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The decomposition of plant material is an important ecosystem process influencing both carbon cycling and soil nutrient 
availability. Quantifying how plant diversity affects decomposition is thus crucial for predicting the effect of the global 
decline in plant diversity on ecosystem functioning. Plant diversity could affect the decomposition process both directly 
through the diversity of the litter, and/or indirectly through the diversity of the host plant community and its affect on 
the decomposition environment. Using a biodiversity experiment with trees in which both functional and taxonomic 
diversity were explicitly manipulated independently, we tested the effects of the functional diversity and identity of the 
living trees separately and in combination with the functional diversity and identity of the decomposing litter on rates of 
litter decomposition and soil respiration. Plant traits, predominantly leaf chemical and physical traits, were correlated with 
both litter decomposition and soil respiration rates. Surface litter decomposition, quantified by mass loss in litterbags, was 
best explained by abundance-weighted mean trait values of tree species from which the litter was assembled (functional 
identity). In contrast, soil respiration, which includes decomposition of dissolved organic carbon and root respiration, was 
best explained by the variance in trait values of the host trees (functional diversity). This research provides insight into the 
effect of loss of tree diversity in forests on soil processes. Such understanding is essential to predicting changes in the global 
carbon budget brought on by biodiversity loss.

Differences between the rates of net primary production 
and decomposition largely determine the dynamics of for-
est carbon sequestration in undisturbed forests. Decades of 
research have produced the consensus that primary produc-
tivity generally increases with producer diversity in a variety 
of systems (Cardinale et  al. 2012, Balvanera et  al. 2014). 
Although less studied, there is also evidence that taxonomic 
richness of the litter itself affects its rate of decomposition 
(Gartner and Cardon 2004, Hättenschwiler et  al. 2005, 
Gessner et al. 2010, Handa et al. 2014), including in tree-
dominated systems (Potvin et al. 2011, Hulvey et al. 2013) 
although this evidence is contradicted by other studies 
(Srivastava et  al. 2009, Cardinale et  al. 2011). Therefore, 
changes in the number of plant species in a community 
could impact rates of cycling of carbon and nutrients both 
by modulating production and decomposition.

Predicting the effect of plant diversity on changes in the 
soil carbon stock and fluxes requires an understanding of 
which measures and components of diversity most affect 
decomposition and soil respiration. First, diversity can be 
measured either in terms of the number of species present, 

or in terms of the phenotypic (functional) traits that these 
species possess. In regards to functional traits, both their 
means and variability can potentially affect decomposition 
processes. Finally, diversity, either taxonomic or functional, 
can be a property of both the plant litter undergoing decom-
position, or of the host plant community, which would 
influence the biophysical environment in which this process 
occurs.

Taxonomic diversity, functional diversity and 
functional identity

Although species diversity (‘taxonomic richness’) is a com-
monly used metric, it is generally thought not to capture 
the full affect of diversity on ecosystem processes (Hooper 
et al. 2002, Cardinale et al. 2012). It is more likely that the 
functional properties of plants directly influence ecosystem 
functioning while the relationship with taxonomic richness 
arises because increasing taxonomic richness generally coin-
cides with more variation in the traits of the component 
species. There are two main functional properties of plant 
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communities that should be distinguished: the average val-
ues of plant properties expressed by the component plants 
(‘functional identity’), and the variability of such proper-
ties between the component plants (‘functional diversity’) 
around these means. Grime’s (1998) mass-ratio hypothesis 
states that the contribution of each species to an ecosystem 
process should be proportional to its abundance. Garnier 
et al. (2004) reformulated this hypothesis in terms of com-
munity-weighted mean trait values (CWM) explicitly relat-
ing functional trait means to ecosystem processes. Functional 
identity can then be calculated as a CWM trait value as the 
product of the average trait value of each species and its rela-
tive abundance, summed across all species in a community.

CWM traits of leaves can be used to scale up from 
species to communities to predict decomposition rates 
of litter mixtures (Garnier et  al. 2004, Cortez et  al. 2007, 
Quested et al. 2007, Kazakou et al. 2009, Tardif and Shipley 
2013), including woody species used in the present study 
(Holdsworth et al. 2012). Litter mixtures having CWMs of 
leaf traits associated with fast resource uptake and rapid plant 
growth often exhibit accelerated decomposition. Mono-
specific litter decomposition rates are strongly controlled by 
litter quality determined by physical and chemical traits of 
living leaves (Swift et al. 1979, Aerts 1997, Cornwell et al. 
2008) such as leaf dry matter content and the amounts 
of nitrogen, different carbon fractions (soluble carbon, 
cellulose, hemicellulose, lignin) and secondary compounds 
in the litter.

The effect on decomposition of litter functional diversity 
remains more elusive. Litterbag experiments comparing 
mixed-species decomposition rates to those of the mon-
ocultures of the component species commonly document 
interactions between species that lead to non-additive 
decomposition dynamics in mixtures (Wardle et  al. 1997, 
Gartner and Cardon 2004, Tardif and Shipley 2013). 
However the direction and magnitude of these interactions 
are difficult to predict. Meta-analyses have revealed that 
synergistic and antagonistic interactions are equally com-
mon (Srivastava et al. 2009, Cardinale et al. 2011). Several 
mechanisms have been proposed to explain these synergistic 
and antagonistic effects of litter-mixing on decomposition 
including the transfer of nitrogen between litter types 
alleviating decomposer nutrient limitation (Handa et  al. 
2014), the release of secondary compounds such as poly-
phenols and tannins that retard decomposition, increased 
physical microhabitat complexity and interactions across 
trophic levels between decomposers, meso- and macro-fauna 
(Hättenschwiler et al. 2005). There is growing evidence that 
litter functional diversity may indeed increase terrestrial 
decomposition rates by providing a more stoichiometrically 
heterogeneous substrate for decomposers and detritivores 
(Hättenschwiler and Jørgensen 2010, Hättenschwiler et al. 
2011).

