quality dead wood as
provided by resource-acquisitive tree species, which tend to produce branches with low wood
density and lignin, and high nutrient and cellulose content. Thereby they initially provided
positive feedback to the positive relation between dead wood quality and microbial
decomposition rates (see Liu et al. 2015) Over time, however, after the high-quality wood had
mostly been eaten up, the initially medium-quality wood became more palatable presumably via
microbial decomposition; thus, the initially medium-quality wood was now consumed more by
termites. Because of the initial trait differences in wood of different tree species, there was
sufficient food resource for termites to maintain their population in the temporal dimension.
Thus, termite population abundance and consumption rate showed different time patterns along
the wood economic spectrum (WES), thereby further changing the decomposition trajectories of
the different tree species on the WES. Such temporal patterns may be of particular importance in
(sub-)tropical monsoon forests, where typhoons and landslides may bring down entire forest
stands in one go, thereby proving large amounts of fresh dead wood of many tree species all at
the same time. Furthermore, we showed that a larger termite population in turn increased the
density of pangolins, also through bottom-up control. Taken together, plant functional diversity
might support a threatened mammal species at the top of the food chain via a previously
unknown mechanism, i.e. via cascading effects of dead wood diversity and termite population
density. Moreover, this chapter also highlighted the importance of the opposite direction of biotic
control, that is, top-down control of termite populations by higher pangolin densities. This
implies that, if and where this key predator is lost, e.g., through hunting or poaching, the feedback
from that trophic level will cease, which in turn might alter the carbon budget of a forest, via
drastic changes to the carbon turnover of dead wood by termites, mediated by dead wood
functional diversity. Such changes in feedback across trophic foodwebs modulated by functional
diversity are a new important and intriguing topic for future research.

How biodiversity decline negatively affects ecosystem processes and functions is a major
challenge in ecological research. This thesis started at functional trait diversity to explore the
mechanisms controlling the decomposition process over a hierarchy of temporal scales. To get a
more comprehensive understanding of the contribution of functional trait diversity on plant –
plant and plant – decomposer interactions in subtropical evergreen forests carbon turnover and
nutrient cycling processes, the findings from this thesis, when held against the other available
literature, have led to further research needs, challenges and opportunities, which will be
discussed below in the context of the results.

6.2 A research agenda about tree functional diversity and associated invertebrates on
decomposition

A. Research related to time pattern

The time patterns of different plant organ traits and their decomposition

The initial status of litter quality of tree organs (e.g. branches, leaves) can be reflected by the
traits of these organs when still alive. Tree species vary substantially in their organs’ traits and
these differences can clearly affect decomposition processes (leaf litter and wood turnover) via
trait “afterlife” effect in ecosystem (Cornwell et al. 2008). However, litter quality itself always
changes over time in decaying litter of plant organs (Parton et al. 2007; Wickings et al. 2012;
Parsons et al. 2014) and the rate of this change in terms of specific chemistry and structure
depends on initial litter quality of plant organs. Specifically, for leaf litter, the ratio of easily
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degradable material versus recalcitrant forms of carbon in litter decreases during decomposition
(Preston et al. 2009). While the initial chemical composition of litters from different plants varies
greatly, after the initial release of the easily degradable material (i.e., nutrients, labile
carbohydrates, and soluble phenols), partly through leaching, the chemical composition of
different litter species tends to converge (Melillo et al. 1989; Preston et al. 2009). This has
consequences for the quality of leaf litter through time as experienced by invertebrate
detritivores. Similarly, for woody litter (stems), not only microbial decomposition but also
photodegradation, leaching and physical damage (erosion and fragmentation) all contribute to
the breakdown of woody recalcitrant material (Cornwell et al. 2009) and make wood softer than
before. Moreover fungi with their extensive mycelia may also import N from outside the wood
litter when in short supply in the wood litter itself (Waller et al. 1987; Cornelissen et al. 2012)
and help to keep the moisture in woody litter. Although the initial chemical and structural
composition of wood from different plants varies greatly, after the initial release of the easily
degradable material through photodegradation (Zabel & Morrell 1992; Austin &Vivanco 2006;
Henry et al. 2008) and leaching (i.e., nutrients, labile carbohydrates and organic matter) (Spears
& Lajtha, 2004), the chemical composition of different woody litter species tends to converge
(Melillo et al. 1989; Preston et al. 2009), like in leaf litter. However, this convergence may not be
seen in the field when woody litters of different initial quality fall down at the same time but
decompose at different rates, as in our study. This has consequences for the qualities of different
woody litters through time as experienced for instance by termites, affecting their consumption
activity. Indeed, in our results, the peak of termite abundance shifted among tree species across
harvest times, specifically, the termite abundance peaked at the resource-acquisitive end of the
WES after 6 months and then the peak shifted from the acquisitive end to the medium position on
the WES at 12 months, and the range of the peak increased along the WES at 18 months at both
forest sites. This was because, with the decomposition process going on, the medium quality
wood (with lower initial decomposition rates) became more palatable, while the high quality
wood had become less palatable to wood-feeding termites, because of loss of structure,
unfavorable chemistry or a combination of these. Thus, the termites chose initially medium
quality rather than initially high quality woody litter, so that the mass loss rates of medium
quality woody litter in the later period (12-18 months) were faster than those of the initially high
quality woody litter, but only in the site with the strong termite activity. Unfortunately, it was not
feasible within the time constraints of this PhD study to also measure the structure and chemistry
of our coarse woody litter (Chapter 5) and leaf litter (Chapter 4) at all harvest times, which would
have substantiated the above patterns mechanistically. The general message from our findings is
that three currently rather separate research fields should come together more in order to make
more progress on decomposition research at the community scale: researchers working on the
detailed changes in litter structure and chemistry during decomposition should link up more
with researchers linking initial traits of multiple species to decomposition rates and with
researchers studying the effects of invertebrates on decomposition processes. Some studies
combine two of these fields (e.g. Fujii et al. 2018; Zuo et al. 2018; Lin et al. 2019) but to my
knowledge none have combined all three so far.

The time aspect of the decomposer contribution to decomposition

In Chapters 4 and 5 we showed that invertebrate detritivores can contribute a lot to litter
breakdown and accelerate litter mass loss, and this contribution can be strongly mediated by the
interplay of time patterns in invertebrate populations and decomposition stages across tree
species varying in initial leaf or woody litter quality. Different invertebrates have different effects
on ecosystem carbon turnover and nutrient cycling including litter turnover, while for a given
invertebrate detritivore taxon it is this temporal aspect of changing litter quality across tree
species that affects its local population abundance and its contributions to the decomposition
process across different tree species. Both our experiments, on leaf litter and coarse woody
debris, have demonstrated the potential importance of such dynamic interactions. In Chapter 4,
we have discussed to what extent our experiment captures the natural interactions of litter LES
position, litter quality change and invertebrate phenology on litter mass loss rates in evergreen
broad-leaved forests. We captured most of the natural phenology of leaf litters in these forests, we
certainly demonstrated that the litter experiment (start time) mostly matched the phenology of
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the deciduous species, which shed all their leaves in autumn. For evergreens, there is litterfall
both in autumn and spring, although the main peak in our subtropical forest is also in autumn
and early winter (centered on October) for the majority of species in our study. However, because
of the time needed to prepare the litter bags, it was not possible to include any effect of a strong
moth larvae peak on the initial decomposition phase of the litters in our study. Directly
comparing the effects of early versus later detritivore abundance peaks on decomposition rates
across diverse litter species would be important to do but hard to standardize in a natural setting;
perhaps such peaks could be induced by artificially breeding caterpillars from eggs in a controlled
environment. In Chapter 5, we focused on the wood (stem) samples. The interaction of wood
quality and the termites’ contribution to decomposition also has shown a strong time dimension.
Previous studies have consistently concluded that termites prefer softer wood with lower density
(Takamura 2001; Liu et al. 2015), but have ignored the important fact that wood quality will
change with the decomposition time and with the participation of microorganisms and fungi. For
instance, during a three-year decomposition experiment heavy hardwood of Neobalanocarpus
heimii showed strong nitrogen and phosphorus accumulation, and the C/N and C/P ratios
decreased in the termite exclusion treatment (Takamura 2001). Moreover, as the decomposition
process goes on, wood becomes more penetrable and degradable; there is evidence that termites
preferentially invade wood that has already rotten to some extent by fungi rather than
undecomposed wood, possibly because of a boost in nutritional value due to fungal activities
(Waller et al. 1987). Thus, with the passage of time, these early colonists are gradually replaced
by termites (wood feeders) that feed only on decomposing wood and may drive a substantial
proportion of wood mass loss (Ulyshen 2016). Our results are consistent with these previous
findings for initially middle quality wood, while on initially high quality wood we already found a
strong termite presence and consumption in the early phase of the decomposition process.

In subtropical forest further complexity to the temporal pattern may be added by seasonality.
Termite activity including reproduction is generally lower at low temperatures, as usually occur
from November to March in the humid subtropics. Winter is also a rather rainy season, leaving
the wood damp; this will enable the fungi to grow fast when the weather becomes warmer in
spring and early summer, which will attract more termites. This kind of seasonality will interact
with the relationship of termites and wood quality through decomposition time, with
consequences for the maintenance of local termite populations. In our study the start of the wood
incubations was in late autumn, while the summer is a season in which typhoons and landslides,
and thereby the production of new coarse woody debris, are very common. This means that in
nature often the dead wood-termite interaction may have a different season as a starting point.
Thus, the season during which multi-species dead wood experiment such as ours is started may
be an important factor to take into account in future experiments. Still, this thesis demonstrated
that, in nature, wood quality and termite (decomposer) abundance change through time
simultaneously, and that it is important to take into account that the wood quality of different tree
species at the time of the termites’ (abundance) invasion is determined both by their initial
quality and decomposition stage per se. Moreover, the broad implications of our study for future
ecosystem research are that it shows in a new context how the interaction of biological factors
such as animal phenological and other temporal characteristics and the seasonality of basic
resources (plants) drives ecosystem function. The detritivore compartment in ecosystems adds a
new study dimension to this field, which has so far focused on the producer – consumer
compartment. For instance, temporal mismatches between climates – induced changes in
phenology of the basal resource provided by plants, the invertebrates feeding on the plants and
migratory birds feeding on the invertebrates have been shown to be of great importance to
ecosystem function (Both & Visser 2001). In the context of global warming changing the
phenology of species, it is therefore important to understand the interacting forms (phenological
match or mismatch) of plants and animals in the short- and long-term in ecosystems, not only in
the consumer subsystem but also in the detritivore subsystem.

B. The prediction of organs’ decomposability by the tree economics spectrum

Plant organ traits related to decomposability

The litter layer in forest not only consists of leaf litter, but also contains dead material of other