Litter composition and host environment

The effect of plant functional properties on litter decom-
position can be broken down into two components: 1) the 
functional properties of the litter, and 2) the functional 
properties of the living host plant community under which 
the litter decomposes (Fig. 1). This second component has 

rarely been studied in a fully controlled experimental context 
but our experimental design allowed us to separate and test 
these two potential effects on leaf litter decomposition. For 
instance, impacts of the living plant community on the soil 
microenvironment could influence litter decomposition by 
affecting the abundance or composition of the soil decom-
posers, either directly or indirectly via effects on the physical 
soil microenvironment (Hobbie et al. 2006). Furthermore, 
in an experimental context that manipulated only tree 
species composition, Jewell et  al. (2015) showed that the 
same monoculture litter decomposed 10% faster in its host 
tree community of origin than in other communities (the  
home-field advantage).

In order to control for variation in soil conditions and 
environmental factors, the vast majority of studies investi-
gating the decomposition of mixed-species litter have either 
been common garden or laboratory microcosm experiments, 
both of which isolate only the direct effect of litter diver-
sity and exclude the indirect effects of the plant host com-
munity on the decomposition microenvironment. Differing 
composition and/or diversity of the host plant community 
could influence the decomposition microenvironment in a 
number of ways. Plant species identity and diversity have 
been shown to influence the composition of communities 
of soil bacteria (Stephan et  al. 2000, Grüter et  al. 2006), 
fungi (Bell et al. 2009) and macro-fauna (Wardle et al. 2006, 
Cesarz et  al. 2007) that in turn drive decomposition rates 
(Gessner et  al. 2010). By increasing long-term nutrient 
input and belowground physical complexity, above-ground 
plant diversity may promote below-ground decomposer/
detritivore diversity (Stephan et  al. 2000, Zak et  al. 2003, 
Balvanera et  al. 2006, Aubert et  al. 2010, Scherber et  al. 
2010) which could further influence decomposition rates 
through resource-use complementarity or other interac-
tions of decomposers and detritivores. Furthermore, if plant 
diversity increases both above-ground and below-ground 
plant productivity, increased leaf and root litter input to 
the soil, an important source of carbon for soil invertebrates 
(Pollierer et al. 2007), could subsidize a larger invertebrate 
and microbial biomass and increase decomposition rates. 
Some studies have found increased microbial biomass or 
soil respiration with increasing plant diversity (Chung et al. 
2007, Eisenhauer et al. 2010).

Relatively few studies exist which explicitly test the 
indirect effect of the diversity of the host plant community 
on litter decomposition but, consistent with theoretical pre-
dictions, nearly all report a positive effect (Hector et al. 2000, 
Knops et al. 2001, Carney and Matson 2005, Chapman and 
Koch 2007, Vivanco and Austin 2008, Scherer-Lorenzen 
2008, Barantal et al. 2011). There is a strong bias in these 
studies towards herbaceous species. Despite the fact that 
forests contribute around 90% of global soil respiration 
(Bond-Lamberty and Thomson 2010), the effect of host 
tree diversity on microenvironmental conditions that affect 
decomposition is largely unknown.

Surface litter decomposition and soil respiration

Litterbag experiments are the most common method of 
quantifying litter decomposition but they can produce 
biased estimates of natural decomposition rates by isolating 
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only a fraction of the entire decomposition process. Early 
stages of decomposition are characterized by rapid mass 
loss from the breakdown of soluble and labile compounds; 
whereas later stages are characterized by the much slower 
breakdown of recalcitrant compounds, structural polymers 
and fibers (Melillo et al. 1989, Coûteaux et al. 1995). Lit-
terbag experiments rarely last for longer than a season or 
two, capturing early rapid decay rates, whereas litter con-
tinues to breakdown for several more years, often following 
much slower trajectories (Harmon et  al. 2009). Similarly, 
the further break down and assimilation of fine particulate 
matter after litter particles have left the litterbag is excluded 
from decomposition estimates using litterbags. Measuring 
soil carbon flux on the other hand captures decomposi-
tion processes (heterotrophic respiration) more broadly, 
including these latter stages of litter and other soil organic 
matter decomposition, but also includes root respiration 
(autotrophic respiration). We use both approaches, lit-
terbags to estimate surface litter decomposition, and CO2 
flux to estimate soil respiration, which allow us to har-
ness their respective strengths to produce a more complete 
understanding of the decomposition process and how it is 
influenced by diversity.

Using a diversity experiment with trees, we tested the 
effects of tree diversity and identity on decomposition 
processes. Furthermore, by manipulating the decomposing 
litter and the host tree communities independently, we were 
able to evaluate the relative importance of each aspect of tree 

diversity on these processes. More specifically, we asked five 
main questions:

Q1. Does the taxonomic richness of the litter and/or host 
tree community increase rates of litter decomposition?

Q2. Are functional components of diversity better 
predictors of litter decomposition than taxonomic richness?

Q3. Are the average values (functional identity) of plant 
traits calculated as community-weighted means better predic-
tors of litter decomposition than their variances (functional 
diversity)?

Q4. Does increasing diversity of the host tree commu-
nity increase decomposition rates independently from the 
diversity of the decomposing litter?

Q5. Do the same aspects of diversity control both 
surface litter decomposition (measured as mass loss) and soil 
respiration (measured as soil CO2 flux)?