General discussion

96

plant components, such as flowers and seeds, roots, twigs, branches, bark and logs; these plant
organs also make a great contribution to the carbon and nutrient elements feedback in forest
soils (Harmon et al. 1986; Cornwell et al. 2009; Freschet et al. 2013). The organs’ traits represent
the plants’ overall coordination to support the strategies evolved to adapt to the environment,
often on a long evolutionary time scale (see Chapter 1). Thus, it is important to quantify variance
in decomposability within and between plant organs across species for better understanding and
predicting the biogeochemical cycles in the forest ecosystem as driven by their tree composition
(Chapin III et al. 2009; Brovkin et al. 2012; Pietsch et al. 2014). In previous studies, leaves were
consistently more decomposable than coarse branches across ten tree species in temperate forest
in the Netherlands (Zuo et al. 2018); and more decomposable than in 5 cm diameter main stems
across six subarctic tree species (Freschet et al. 2012). Similarly, our results for 41 species
showed that the decomposition rates of leaves were on average much faster than those of
branches incubated in the same two subtropical forests (Figure 6.1). Since the termites that
consume wood dominate the invertebrate decomposer community in the subtropical evergreen
broad-leaved forest, finally, interactions between termites and wood traits drive the litter layer
decomposition of subtropical evergreen broad-leaved forest (see Chapter 5). However, the
consumption by termites is still not enough to raise their decomposition rates to the level of those
of the leaves. As shown in Chapter 4, leaf litter can also have a rather strong effect of invertebrate
consumption, particularly by moth larvae. This effect was probably small compared to that of the
termite effect on wood decomposition, but we could not quantify it in our study. Such an explicit
comparison of overall relative invertebrate effects on woody versus leaf litter across sets of
woody species in the same ecosystems would be an important topic of future investigation.

As we all know, plant organs have marked differences in function as represented by their specific
traits. Freschet et al. (2012) investigated traits and decomposition rates of different organs across
a wide range of growth forms from small herbaceous plants to big trees in a subarctic region, and
demonstrated that there is a local plant economics spectrum (PES) of litter decomposability; the
PES, via its “afterlife effect” drove coordinated decomposition rates of different organs across a
wide range of subarctic plants. After that Zuo et al. (2018) found some but rather limited
evidence of a tree economics spectrum (TES) that had important trait afterlife effects driving
coordinated decomposability of different organs across 10 temperate tree species. Pietsch et al.
(2014) only found weak coordinated variation in leaf and coarse wood decomposition rates
worldwide; and only at the level of large clades (especially angiosperms versus gymnosperms;
see below). In our study, there was a non-significant positive trend between leaf and branch
(with/without termites involved) decomposability in the PT island site (Figure 6.1a, c); on the
contrary, there was significant but rather weak coordination between leaf and branch
(with/without termites involved) decomposability in the TT mainland site (Figure 6.1b, d). Our
finding is based on 41 tall trees, short-stature trees and shrubs from the same forest area
(subtropical forest in East China), i.e. many more species than in the previous studies mentioned
above, thus our resource economics spectrum is longer and more filled and it contains more
possibilities of species specific decomposability. In general, based on the leaf and branch
decomposition experiment with 41 tree and shrub species, we found that there was mostly a
decoupled pattern of leaf and branch decomposability based on the species WES and the LES, i.e.
wood mass loss versus leaf mass loss rankings across species were not convincingly coordinated
(Figure 6.1). Interestingly, after one year of incubation, the middle values for both WES and LES
gave higher (period-specific) mass loss values in the PT site. With the help of the decomposers,
because PT had higher abundances of termites and the special lepidopterous larvae in the litter
layer, in the relatively latter stage of decomposition, the consumption of the two main dominant
decomposers reached the highest level at the medium values of the organ economic spectra (see
above). Thus it is possible that the lack of relationship between leaf and branch decomposability
in PT was partly caused by the consumption activity and the life cycle of different decomposers
(lepidopterous larvae and termites) (Figure 6.1a, c). In contrast to PT, there were no lepidopterous
larvae present in the leaf litter in the TT site; this may partly explain why there was a significant
correlation between leaf and branch decomposition rates, and this tendency was enhanced by the
presence of termites (Figure 6.1b, d). The implication for future research is that the feeding
preferences and different life cycles of dominant decomposers, i.e. complementary or overlapping
consumer behavior of different decomposers, may alter the original decomposability order as
based on the initial traits of dead plant organs.
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Figure 6.1 Comparison of decomposability (mass loss rate) of leaf and branches (without termites: a, b; with termites: c, d)
over 18 months in two sites (PT: a, c and TT: b, d) across 41 diverse tree species from subtropical broad-leaved forests in
China (this thesis study).

Variation at higher or lower taxonomic resolution than species-level

This thesis contains large interspecific variance, and that variance can be captured by the trees’
organ economic spectra (LES, WES). In the Chapters 4 and 5 we selected 41 trees species
including six growth-forms/higher clades (evergreen tree, deciduous tree, deciduous shrub,
evergreen shrub, conifer and monocot). However, the focus was on the broad interspecific
variation of leaf litter decomposition rate for species of different LES or WES position regardless
of each growth-form or higher clades. Moreover, both above and below the species-level
additional interesting patterns may be observed. In Chapters 2 and 3 we already showed the
relevance of aggregating species in terms of their leaf habit, by comparing decomposability of
evergreen versus deciduous taxa for their decomposability (and their interactions). However, our
species set also shows interesting patterns when categorized into major clades. Specifically, large
overall difference in decomposability can be shown between angiosperms and gymnosperms. In
thesis Chapters 4 and 5, we selected 5 gymnosperms and 36 angiosperms to investigate the
variance of decomposability of leaf and branch. Consistent with previous studies showing that the
two evolutionary groups have significant differences in leaf (Cornwell et al. 2008) and branch
(Weedon et al. 2009; Harmon et al. 2013) “afterlife” traits and decomposition rates within
common sites across the world. In Chapter 4 we found that the leaves of gymnosperms were
usually distributed at the conservative end of the economic spectrum, especially Cunninghamia
lanceolata, Metasequoia glyptostroboides and Pinus thunbergii, and they were usually resistant to
decomposition. Moreover, lepidoptera larvae seldom consumed them in our experiment,
providing positive feedback to the pattern that gymnosperm leaf litter decomposition rate was
significantly slower overall than that of angiosperms (Figure 6.2 a, b). In contrast, in Chapter 5 we
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found termites preferred to consume gymnosperms branches, especially those of Pinus
massoniana, and this phenomenon lead to gymnosperm decomposition rate having no significant
overall difference to that of angiosperms (Figure 6.2c, d). When scaled up, this negative feedback
could be quantitatively important for regional carbon cycling. Also importantly, some previous
studies together reported that the decomposition rates of both leaves and woody materials were
consistently higher in angiosperms than in gymnosperms (Cornwell et al. 2008; Weedon et al.
2009; Pietsch et al. 2014; Zuo et al. 2018), while we have different results. We found that the
negative termite feedback resulted in the decomposition rates of leaves and woody organs of
gymnosperms versus angiosperms showing a mismatch: due to the dominant decomposers of
leaves and branches having different preferences, the decomposition of gymnosperms wood was
accelerated by termite consumption, while the patterns of microbial decomposition rates for
leaves were apparently not altered by moth larvae.

Figure 6.2 Comparison of leaf (a, b) and branches (c, d) decomposability (mean ± standard error) of angiosperms and
gymnosperms incubated in two sites, PT (a, c) and TT (b, d). Asterisks indicate a significant difference between these
clades in a student’s t-test: *, p <0.05; **, p <0.01

Plant functional traits do not only show interspecific differences within different plant organs, but
also have intraspecific variations due to the role of environmental filtering at fine to coarse
spatial scale (Violle et al. 2012). The intraspecific functional trait variations of plant parts might
cause phenotypic or genotypic (He et al. 2012) intraspecific variation in in decomposability of
plant organs. In a previous study, there was significant variation in the initial traits and
decomposition rates of leaves and branches for the same species collected from contrasting forest
growing environments (Zuo et al. 2018). In this study we also extracted litter leaf and branch
litter from three species from both incubation sites to explore the intraspecific trait variation
effect on leaf (Chapter 4) and branch (Chapter 5) litter decomposition. However, in our study
there was mostly no significant difference neither in initial traits nor in decomposition rates of
leaves and branches for the same species collected from two forest sites (at 124 km distance from
one another) (Figure 6.3). Except for the branch mass loss of Pinus massoniana, which did have a
significant site-of-origin difference in decomposability. Without in-depth research it is not
possible to know whether this intraspecific difference in decomposability is due to a phenotypic
or genotypic trait difference. However, there seemed to be a general trend across the three
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species that leaf and branch litter appeared slightly more decomposable if collected from PT
when compared to TT (Figure 6.3). The main reason for the lack of overall intraspecific variation
in decomposability might be that there was no sufficient distinct difference in the trees’ growing
environment to cause a big difference in leaf or branch traits relevant to decomposition. This is
somewhat surprising, since the PT site is located on an island and exposed to chronic wind stress
as well as wind-throw due to typhoons as compared to the less exposed and less windy mainland
TT site. In general, the investment strategy of the same tree species in two sites might be different,
but this may be mainly reflected in tree architecture (own observations). For the same (5 cm)
diameter, the branch growth rate and age might be similar in the two sites of the same tree
species, thus the difference in environment is not strong enough to change the wood quality and
decomposability.

Figure 6.3 Comparison of leaf and branch litter decomposability of the same species collected from two different sites (PT
and TT), Liquidambar formosana (a, b), Cinnamomum camphora (c, d), and Pinus massoniana (e, f) of two incubation sites.
Significance in student’s t-test: NS, not significant; ** p <0.01

Other organs not covered in this studied

In general, coarse wood and litter from trees and shrubs on the forest floor consists of leaves,
twigs, branches, trunk and roots. Especially after special meteorological extremes such as
typhoons, a large number of trees will fall down and become woody debris and fine litter to
participate in the biogeochemical cycle in the terrestrial ecosystem. In the surface litter layer of
forest, the twigs are the most abundant component beside leaves. Especially on islands, where the
windy weather increases the amount of twigs on the forest surface, twigs also play an important
role in the carbon cycle. For this important aspect, we also carried out the decomposition
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experiment of the dead twigs, and the further exploration of this part will be carried out later. In
addition, tree trunks are huge units of carbon sequestration, so their decomposition process is
important for the carbon turnover (Harmon et al. 1986, Cornwell et al. 2009). Different to the
other organs, the traits of tree trunk may show strong gradients from the center to the outside
(heartwood to sapwood) of the xylem and the strength of these gradients varies strongly between
tree species (Weedon et al. 2009). Moreover, the bark traits (e.g. inner bark to outer bark ratio,
bark thickness and nutrient content) of trunk of each tree species also has shown to be diverse
(Rosell et al. 2014; Zuo et al. 2016). Wood outer bark has physical or chemical characters that
form a barrier to penetration by the decomposer invertebrates or microorganisms (Pearce 1996).
Furthermore, because of their huge size, tree trunks provide important habitat support for
biodiversity, however, how these decomposers drive the decomposition of tree trunks is not clear.
It will be important to study whether the biotic feedbacks we found for branch litter and
invertebrates (Chapter 5) also apply to large diameter logs; and whether such feedbacks
strengthen or weaken those on branch turnover through time. Also, as mentioned above, Freschet
et al. (2012) demonstrated that there is a local plant economics spectrum (PES) of litter
decomposability, via “afterlife effect” driving coordinated decomposition rates of different organs
(include leaf, root ,twig, and coarse stem) across a wide range of subarctic plants. After that Zuo
et al. (2018) found some (but weak) evidence of a temperate-zone tree economics spectrum (TES)
also driving coordinated decomposability of different organs (leaf, twig and branch) across the
tree species. It’s a pity that neither of these studies pointed out whether the trunk
decomposability can be predicted by TES or PES. In the case of the TES, the main reason might be
that coarse wood decomposition takes an even longer time in temperate regions than in the
subtropical forests I studied here. Even in our experiment, we have carried out a decomposition
experiment of leaf, twig, branch and logs (trunk) simultaneously but for the same reason, the two
year period for log decomposition is very short, only catching the initial phase, and these logs are
being studied as well but require a longer time scale.