Methods

We used an experimental design involving a multi-year 
biodiversity experiment with tree species that manipulated 
functional tree diversity independently from taxonomic rich-
ness. We performed two litterbag experiments and a bulk soil 
respiration experiment to assess the effect of composition 
(diversity and identity) of tree communities on decomposi-
tion. 1) The ‘home litter’ experiment measured the decom-
position rate of litter that was produced by its own host 

Figure 1. A partition of the possible effects of plant community structure on surface litter decomposition and soil respiration. Namely, plant 
components are broken into those of the host plant community and of the decomposing litter. Two different ecosystem processes were 
measured: surface litter decomposition by litter mass loss and soil respiration by soil CO2 flux. Surface litter decomposition isolates early 
rapid decay rates of litter, whereas soil respiration is a more global measurement of several processes including decomposition and root 
respiration.
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Surface litter decomposition using mass loss in 
litterbags

Home litter experiment: combined effect of litter 
composition and host system
Recently senesced leaf litter for each of the 12 species was 
collected in the experiment’s monoculture plots in mid-
October 2011, immediately dried at 60°C for three days to 
stop decomposition processes, and then stored in the dark 
at 2°C. For a given tree community, we then constructed 
litter mixtures consisting of an equal dry mass of each com-
ponent species to have an overall mass of 2.0 g regardless of 
the number of species included. These mixtures were placed 
in fiberglass mesh (2 mm) litterbags (15  15 cm). Petioles 
were removed from the leaves prior to weighing and not 
included in the bags. Litterbags were placed in the experi-
mental tree communities in mid-April 2012. In each block, 
four identical litterbags to be destructively harvested at four 
different dates were placed in each tree community with the 
corresponding species combination directly onto the soil 
surface. In total there were 592 litterbags (4 blocks  37 
communities/block  4 bags/community). Each litterbag 
was placed in the center of a square created by four trees. 
Location within tree communities was chosen at random 
from the 25 possible sites after the outer perimeter was 
excluded. Macro- and meso-fauna including earthworms 
and mites were observed inside litterbags.

Litterbags were destructively harvested over a single 
growing season after 28, 59, 124 and 184 days of incuba-
tion. Upon harvesting, samples were first gently washed to 
remove soil and then immediately dried at 60°C for 3 days 
to prevent further decomposition. Bags were then opened to 
remove all contamination and the remaining leaf litter was 
weighed. Percent dry mass remaining was calculated for each 
individual bag. Decomposition rates (k in g g–1 d–1) were 
estimated for each of the four blocks of each tree community. 
This was done by fitting the least-squares regression slope 
of ln(% dry mass remaining(t)) on time, thus assuming a 
negative exponential decay of dry mass (Olson 1963). This 
resulted in 37  4  148 independent estimates of k for 
home litter.

Common litter mixture experiment: effect of host system
The common litter mixture experiment focused on the 
indirect effects of the live tree community, removing 
the effect of litter composition by using a common lit-
ter mixture containing equal parts dry mass Acer saccha-
rum, Acer rubrum, Quercus rubra and Betula papyrifera. By 
including a combination of litter species with a diversity 
of physical and chemical traits we expected to increase the  
likelihood of observing resource use complementarity 
among decomposers and detritivores due to a larger total 
niche space (potentially decreasing niche overlap) and 
increased physical microhabitat diversity. Litter was col-
lected as for the home litter experiment. This common 
litter mixture was placed in all monoculture and four-spe-
cies tree communities (22 of the 37 total communities). 
Litterbags were constructed, installed and harvested, and 
decomposition rates estimated following the same proto-
col as the home litter experiment. In total there were 352 
litterbags (4 blocks  22 communities [12 monoculture 

community; i.e. where the species represented in the litter 
were the same as those present as trees. Because both the lit-
ter and the host tree community matched, this experiment 
measured the combined effect of litter properties (diversity 
or identity) and those of the host trees on litter decomposi-
tion. In addition to measurement of mass loss in litterbags, 
we also measured rates of soil respiration. 2) The ‘common 
litter mixture’ experiment measured the decomposition rate 
of a single, common litter mixture decomposing in litter-
bags in different host tree communities. This experiment 
isolated the effect of the diversity and identity of the host 
community.

Experimental site

The experiment, a part of the ‘International Diversity Exper-
iment Network with Trees (IDENT)’ (described in Tobner 
et  al. 2014, Jewell et  al. 2015) which is part of TreeDiv-
Net (Verheyen et  al. 2016) was located at McGill Univer-
sity (Sainte-Anne-de-Bellevue, Quebec, Canada, 45°5′N, 
73°9′W). The experiment was established in spring 2009 on 
a former agricultural field that had been intensively cultivated 
for several decades. In general, one-year old angiosperm and 
two-year old gymnosperm seedlings from a species pool of 
12 North American temperate tree species (Supplementary 
material Appendix Table A1) were used to create 37 differ-
ent tree communities, each replicated in four blocks. Each 
∼4  4 m tree community consisted of 64 closely grown 
individual trees (50 cm spacing). This design allowed the tree 
community to rapidly occupy fully both above and below-
ground environments. Each tree community was separated 
by ∼1.25 m corridors to reduce interactions between com-
munities and allow movement of personnel and equipment 
without disturbing the plots. These corridors were trenched 
with a 30 cm incision during the summer in 2011 and 2012 
to prevent roots from neighboring communities from inter-
acting. Species combinations were chosen in order to cre-
ate two independent gradients of taxonomic richness and 
functional diversity (Tobner et al. 2014). To detect poten-
tial effects of functional diversity while holding taxonomic 
richness constant, communities were established with large 
and comparable gradients of functional diversity within each 
level of taxonomic richness. At the beginning of the present 
experiment (spring 2012, i.e. three years after initial plant-
ing), individuals (averaged by species across all plots) varied 
in height from 1.32 m (Picea glauca) to 4.14 m (Betula papy-
rifera) and the above-ground space was fully occupied. Each 
block consisted of 12 monoculture communities, 14 two-
species mixtures, ten four-species mixtures and one twelve-
species mixture. Component species of each mixed-species 
community were planted in equal frequency. Community 
locations within a block, as well as individual tree locations 
within a community were randomized, the latter with 
restrictions to prevent the clumping of species and to main-
tain the same diversity in both the outside perimeter row 
(i.e. a buffer) and the inside 6  6 tree grid. Communities 
were regularly weeded manually to keep them free of any 
plant competition. This allowed the soil ecosystem to be only 
influenced by the planted tree species. All species (including 
conifers) produced enough naturally senesced leaf litter to 
sample for decomposition experiments.
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functional diversity increases decomposition rates we calcu-
lated several diversity indices a priori, and to help identify 
mechanisms responsible for these biodiversity effects, we 
developed indices a posteriori using the trait combinations 
that best predicted decomposition.