Besides the aboveground organs of a tree, the root system is a belowground organ that acts as an
important conduit of carbon input to soils (Norby & Jackson 2000; de Graaff et al. 2013), thus,
follow-up research is worth doing for root carbon turnover. However, the proportion of plant
investment in structural carbon and nutrients varies along different diameters of the root system,
due to their functional difference. The coarse root contains much carbon for stable structural
construction and storage of mobile carbohydrates, while the fine roots are usually made up of
living cells to absorb water and nutrients. Thus, differences in root diameter might have different
substrate quality, which can be represented by different functional traits. And while the carbon
accumulation of fine roots is small, the proliferation of fine roots through the soil is much more
extensive than that of coarse roots. Thus, the coarse root and fine root might play a different role
in maintaining underground biodiversity, including that in invertebrates. The latter in turn may
be part of feedbacks to root decomposition. Whether such feedbacks, through time, may be
comparable or different from those reported in Chapters 4 and 5 is a big new research question,
especially because the decomposing invertebrates involved and the soil environment have some
fundamental differences with those in the aboveground decomposition subsystem (van der
Putten et al. 2016). Overall, coarse and fine roots constitute a very important knowledge gap for
further study on decomposability and associated fauna.

C. The different roles of different invertebrates in leaves and wood decomposition

In Chapter 4 (lepidopterous larvae) and Chapter 5 (termites), we stated that previous studies (e.g.
Riutta et al. 2012; Yang & Chen 2009; Fujii et al. 2018; Fujii et al. 2016) showed the relationship
between litter quality, invertebrates and decomposition varied among different research cases
and environments, and asked whether this inconsistency is partly due to the lack of consideration
of time. Therefore, the core aspect of answering the question is examining how the trajectory of
litter decomposability changes along with the shifts in both litter quality and decomposer
community. We have long realized the trajectory of the decomposer community is ever changing
(Ulysen 2016). Not only can we find a variety of invertebrate species involved, but also the species
composition alters constantly, this implies that the same decomposer species would not be likely
to be present, or be abundant, at every decomposition stage. Hence the question arises what does
the litter quality change over time mean to different kinds of decomposer groups. In one of our
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study sites, i.e. PT, we demonstrated such interactions both for a moth species (Arippara indicator;
Pyralidae) feeding on leaf litter when still in the larvae stage; and for termites feeding on dead a
decomposing branches.

However, there is still a world of decomposers and their functions in relation to litter turnover
through time waiting to be revealed, not only do we need to look at what’s the role animals play in
decomposition, but also the ecological meaning of the decomposition process for animal groups
themselves at different timings; a lack of consideration of time would oversimplify and blur the
dynamic relationships between animal groups and litter quality. For example, one study
elaborated on comparable relationships but in different environmental setting (i.e. a temperate
altitudinal gradient), and emphasized the importance of time and space to alteration in the soil
faunal contribution to litter decomposition (Fujii et al. 2018). Another recent study found soil
fauna such as collembolans and mites did not alter the relationship between litter quality and
litter decomposition rates after calculating the litter mass loss over 400 days of decay (Lin et al.
2019), even though at least certain groups of the clades have been proven to be direct consumers
of leaf litter (Fujii et al. 2018). Also, Morriën & Prescott (2018) discussed how processing of litter
in the guts of invertebrates can result in faster or slower decomposition of the pellets compared
to control litter particles, depending on the organisms and environments involved. Whether the
relationships between these soil fauna and litter quality are time-dependent, and especially decay
stage dependent, requires further testing. The decomposition subsystem supports high diversity,
other than microbes and termites, wood (and bark) boring beetles have a notable contribution to
wood decomposition. They also facilitate other decomposers’ invasion of wood litter, such as
fungi, similar-sized animals by tunneling, providing feeding and nesting sites and even intended
microbe cultivating (Ulysen 2016; Zuo et al. 2014), therefore wood boring beetles indirectly
accelerate decomposition. In our experiment, we found a wide distribution of beetle groups, even
though their abundance was far less than that of termites. How these beetles and other
invertebrates affect other decomposers still needs to be further explored, especially in terms of
fungi dispersal and cultivation and the interaction with termites. Another important invertebrate
taxon in the subtropical evergreen broad-leaved forest studied here was ants. Although in our
study we have not observed any direct involvement of ants in litter consumption, its strong
predation on termites (Buczkowski & Bennett 2007) might have an important indirect impact on
the decomposition course, complementary to the top-down control by pangolins in Chapter 5.
And, again, new studies of such interactions should also take into account the factor time.

6.3 Conclusion

Functional traits of trees and shrubs and litter derived from them, invertebrates and their mutual
interactions, as well as interactions between litters of different species and tree functional types
themselves, have a strong influence on the decomposition of different aboveground parts of trees
species in subtropical forest, and the time dimension plays a key role in the effects of these
interactions on the decomposition process in this terrestrial ecosystem. This thesis has provided
some insight into these processes. However, further research on the remaining knowledge gaps,
some of which have been highlighted above, is needed to enlarge our understanding of: (a) How
does biodiversity change with the tree economic spectrum of litter traits in the forest and how is
the feedback via decomposition? (b) What are the time patterns of the relationship between the
wood economic spectrum and different decomposer groups during the decomposition process;
and how is their feedback? (c) How do these various interactions complement or counter each
other to accelerate or slow down the whole decomposition process at forest ecosystem level?
This thesis should provide some of the theoretical concepts and empirical findings that may
inform new research to answer these questions.
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Decomposition of dead organic matter is a crucial process of nutrient cycling and carbon fluxes in
terrestrial ecosystems. Approximately 36-72Pg carbon is recycled via coarse woody debris
decomposition globally, and 70-80% of plant-derived nitrogen is returned to the soil through
litter decomposition. In addition, dead organic matter provides habitat and key food resources for
a large number of organisms in food webs, i.e., bacteria, fungi, protozoans, invertebrates and
vertebrates. In a given region, the substrate quality of dead organic matter and decomposers as
critical biotic drivers for the decomposition process. However, what are the effects of biotic
interactions between forest litter types and between litter types and invertebrates on
decomposition rates is still unclear; especially unclear is how these interactions vary across time
scales ranging from seasonal to the long time scale allowing trait evolution. To plug this research
gap, this thesis has asked four specific main research questions: (1) How does litter trait diversity,
via litter interactions, influence mixed evergreen-deciduous litter decomposition in humid
subtropical forest? (2) What is the contribution of subordinate tree species to community-level
litter decomposition? (3) How do interactions between litter quality and invertebrates impact
litter mass loss through time? (4) Are there positive feedbacks among tree functional (trait)
diversity, termite populations and woody litter turnover; and could such feedbacks affect
predatory mammal populations?