We used Laliberté and Legendre’s (2010) functional 
dispersion index (FDis) that measures multivariate func-
tional diversity as an abundance-weighted pair-wise dis-
tance between species traits, which is closely related to the 
commonly used Rao’s quadratic entropy (Rao 1982). Since 
all of our traits are continuous variables and we used the 
Euclidean distance, FDis reduces to the sum of the com-
munity-weighted variances of each trait (Eq. 1) as defined 
in Shipley (2010, p. 170); here tij is the value of trait j in 
species i, t j  is the community-weighted mean value of trait 
j and pj is the relative abundance of species i in the mix-
ture. Just as a community-weighted mean trait is the trait 
value expressed by an average individual in a community, a 
community-weighted variance is the (squared) distance of 
an average individual in a community from the community-
weighted trait value.
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To capture the effects of both litter diversity and that of the 
host community on decomposition processes, we calculated 
functional dispersion using five different a priori combi-
nations of traits, (see Supplementary material Appendix  
Table A2 for summary of our indices).

CWMs of traits were calculated for each community in 
each block as the product of the average trait value of a spe-
cies and its relative abundance in the community, summed 
across all species in the community. Species’ relative abun-
dance in communities (used to calculate both CWMs and 
functional diversity) was obtained as a proportion of the 
total aboveground abundance based on 2012 stem volumes 
(tree height  diameter2 at 5 cm).

Statistical analysis

Calculation of predicted values and ‘DFPs’
We calculated predicted values of mixture decomposition 
rates based on the litter types decomposing in monoculture 
(Fig. 2). If ki is the monoculture decomposition rate of species 
i and pij is its relative abundance in litter mixture j, then the 
predicted decomposition rate in mixture j, ( k j


) implied by 

the mass-ratio hypothesis is k k pj i ij
i

 = ∑ . These predicted 

values therefore assume no interactions between species  
(litter types decompose identically whether in monoculture 
or mixtures and the total effect is strictly additive) and serve 
as a null hypothesis when testing for a diversity effect (non-
additive). We calculated these predicted decomposition rates 
for all litter mixtures of our home litter experiment from 
monocultures, and calculated predicted soil CO2 fluxes in 
all mixed-species communities using the same approach. We 
also calculated predicted decomposition rates of the com-
mon litter mixture in each mixed species tree community 
from the common litter mixture decomposing in the com-
ponent monoculture tree communities. These predicted 
values were calculated separately for each block to maintain 

communities  10 four-species mixtures]/block  4 bags/
community). This resulted in 22  4  88 independent 
estimates of k for common litter.

Soil respiration as CO2 flux

Soil CO2 flux was measured using the closed-chamber tech-
nique (Rolston 1986) with a portable infrared gas analyzer. 
One series of flux measurements was taken for each tree 
community in each block, using the same sampling design 
as described in the home litter experiment. One location 
was randomly chosen per community per block, leaves and 
debris were cleared away and a 372 ml chamber was placed 
directly on a 100 cm2 patch of soil surface. CO2 evolution 
was measured over an 8-min period with readings taken 
every 30 s. One block was measured per day, with the order 
of communities within blocks randomly selected to dis-
count for any effect of time and environmental conditions. 
All measurements were taken between 11 and 14 July 2012, 
during a period without rain, and with a 10.5°C range in 
air temperature during measurements. CO2 flux was mod-
eled with an exponential function based on simple diffusion 
theory as described by Nakano et al. (2004). CO2 flux values 
(mol CO2 m–2 s–1) were estimated as the slope of a least-
square linear regression of log of chamber headspace CO2 
concentrations over the log of time for the 8-min period 
(ie.16 time intervals). This was done for each block and 
community, resulting in 148 estimates of CO2 flux.

Trait measurements

We measured physical traits of living leaves and chemical 
traits of newly senesced leaf litter for each species growing 
in monoculture. Water-saturated leaf dry matter content 
and specific leaf area of living leaves were measured using a 
standardized protocol (Garnier et al. 2001). Average values 
were calculated for each species from 36 measurements: 3 
leaves from 3 individuals from 4 blocks. Total litter carbon 
and nitrogen contents of newly senesced leaves were mea-
sured by high temperature combustion (960°C) followed 
by thermo-conductometric detection using an elementar 
multi-element analyzer. Average values for each species were 
calculated from three replicate measurements of ground and 
mixed plant material collected from numerous individuals in 
all blocks. Values for a set of an additional 11 morphological, 
chemical and growth traits were obtained for each species 
from published sources (Paquette and Messier 2011). These 
were maximum height, growth rate, leaf size, wood density, 
wood decay resistance, root habit, root diameter, (living) leaf 
nitrogen and carbon contents, leaf longevity and leaf mass 
per area.

Calculation of functional diversity and community-
weighted traits

Although it is generally thought that functional diversity 
should yield more informative results than taxonomic rich-
ness in biodiversity–ecosystem functioning research, there is 
no consensus on how functional diversity should be mea-
sured (Laliberté and Legendre 2010, Schleuter et al. 2010, 
Villéger et  al. 2008). To test the hypotheses that plant 
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Identical mixed-model regressions were performed to test 
the effect of functional diversity on home litter decomposi-
tion and CO2 flux. Since values of functional diversity are 
zero for monocultures, these communities were excluded 
from all analyses testing the effect of functional diversity. 
To test if functional diversity increased k-values and CO2 
flux independently of taxonomic richness, we fitted identi-
cal mixed model regressions within each level of taxonomic 
richness. To identify the relative contribution of different 
traits (through their variances) to a biodiversity effect, we 
performed stepwise deletion of explanatory traits in a regres-
sion model. As in the previous analysis, community identity 
was included as a random factor. An identical procedure of 
stepwise deletion was used to test the effect of CWM traits 
on our response variables. Block was initially included in all 
mixed models as a random factor, but was in all cases non-
significant and so was removed. Values of ‘marginal R2’, the 
proportion of the variance explained by the fixed factor alone 
(Nakagawa and Schielzeth 2013), were calculated for each 
fixed factor of our mixed-models.

To assess the predominance of non-additive effects in lit-
ter mixtures for the home litter experiment, we compared 
the average DFP value of each mixture to the null hypothesis 
(DFP  0) with a two-tailed t-test, using the values from the 
four blocks as replicates. This gave 25 separate t-values (i.e. 
25 multi-species communities). We used a Bonferonni cor-
rection, giving a significance level of 0.002. To test if these 
differences between the observed decomposition rates of the 
mixed-species communities and those predicted by the mass-
ratio hypothesis were on average synergistic or antagonistic, 
we compared the overall average DFP value to zero using  
a one-sample, two-tailed t-test. We used a two-sample  

statistical independence. For all mixed-species communities 
in all blocks, and for each response variable (home litter k, 
common litter mixture k, and soil CO2 flux) the deviance 
from the predicted (DFP) value was calculated as the differ-
ence between predicted and observed values (which is akin to 
testing for overyielding in BEF experiments). Hence, a posi-
tive DFP value indicates synergistic species interactions and 
a negative DFP value indicates antagonistic interactions.

Statistical tests
We used ANOVAs with community identity as the single 
factor to test if there were differences in either k-values or 
CO2 flux rates between communities for both decomposition 
experiments and for CO2 flux. Because our common-litter 
mixture experiment only had two levels of host commu-
nity taxonomic richness (1 and 4), and since the DFP value 
of a monoculture is necessarily zero, we determined if the 
mixture decomposed faster in the four-species communities 
than would be predicted from monocultures by comparing 
the overall average DFP value of four-species communities 
to the null hypothesis of DFP value  0 using a one-sample, 
one-tailed t-test. In the home litter experiment, we had dif-
ferent communities within each level of taxonomic richness. 
We therefore fitted mixed model regressions with the calcu-
lated CO2 flux or k-value of each block of each community 
as the dependent variable, the taxonomic richness of the 
community as the fixed factor, and community identity as 
the random factor, to test the effect of taxonomic richness 
on home litter decomposition and CO2 flux. Intercepts were 
allowed to vary between communities but slopes were fixed. 
A fixed slope estimate different from zero was evidence that 
these dependent variables changed with taxonomic richness. 

Figure 2. Observed values of decomposition rate (k) in mixed-species communities (2,4 and 12) as a function of the values predicted by the 
mass-ratio hypothesis calculated using decomposition rates of leaves from individual species (ie. community-weighted means). Each point 
is the average of four replicates  SE. Points above the 1:1 line imply synergistic interactions between species whereas points below the 1:1 
line imply antagonistic interactions.
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decomposition on richness  1.38  10–5, t109  0.33, 
p  0.74) nor were any of our a priori indices of functional 
diversity related to decomposition (Supplementary material 
Appendix Table A3). When the variability of each functional 
trait was tested separately using linear regression, we found a 
strong positive effect of variability in litter nitrogen content 
on decomposition rates (slope of decomposition on FDN for 
the 25 communities with multiple species  7.08  10–4, 
t74  3.71, p  0.0004).

The average difference between observed decomposi-
tion rates and those predicted assuming additivity of all 
mixtures did not differ significantly from 0 (t24  1.36, 
p  0.18) indicating that overall, litter mixtures did not 
decompose faster or slower than what would be predicted 
from monocultures. Furthermore, detectable non-additiv-
ity of species effects was rare (Fig. 2). Only three of the 25 
DFP values of the mixtures were significantly different from  
0 at the 5% level using separate t-tests with blocks serving as 
replicates and, using a Bonferonni correction, none differed 
significantly from zero.

Effect of functional identity on decomposition
Decomposition of litter in its home community was however 
related to several CWMs of litter traits (Table 1). Since many 
traits were strongly correlated with each other, we simpli-
fied a multiple regression model until all traits obtained 
significance. Decomposition rates were positively correlated 
with CWM litter nitrogen content (slope of decomposi-
tion rate on CWM litter nitrogen accounting for commu-
nity composition for 37 different communities  9  10–5, 
t109  4.00 p  0.0001) and negatively correlated with 
CWM litter carbon content (slope  –1  10–5, t109  5.46 
p  3  10–7), with these two traits together explaining 27% 
of the total variation (Fig. 3).

Soil CO2 flux

Effect of tree diversity on soil respiration
Soil CO2 flux increased both with tree taxonomic 
richness (Fig. 4) based on the mixed-model regression 

two-tailed t-test to test if DFP values in four-species com-
munities were different from those in two-species communi-
ties. The same tests were performed for soil CO2 flux.

All statistics and figures were generated with R ver. 3.0.2 
(< www.r-project.org >). Linear regressions were performed 
using the lm function and mixed model regressions using 
the lmer function in the lme4 package of R (Bates and Sarkar 
2006).

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.292c8 > (Jewell et al. 2016).

Results

Common litter mixture

Our common litter mixture experiment was designed to 
isolate the effect of the diversity of the host community on 
the decomposition microenvironment by manipulating only 
the composition of the tree community and its associated 
decomposition microenvironment while keeping the litter 
mixture fixed. This common litter mixture then decomposed 
in all monoculture and four-species tree communities (22 
communities in total, replicated four times). By the end of 
the experiment (184 days), remaining litter dry mass (aver-
aged by block) ranged from 47.3–76.1% of initial values, 
with a mean of 59.3%. The decomposition rates of this single 
litter mixture differed between tree communities (ANOVA, 
common litter mixture decomposition as function of host 
community composition, F21,66  2.14, p  0.01) showing 
that the composition of the tree community affected litter 
decomposition rates (as there were no differences in the litter 
itself ). The common litter decomposed slightly faster on 
average in the ten four-species tree communities than would 
be predicted from the same mixture decomposing in com-
ponent monoculture tree communities (9% faster, t9  1.63, 
p  0.06).