To answer these research questions (RQ), Chapters 2 (RQ 1) and 3 (RQ2) focused on trait afterlife
effects on leaf litter-litter interactions between evergreen and deciduous species on litter
mixtures decomposition, that is, how species with different functional traits interact with each
other to drive decomposition. The results of Chapters 2 showed remarkable positive non-additive
effects of litter mixture on litter decomposition. The non-additive mixing effect size (compared to
expect values based on monospecific litters) of decomposition rate and N release showed
hump-backed relationships with the community-weighted mean litter N/P ratio, i.e. the litter
mixtures with the highest functional evenness of N/P stoichiometry can cause the greatest size of
non-additive effects of litter mixture, due to a combination of N transfer from evergreen litters
with high N/P ratio to deciduous litters with low N/P ratio and facilitation of evergreen litter
decomposition by high microbial activity in fast-decomposing deciduous litter. Thus Chapter 2
provides strong evidence that differences in N/P stoichiometry between evergreen-deciduous
leaf litter mixtures play a strong role in influencing litter decomposition rate and associated
nutrient release, which are among the key ecosystem processes in terrestrial ecosystems. Chapter
3 highlighted the importance of “trait dissimilarity” of subordinate deciduous species within a
predominantly evergreen ecosystem for shaping carbon dynamics. The results of Chapter 3
showed that deciduous subordinates had strongly contrasting nutritional and water-storage
traits compared to the dominant evergreens. Thereby, the expected community weighted mean
decomposition rates based on the evergreen dominants alone, with or without the addition of
evergreen subordinates, deviated strongly from those of the observed community litter mixtures
at the middle and late succession stages, but not at the early stage. When adding deciduous
subordinates to this expectation, there was no longer any difference to the observed community
litter decomposition rate across succession stages. Deciduous subordinates alone explained 7%,
21%, and 15% of the total variation in community litter mixture decomposition rate for early,
middle, and late successional stages, respectively, which is more than would be expected from
their much low litter mass fraction.

Chapters 4 (RQ3) and 5 (RQ4) focused on tree trait afterlife effects on the time pattern of plant -
decomposer interactions, that is, how the functional traits of species in a single litter treatment
interact with the invertebrates, thereby together affecting the plant litter decomposition rates
through the decay trajectory. Chapter 4 introduced invertebrate phenology into a conceptual
model of drivers of litter mass loss, and highlighted the importance of considering interactions
between the timing of detritivore activities and the timing of litter quality for better
understanding the role of soil animals in ecosystem carbon and nutrient cycling. The results of
Chapters 4 showed that the species’ values along the leaf economics spectrum (LES), as an
integrated measure of leaf (litter) quality, had a positive linear relationship with litter mass loss
early in the decomposition process, before an outbreak of a key invertebrate consumer in the
litter layer. With the invertebrate consumers (moth larvae) peaking later into the decomposition
process, the invertebrate consumption peaked at initially medium quality litters (which by then
had reached higher quality), which altered the tree species’ ranking of decomposability along the
LES. This meant that the slope of cumulative mass loss on initial LES score across species was less
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steep than would have been expected without the invertebrate peak. Chapter 5 introduced a
temporal pattern into a conceptual model of the positive feedback of (dead wood-feeding) termite
and (termite-feeding) pangolin populations and forest wood decomposition. The results of
Chapter 5 showed that there was a positive linear relationship of coarse branch wood mass loss
rate as a function of initial wood quality (wood economics spectrum, WES) both with and without
termites in the first 6 months and in the period between 6 and 12 months of incubation, and
termite presence increased the slope of this relationship in both research sites. In contrast, in the
period between 12 and the 18 months, the termite abundance and consumption peaked at
initially medium quality litters in one of the sites (which by then had relatively increased in wood
quality, cf. chapter 4), thereby increasing mass loss of these litters, leading to a humpback relation
of mass loss with the WES. This shift in termite preference of dead wood species along the WES
pointed to complementary food availability to termites through time, thereby promoting termite
populations. In turn, these enhanced termite populations helped to support endangered pangolin
populations. Chapter 5 highlighted that, while both top-down and bottom-up forces controlled
termites simultaneously, it was ultimately likely tree functional diversity, through wood traits,
that could help to sustain pangolins as the top predator as well as forest carbon turnover through
time.

This thesis focused on exploring the important role of plant functional diversity in the
decomposition process in subtropical forest at different time scales: starting from different
species strategies (e.g. evergreen versus deciduous leaf habit) resulting from evolutionary
adaptation on a very long time scale to the small time scale of seasonal dynamics of invertebrate
life cycles. This thesis introduced the time dimension into decomposition research, especially in
the aspect of interaction between plant functional traits and decomposers, as well as in predator
food webs. This focus on time patterns has provided a new perspective for further understanding
the mechanisms that drive the decomposition process. However, further research on the
remaining knowledge gaps is needed to enlarge our understanding of interactions of plant
functional trait diversity and decomposer groups, associated with different decomposition stages
(time dimension). Specifically, we need to know the time patterns of the relationship between the
wood economic spectrum and different decomposer groups during the decomposition process;
and how is their feedback, and how do these various interactions complement or counter each
other to accelerate or slow down the whole decomposition process at forest ecosystem level. In
general, ecosystem ecology research would benefit from a stronger focus on temporal patterns
for better understanding the interactions of plant functional diversity and decomposers and their
predators in detrital food webs on ecosystem decomposition process.
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De decompositie (afbraak) van dood plantenmateriaal is een cruciaal proces in de kringlopen van
nutriënten en koolstof in terrestrische ecosystemen. Ongeveer 36-72 Pg koolstof wordt
wereldwijd gerecycled via houtafbraak en 70-80% van de plantaardige stikstof wordt via de
afbraak van strooisel teruggevoerd naar de bodem. Bovendien ondersteunt dood
plantenmateriaal een geweldige diversiteit aan organismen in voedselwebben, d.w.z. bacteriën,
schimmels, protozoën, ongewervelde dieren en gewervelde dieren, als habitat en als
voedselbron. Binnen een bepaald gebied zijn de kwaliteit van dood plantenmateriaal en de
afbrekende organismen de kritische biotische factoren voor het decompositieproces. Het is echter
nog onduidelijk wat de effecten zijn van biotische interacties tussen verschillende soorten
bladstrooisel, en tussen dood hout of bladstrooisel en ongewervelde dieren, op de
afbraaksnelheden. Vooral onduidelijk is hoe deze interacties variëren op verschillende tijdschalen,
van seizoenen tot zeer lange tijdschaal waarin zelfs evolutie van planteigenschappen mogelijk is.
Om dit hiaat in de literatuur op te vullen, heeft dit proefschrift vier specifieke
hoofdonderzoeksvragen gesteld: (1) Hoe beïnvloedt de diversiteit van kenmerken van
bladstrooisel van altijdgroene en bladverliezende boomsoorten, via hun onderlinge interacties, de
decompositie en nutriëntendynamiek in vochtig subtropisch bos? (2) Wat is de bijdrage van
bladstrooisel van schaars voorkomende boomsoorten met speciale bladkenmerken aan de
afbraak van de strooisellaag in dergelijk bos? (3) Hoe beïnvloeden interacties tussen
strooiselkwaliteit en ongewervelde dieren de afbraak van strooisel door de tijd heen? (4) Zijn er
positieve feedbacks tussen functionele (eigenschaps-)diversiteit van bomen, termietenpopulaties
en dood hout; en zouden dergelijke feedbacks de populaties van gewervelde predatoren kunnen
beïnvloeden?
Om deze onderzoeksvragen (RQ) te beantwoorden, richtten hoofdstukken 2 (RQ 1) en 3 (RQ2)
zich op de effecten van planteigenschappen, via strooiseleigenschappen, op de interacties t tussen
dode bladeren van groenblijvende en bladverliezende boomsoorten op de afbraak van
strooiselmengsels, dat wil zeggen hoe soorten met verschillende functionele eigenschappen
elkaar beïnvloeden en daarmee de afbraak stimuleren. Dit werd experimenteel onderzocht in de
subtropische bossen van China. De resultaten van hoofdstuk 2 toonden opmerkelijke positieve
niet-additieve effecten van strooiselmengsels op de afbraak van strooisel. De grootte van het
niet-additieve mengeffect (vergeleken met verwachte waarden op basis van strooisels van de
individuele soorten) op de afbraaksnelheid en nutriënten-afgifte toonde een hyperbole
(bultvormige) relatie met de gemiddelde verhouding van stikstof (N) tot fosfor (P) van het
strooiselmengsel (N/P stoichiometrie), waarbij de relatieve massa van iedere soort in rekening
was gebracht. De strooiselmengsels met de hoogste functionele diversiteit (“evenness”) van
N/P-stoichiometrie gaven de grootste omvang van niet-additieve effecten van het
strooiselmengsel. Dit verschijnsel werd verklaard door een combinatie van N-overdracht van
strooisel van groenblijvende soorten met een hoge N/P-verhouding naar bladverliezende soorten
met een lage N/P-verhouding; en door het stimuleren van de afbraak van groenblijvende soorten
door hoge microbiële activiteit in snel afbrekend strooisel van bladverliezende soorten.
Hoofdstuk 2 toonde dus empirisch aan dat verschillen in N/P-stoichiometrie tussen dode
bladeren van groenblijvende en bladverliezende soorten een grote rol spelen in hun
afbraaksnelheid en de daarmee samenhangende afgifte van nutriënten. Hoofdstuk 3 benadrukte
het belang van verschillen in bladeigenschappen ("trait dissimilarity") van ondergeschikte
bladverliezende soorten binnen een overwegend groenblijvend bosecosysteem voor de
afbraaksnelheid van bladstrooisel. De resultaten van hoofdstuk 3 lieten zien dat bladverliezende
ondergeschikten in het subtropische bos sterk contrasterende nutriënten- en
wateropslagkenmerken hadden in vergelijking met de dominante groenblijvende boomsoorten.
Daardoor weken de afbraaksnelheden van de strooisellaag sterk af van de waarden die verwacht
zouden worden op basis van de afbraaksnelheden (gewogen voor hun relatieve voorkomen in het
bos) van de groenblijvende dominante soorten alleen. Dit verschijnsel hing wel af van het
successiestadium van het bos; het trad op in het middelste- en late, maar niet in het vroege
successiestadium. Bij het toevoegen van bladverliezende ondergeschikten aan de vooraf
berekende verwachte waarde was er geen verschil meer tussen de verwachte en waargenomen
afbraaksnelheid van de strooisellaag in opeenvolgende stadia. Kortom, bladverliezende
ondergeschikten verklaarden 7veel meer van de totale variatie in de afbraaksnelheid van de
strooisellaag dan verwacht zou worden op grond van hun zeer lage bijdrage aan de massa van
de strooisellaag in groenblijvende subtropische bossen.
De hoofdstukken 4 (RQ3) en 5 (RQ4) waren gericht op de effecten van boomkenmerken, via die
van dood plantenmateriaal, op het tijdspatroon van interacties tussen planten en hun afbrekers.
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Met andere woorden: hoe de functionele eigenschappen van boomsoorten, via de
voedselvoorkeuren van ongewervelde detrivoren, in de loop van het decompositietraject de
afbraak van dood plantenmateriaal bepalen. Ook dit onderzoeksthema werd experimenteel
aangepakt in de subtropische bossen van China. Hoofdstuk 4 introduceerde de fenologie
(tijdspatroon) van ongewervelde dieren in een conceptueel model waarin het relatieve
massaverlies van strooisel van verschillende boomsoorten veranderde door de tijd, door de
interactie met een ongewervelde. De resultaten van hoofdstuk 4 toonden aan dat de waarden van
de boomsoorten langs het “bladeconomiespectrum” (LES), als een geïntegreerde maat voor de
kwaliteit van het bladstrooisel, een goede voorspeller waren voor afbraaksnelheid. Dit was het
geval vroeg in het afbraakproces, toen er nog weinig ongewervelde detrivoren aanwezig waren in
de strooisellaag. Met de ongewervelde consumenten, te weten mottenlarven die later in het
afbraakproces een hoge populatiepiek bereikten, was door hun consumptie de strooiselafbraak
het hoogste van díe soorten die aanvankelijk een gemiddelde kwaliteit hadden maar inmiddels
een hogere kwaliteit hadden bereikt voor de larven. Dit veranderde de rangschikking van
afbraaksnelheid van de boomsoorten langs de LES door de tijd. Dit betekende dat er een soort
negatieve terugkoppeling was van de ongewervelden op het cumulatieve massaverlies van
strooisels langs de initiële LES-as. Hierdoor was de positieve hellingshoek van cumulatief
massaverlies uitgezet tegen initiële strooiselkwaliteit van de soorten minder steil dan zonder de
larvenuitbraak zou worden verwacht. Hoofdstuk 5 introduceerde een tijdspatroon in een
conceptueel model van de positieve feedback van (dood hout etende) termieten, (termieten
etende) schubdierpopulaties en afbraaksnelheid van dood hout van verschillende boomsoorten.
De resultaten van Hoofdstuk 5 lieten zien dat er een positieve lineaire relatie was tussen het
massaverlies van grof dood hout als functie van de initiële houtkwaliteit van diverse boomsoorten
(houteconomiespectrum, WES), zowel met als zonder termieten, althans in de eerste 12
maanden van experimentele incubatie. Bovendien verhoogden termieten de hellingshoek van
deze relatie in beide onderzoekslocaties. In de periode tussen 12 en 18 maanden bereikten de
termieten echter een consumptiepiek bij díe soorten dood hout die aanvankelijk van gemiddelde
kwaliteit waren geweest (maar ondertussen in houtkwaliteit waren toegenomen, zie hoofdstuk 4).
Hierdoor nam het massaverlies van deze soorten toe, wat leidde tot een bultvormige relatie (zie
hoofdstuk 4) van massaverlies uitgezet tegen de initiële WES. Deze verschuiving in
termietenvoorkeur voor dode houtsoorten langs de WES wees op complementaire
voedselbeschikbaarheid voor termieten door de tijd heen, waardoor termietenpopulaties werden
bevorderd. Hiermee konden de termietenpopulaties op hun beurt door de tijd heen de populaties
van bedreigde schubdieren ondersteunen. Hoofdstuk 5 benadrukte dat, terwijl zowel “top-down”
als “bottom-up” krachten gelijktijdig de termietenpopulaties bepaalden, het uiteindelijk de
functionele boomdiversiteit was, via houtkenmerken, die hielp om (via termieten)
schubdierenpopulaties in stand te houden, evenals de koolstofomzet in de bossen door de tijd
heen. De hoofdstukken 4 en 5 dragen samen bij aan het begrip van de gecombineerde rol van
planteigenschappen, bodemdieren en tijd in de koolstof- en nutriëntenkringloop van
ecosystemen.