Home litter

Our home litter experiment combined the effects of the 
diversity of both the litter and of the host tree community 
on the decomposition process by decomposing each unique 
litter mixture in its own natural tree community. This experi-
ment involved monoculture, two-species, four-species and 
12-species communities. By the end of the experiment, 
remaining litter dry mass (averaged by block) ranged from 
50.1–80.2% of initial values, with a mean of 64.5% (similar 
to the common litter experiment). There was a significant 
difference in decomposition rates between the 37 commu-
nities (ANOVA, decomposition as function of community 
composition, F36,111  2.47, p  0.0002).

Effect of diversity on decomposition
These differences between communities were however not 
convincingly related to our a priori measures of diversity. 
Taxonomic richness did not affect litter decomposition 
rates based on the mixed-model regression (fixed slope of 

Table 1. Effect of community weighted means (CWM) and variances 
(FD) of traits on rates of litter decomposition and soil respiration in 
the home litter experiment. Significant effects are represented with 
arrows.

Litter mass loss Soil CO2 flux

Functional trait CWM FD CWM FD

Litter nitrogen content ↗ ↗ ↗
Litter carbon content ↘ ↗
Leaf nitrogen content ↗ ↗
Leaf mass area ↘ ↗
Leaf dry matter content
Specific leaf area ↗ ↗
Leaf size ↗ ↗
Leaf longevity
Max height ↗
Growth rate ↘
Wood density ↗ ↗
Wood decay resistance ↘ ↗
Root habit ↗
Root diameter ↘
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than for two-species communities (t21  2.52, p  0.02). 
To identify the traits responsible for this biodiversity effect 
we tested the effect of functional diversity on soil CO2 flux 
for each trait separately. Increasing diversity of several litter 
and tree traits increased rates of soil CO2 flux (Table 1). As 
with CWM traits, we simplified a multiple regression model 
until all remaining traits were significant. This resulted in 
only two traits, variation in litter initial nitrogen content and 
maximum tree height, that best explained soil CO2 flux in 
our multiple regression.

To evaluate which aspect of diversity had a stronger 
effect on CO2 flux, we compared our best performing 
functional diversity index (using only variation in litter 
initial nitrogen content and maximum tree height) with 
taxonomic richness using two regression models of CO2 
flux on each type of diversity. The taxonomic richness 
model used all 37 communities, whereas the functional 

(slope  1.32  10–4, t109  2.75, p  0.007), and with all 
but one of our a priori indices of functional diversity (all 
but index V based on roots traits, Supplementary material 
Appendix Table A3). Over the 1–4 species range, CO2 flux 
increased by1.65  10–4 mol CO2 m–2 s–1 per species added, 
(an 8.2% increase per species from monoculture rates.) On 
average, two-species communities had flux rates 4% higher, 
four-species 26% higher, and 12-species 23% higher than 
monocultures (Fig. 4, note median presented in figure). The 
average DFP value of all mixtures was significantly greater 
than 0 (mean  0.0003, t24  4.09, p  0.0002) indicating 
an overall presence of synergistic interactions between tree 
species in their effect on soil CO2 flux. Furthermore, these 
synergistic interactions increased in strength with diver-
sity, as DFP values increased with several a priori indices 
of functional diversity (Supplementary material Appendix 
Table A4), and were greater for four-species communities 

Figure 3. Correlations between community-weighted mean (CWM) traits and decomposition rates of natural litter in all communities. (a) 
Decomposition rates significantly decreased with community-weighted mean litter carbon content (p  0.001) and (b) increased with 
community-weighted mean litter nitrogen content (p  0.001) (from mixed model multiple regression, marginal R2  0.27).
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tree growth rate and soil respiration has also already been 
reported (Orwin et al. 2010).

Discussion

Host community diversity and litter diversity

We found some marginally significant evidence suggesting 
that taxonomic richness of the host tree community increased 
decomposition rates of a common litter mixture. However, 
when litter diversity and that of the host tree community 
were combined in the home litter experiment, this diversity 
effect (if truly present) was lost, as we observed no effect of 
overall plant taxonomic richness on decomposition rates. 
Observed decomposition rates of litter mixtures did not 
differ from rates predicted when assuming additive effects 
of decomposition rates of individual components of the lit-
ter, either overall (i.e. when averaged across mixtures) or on 
average within mixtures. This suggests that litter mixtures in 
their home host community decompose in a way predict-
able from monoculture decomposition, supporting Grime’s 
mass-ratio hypothesis (Grime 1998).

The majority of mixed-species litterbag decomposition 
experiments in the literature present idiosyncratic (equally 
positive and negative) effects of litter taxonomic richness 

diversity model used only the 25 mixed-species commu-
nities given that functional diversity of monocultures is 
0. Functional diversity had a larger effect on CO2 flux 
than did taxonomic richness (slopes  5.82  10–4 versus 
1.32  10–4, t-test comparing the two slopes t(100  148-4)   
3.77, p  0.0001) and was more strongly correlated with 
CO2 than taxonomic richness (marginal R2  0.16 versus 
0.07). We next tested the effect of functional diversity on 
soil CO2 flux within each level of taxonomic richness. 
Soil CO2 increased with increasing functional diversity 
(again using our best performing index) for two-species 
communities (fixed slope  5.67  10–4, t42  3.69, 
p  0.0006), but not for four-species communities (fixed 
slope  3.25  10–4, t30  0.95, p  0.35).

Effect of functional identity on soil CO2 flux
Soil CO2 flux was correlated with only one of the 14 
CWM traits, i.e. tree growth rate, (slope  –2.06  10–4, 
t109  2.49, p  0.01). Since this correlation was weak 
(marginal R2  0.07), in the opposite direction of that pro-
vided in our a priori hypothesis, and since we can expect 
to find one significant correlation by chance for every 20 
traits tested, we treat this result with caution. However, 
although fast plant relative growth rate is often associated 
with high litter quality and therefore rapid decomposition 
(Garnier and Navas 2012), a negative correlation between 

Figure 4. Soil CO2 flux increases with tree taxonomic richness. The upper and lower hinges of the box correspond to the first and third 
quartiles and the band inside marks the median. The whiskers extend from the hinge to the highest and lowest values that are within 
1.5  IQR of the hinge, where IQR is the inter-quartile range, or distance between the first and third quartiles. Data beyond the end of the 
whiskers are outliers and plotted as points.
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on the identity of the species included in the litter mixture 
(Epps et  al. 2007). It is then perhaps not surprising that 
litter chemical diversity (with its direct link to synergistic 
mechanisms) and not taxonomic richness would increase 
decomposition rates.

Soil respiration
In contrast to surface litter decomposition, we found a clear 
effect of tree taxonomic richness on soil respiration. As we 
hypothesized, functional diversity further increased CO2 
flux and was a better predictor than was taxonomic richness. 
All of our a priori indices of functional diversity, except that 
based on root traits, were positively correlated with soil CO2 
flux (Supplementary material Appendix Table A3). Interest-
ingly, the a priori index that best predicted CO2 flux was 
the index that included only litter chemical traits, the same 
index that most accurately explained litter mass loss. Testing 
the effect of functional diversity, one trait at a time, the diver-
sity of 10 of the 14 available traits significantly increased soil 
CO2 flux rates (Table 1). The traits whose variances had the 
strongest effects on soil CO2 flux were all chemical and phys-
ical traits of litter and leaves, in contrast to root and struc-
tural traits. However, given that root and structural traits 
were obtained from databases and not directly measured, 
we don’t completely disregard their potential importance. 
This suggests that repeated litter input to the soil is likely the 
main mechanism by which tree diversity increases soil respi-
ration. Since leaf litter represents a major portion of energy 
and nutrients available to the decomposer community, and 
since leaf/litter functional traits determine litter quality, 
these traits capture important above–below ground interac-
tions. Whereas plant taxonomic identity and the presence of 
key functional groups has traditionally been understood as 
the most important biotic determinants of soil biota com-
munity structure (Wardle et al. 2006, Wardle 2006), recent 
evidence suggests that plant taxonomic diversity, may be 
equally or more important (Eisenhauer et al. 2011a). A func-
tionally diverse litter input with a large variation in chemi-
cal and physical properties has the potential to support both 
increased microbial activity and diversity by diversifying both 
trophic and spatial resources for decomposers (Hooper et al. 
2000) and several experiments using experimental grasslands 
have reported increased microbial and faunal diversity and 
activity with increasing plant diversity (Chung et al. 2007, 
Eisenhauer et al. 2010, 2011a, b, Scherber et al. 2010, Sabais 
et al. 2011).

There is a wide range of estimates within and across sys-
tems of the relative contributions of individual processes 
to total soil CO2 flux (Raich and Schlesinger 1992, Subke 
et al. 2006), with recent studies indicating a range of auto-
trophic contributions lower than 20% (Rodeghiero et  al. 
2013) to a contribution of over 40% of soil carbon flux 
(Carbone et  al. 2016). Litter decomposition may not be 
the dominant below ground process or source of soil CO2, 
as roots may be the main source of carbon for soil inver-
tebrates (Pollierer et al. 2007). Given that increased plant 
taxonomic richness often leads to increased aboveground 
biomass production, and that increased aboveground bio-
mass would likely result in increased root biomass, it is pos-
sible that the increased soil CO2 flux we report was actually 
driven, not by increased soil organic matter decomposition, 

on decomposition. These idiosyncrasies may be related to 
experimental methods as most of these experiments isolated 
the effect of litter diversity while ignoring the possible effect 
of the diversity of the host plant community. The few studies 
that do include or isolate the effect of the host community 
on litter decomposition most often report a positive effect of 
host diversity on decomposition (Hector et al. 2000, Knops 
et al. 2001, Carney and Matson 2005, Chapman and Koch 
2007, Vivanco and Austin 2008, Scherer-Lorenzen 2008, 
Barantal et al. 2011). Our results are consistent with these 
trends, suggesting that if plant species do act synergistically 
to increase litter decomposition, it is likely at the level of 
the host community affecting decomposition conditions as 
opposed to the litter itself.

The effect of host community taxonomic richness differed 
between surface litter decomposition and total soil respira-
tion. First, we detected clear positive effects of taxonomic 
richness on the rate of soil respiration. Second, we found 
clear evidence of non-additive synergistic effects. Increasing 
the number of tree species in an experimental community 
increased the magnitude of these synergistic effects. Since 
the different tree communities were initially established on 
a common homogenized agricultural soil with randomiza-
tion and blocking, and were kept free of plant competition, 
we can confidently ascribe the effect to taxonomic rich-
ness rather than to pre-existing differences in the soil or the 
impact of other plants.