Dit proefschrift richtte zich op het onderzoeken van de belangrijke rol van functionele diversiteit
van planten in het afbraakproces van dood plantenmateriaal in subtropisch bos op verschillende
tijdschalen: van verschillende soorten strategieën (bijv. groenblijvend versus bladverliezend) als
gevolg van evolutionaire aanpassing op een zeer lange tijdschaal, tot de korte tijdschaal van
seizoensdynamiek van levenscycli van ongewervelde dieren. Dit proefschrift introduceerde een
expliciete tijdsdimensie in onderzoek naar decompositie, vooral wat betreft interactie tussen
functionele eigenschappen van planten en hun afbrekers, evenals in voedselwebben tot en met
predatoren. Deze focus op tijdspatronen heeft een nieuw perspectief opgeleverd om de
mechanismen die het afbraakproces aansturen verder te begrijpen. Er is echter verder onderzoek
nodig naar de resterende kennislacunes om ons begrip van de interacties tuseen de diversiteit
van functionele eigenschappen van planten en verschillende diergroepen m.b.t. afbraak,
geassocieerd met verschillende afbraakfasen (tijdsdimensie), te vergroten; hoe is hun feedback,
en hoe vullen deze verschillende interacties elkaar aan of antagoneren ze met elkaar om het hele
afbraakproces op bosecosysteemniveau te versnellen of te vertragen? In het algemeen zou
ecosysteem-onderzoek baat hebben bij een sterkere focus op tijdspatronen om de interacties van
functionele diversiteit en afbraak van planten en hun geassocieerde dieren in voedselwebben op
koolstof- en nutriëntenkringlopen beter te begrijpen.
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