Taxonomic and functional diversity

Surface litter decomposition
Our home litter litterbag experiment showed no effect of 
litter taxonomic richness on surface litter decomposition 
rates. However, increasing chemical diversity of the litter 
mixture, namely the variability of initial nitrogen content of 
leaves in the litter, increased decomposition rates. The impor-
tant component of diversity was not the number of species 
but rather the phenotypic diversity of senesced tissues of the 
species present in the bag. The importance of variability in 
initial nitrogen content of leaf litter for decomposition may 
be explained by the presence of nitrogen transfer between 
litter types which has been suggested as an important mech-
anism of synergistic litter-mixing effects (Hättenschwiler 
et al. 2005, Gessner et al. 2010). When litter with varying 
nitrogen status decomposes in mixture, nitrogen from high 
quality litter can be transferred either passively (by leaching) 
or actively (by fungal hyphae) to lower quality litter, allevi-
ating decomposer nutrient limitation and stimulating over-
all decomposition rates (Wardle et  al. 1997, Schimel and 
Hättenschwiler 2007, Tiunov 2009). Meta-analyses com-
piling more than 80 studies report idiosyncratic effects of 
litter taxonomic richness on decomposition rates in terres-
trial systems (Srivastava et al. 2009, Cardinale et al. 2011), 
whereas three of the five studies that tested the effect of litter 
chemical diversity on litter mass loss in terrestrial ecosystems 
report a positive diversity effect (Meier and Bowman 2008, 
2010, Hättenschwiler and Jørgensen 2010, Barantal et  al. 
2011, Holdsworth et  al. 2012). Our results are consistent 
with these previously published findings. The relationship 
between litter taxonomic richness and litter chemical diver-
sity can be positive, negative or idiosyncratic depending 
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that the trees in our experiment were young, it is likely that 
they had not had time to exhibit their full potential impact 
on the soil system. Working experimentally with trees poses 
several constraints and tradeoffs are inevitable. However, by 
planting trees at high density and removing all other plants, 
we accelerated the importance of interactions between 
individuals, thus maximizing the potential to find a diver-
sity effect. While the effects of functional properties of the 
decomposing litter on decomposition rates are manifested 
immediately, the effect of the trees on the decomposition 
environment should strengthen over time as they grow in 
size and as effects accumulate over the years. We therefore 
predict that the observed effects of host tree diversity on the 
decomposition microenvironment and on soil respiration 
should increase as the system matures.

Comparing responses of soil respiration and surface 
litter decomposition

Both mass loss in litterbags and soil respiration (CO2 
flux) can inform us about different components of the 
complete decomposition process. On the one hand, mass 
loss in litterbags is dominated by the mechanical break-
down of surface litter and leaching of compounds during 
the earlier stage of decomposition, but misses the subse-
quent decomposition of smaller litter particles and dead 
roots. In contrast, soil CO2 flux (on bare soil) captures the 
decomposition of fine particulate matter, dead roots, and 
leachate that has already entered the soil (some predating 
the experiment), but is also affected by processes like root 
respiration (autotrophic respiration) that are not related 
to decomposition (heterotrophic respiration). Given the 
different processes captured by litter bags (surface litter 
decomposition) and soil CO2 flux (heterotrophic respi-
ration associated with later stages of decomposition and 
autotrophic respiration), it may be expected that they 
respond differently to different elements of forest diversity 
including different functional properties (i.e. community-
weighted means and functional diversity) of the litter and 
host communities.

For both surface litter decomposition and for soil res-
piration, we found that chemical and physical leaf and 
litter traits were the most important. For early stages of 
surface litter decomposition, the means of these trait val-
ues were more important than their variances. However, 
for soil respiration, the contrary was true. For surface litter 
decomposition, species complementarity is likely to be less 
important, so long as there are sufficient amounts of highly 
labile compounds remaining. Initial litter chemistry is thus 
more important than diversity. We attribute the strong 
effect of tree diversity on soil respiration to the impact of a 
diverse litter input on the soil biota. Despite having been 
determined a research priority more than 15 years ago in 
the biodiversity-ecosystem functioning research program 
(Hooper et al. 2000), the effect of plant diversity on below-
ground community structure and diversity is still poorly 
understood. To better understand the mechanisms behind 
the complementarity of plant species not only on decom-
position and soil CO2 flux, but also on productivity, more 
work is needed linking plant diversity to properties of the 
soil decomposer community.

but by increased root respiration or respiration of root exu-
date, which can represent 1/5 of root associated respiration 
(Kuzyakov 2002). To investigate the potential of biodiver-
sity acting through root processes to affect soil CO2 flux, we 
referred to the work of Archambault (2015), who measured 
root biomass in the same experimental plots in the same 
field season, and found that root density in the first 40 cm 
in the monocultures, two- and four-species mixtures was 
0.81, 0.73 and 0.78 (mg cm–3) respectively. In other words, 
there was no difference in root density with increasing tree 
taxonomic richness. In a regression of soil CO2 flux on root 
density, using root density data reported in Archambault 
(2015), we found no relationship between the two variables 
(F1,34  1.148, R2  0.033, p  0.292). Root density and 
associated respiration do not seem to play an important 
role in linking soil CO2 flux and tree diversity, and there-
fore, the strong effect of tree diversity on soil respiration is 
more likely due to an increase in the decomposition of soil 
organic matter rather than an increase in root respiration. 
Certainly, this conclusion must remain tentative since we 
know little about the differences in specific root respiration 
rates. Furthermore, our results indicating that tree taxo-
nomic richness increases the decomposition of a common 
litter mixture suggest there was indeed increased decom-
poser/detritivore activity in more taxonomically diverse 
tree communities.

Increased plant diversity could increase levels of litter and 
SOM decomposition both by increasing the rates of these 
processes per quantity of litter input, or by increasing pri-
mary productivity and therefore overall litter input to the 
soil. Tobner et al. (2016), working in the same experiment 
at the same time, found that most mixtures did not differ in 
productivity from the averages of their respective monocul-
tures, (but some did overyield significantly). We therefore 
tentatively attribute the increased soil respiration to faster 
decomposition rates.

Functional identity and functional diversity

Surface litter decomposition
Whereas decomposition was poorly related to diversity and 
found to be positively correlated with variance in only one 
trait (litter initial nitrogen content,) decomposition was 
related to several trait specific CWMs (Table 1). The major-
ity of these leaf traits are part of the leaf economic spectrum 
(Reich et al. 1997, Wright et al. 2004), a suite of traits that 
capture fundamental tradeoffs in plant resource-use strategy, 
which has been shown to be related to decomposition rates 
(Garnier et al. 2004, Cortez et al. 2007, Quested et al. 2007). 
Testing the means and variances of these traits together in a 
multiple regression we identified CWM litter carbon and 
nitrogen concentrations as the two most important traits. 
Our litterbag experiment shows that although the diversity 
of both the host community and of the litter can increase 
decomposition rates, it is the mean values of litter traits that 
best explain surface litter decomposition.

Soil respiration
The opposite trend was found with respect to soil respira-
tion since the diversity of tree and litter traits increased rates 
of soil CO2 flux, and not the CWMs of these traits. Given 
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