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Abstract. Plant productivity and other ecosystem functions often increase with plant
diversity at a local scale. Alongside various plant-centered explanations for this pattern, there
is accumulating evidence that multi-trophic interactions shape this relationship. Here, we
investigated for the first time if plant diversity effects on ecosystem functioning are mediated
or driven by decomposer animal diversity and identity using a double-diversity microcosm
experiment. We show that many ecosystem processes and ecosystem multifunctionality
(herbaceous shoot biomass production, litter removal, and N uptake) were affected by both
plant and decomposer diversity, with ecosystem process rates often being maximal at
intermediate to high plant and decomposer diversity and minimal at both low plant and
decomposer diversity. Decomposers relaxed interspecific plant competition by enlarging
chemical (increased N uptake and surface-litter decomposition) and spatial (increasing deep-
root biomass) habitat space and by promoting plant complementarity. Anecic earthworms and
isopods functioned as key decomposers; although decomposer diversity effects did not solely
rely on these two decomposer species, positive plant net biodiversity and complementarity
effects only occurred in the absence of isopods and the presence of anecic earthworms. Using a
structural equation model, we explained 76% of the variance in plant complementarity,
identified direct and indirect effect paths, and showed that the presence of key decomposers
accounted for approximately three-quarters of the explained variance. We conclude that
decomposer animals have been underappreciated as contributing agents of plant diversity–
ecosystem functioning relationships. Elevated decomposer performance at high plant diversity
found in previous experiments likely positively feeds back to plant performance, thus
contributing to the positive relationship between plant diversity and ecosystem functioning.

Key words: biodiversity–ecosystem functioning; competition; complementarity effect; habitat space;
litter decomposition; multi-trophic interactions; root depth distribution; selection effect; soil feedback; soil
mutualists.

INTRODUCTION

Biodiversity is currently decreasing at an unprece-

dented rate due to multiple anthropogenic stressors

(Butchart et al. 2010). There is accumulating evidence

suggesting that this process fundamentally threatens

ecosystem processes and services mankind relies on

(Balvanera et al. 2006, Cardinale et al. 2011, Isbell et al.

2011). Despite some criticism (e.g., Wardle and Jonsson

2010), biodiversity experiments reveal general relation-

ships between diversity and ecosystem functioning

(Schmid and Hector 2004, Duffy 2009). While the

significance and direction of biodiversity–ecosystem

functioning relationships is widely accepted, current

research examines the underlying mechanisms (e.g.,

Fornara and Tilman 2009, Maron et al. 2011, Reich et

al. 2012). Recent studies indicate that multi-trophic

interactions shape or determine the relationship between

plant diversity and ecosystem functioning, emphasizing

the relevance of soil pathogens (Petermann et al. 2008,

Maron et al. 2011, Schnitzer et al. 2011), bacteria that

promote plant growth (Latz et al. 2012), insect

herbivores (Mulder et al. 1999), arbuscular mycorrhizal

fungi (AMF; van der Heijden et al. 1998, Klironomos et

al. 2000, Wagg et al. 2011), and decomposers (Naeem et

al. 2000, Eisenhauer et al. 2008, Eisenhauer 2012). These

findings go beyond the plant-centered view (Bever et al.

2010, Miki et al. 2010) taken in early biodiversity–

ecosystem functioning studies and suggest the impor-

tance of performing biodiversity–ecosystem functioning

experiments in a multi-trophic, and thus, likely more

realistic context (Naeem et al. 2000, Bruno et al. 2008).

While species-poor plant communities may accumu-

late pathogens and experience mostly detrimental soil
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feedback effects (Maron et al. 2011, Schnitzer et al.

2011), species-rich plant communities were hypothesized
to support mutualists exerting mostly positive feedbacks

on plant community productivity (Eisenhauer 2012).
This idea originated due to the increasing awareness of

significant long-term effects of plant diversity on
decomposer density and diversity (Scherber et al. 2010,
Eisenhauer et al. 2011). Changes in decomposer

diversity may, in turn, significantly impact ecosystem
processes, such as nutrient cycling and plant productiv-

ity (Loreau 2001, Mikola et al. 2002, Heemsbergen et al.
2004, Tiunov and Scheu 2005, Miki et al. 2010), though

effects are presumed to be most pronounced at the lower
end of the diversity gradient (Bardgett and Wardle

2010). According to the soil feedback maturation
hypothesis (N. Eisenhauer, S. Scheu, and P. B. Reich,

unpublished manuscript), increasing plant diversity ef-
fects over time (Cardinale et al. 2007, Fargione et al.

2007) may be partly due to the delayed response of soil
biota to plant community composition. This suggests

that plant diversity effects on ecosystem functioning
depend on the composition and diversity of the

decomposer community (Naeem et al. 2000, Miki et al.
2010). To our knowledge, no study has manipulated
plant and decomposer diversity simultaneously in a

terrestrial ecosystem.
Here we crossed a herbaceous plant diversity gradient

(one, two, and four plant species) with a decomposer
animal diversity gradient (one, two, and four decom-

poser species) in a laboratory microcosm experiment in a
forest model system in order to investigate if (1) plant

diversity effects on ecosystem functioning depend on
decomposer diversity and identity (Naeem et al. 2000,

Loreau 2001, Miki et al. 2010) with stronger plant
diversity effects in the presence of diverse decomposer

communities (Eisenhauer 2012). More specifically, we
asked whether (2) decomposers increase plant comple-

mentarity (Eisenhauer 2012), and whether (3) decom-
poser diversity and identity increase plant diversity

effects by enhancing litter decomposition, N uptake, and
rooting depth (Eisenhauer 2012). Note that previous

multitrophic biodiversity–ecosystem functioning studies
have often manipulated plant diversity and the presence,
but not the diversity, of other trophic levels.

MATERIALS

Experimental setup

We set up microcosms consisting of Polyvinyl chloride
(PVC) tubes (inner diameter 10 cm, height 25 cm)

covered by a 5-mm mesh at the bottom to allow
drainage of water. A plastic barrier (10 cm height) at the

top of the microcosm reduced the escape of decomposers
from experiment containers. The soil (pH 5.76, carbon

concentration 1.57%, nitrogen concentration 0.091%, C-
to-N ratio 17.2; gravimetric water content 15% at the
start of the experiment) was taken from the field site of

the B4WarmED experiment and the functional tree
diversity experiment at the Cloquet Forestry Center

(Cloquet, Minnesota, USA; experiment descriptions

available online).6

A total of 45 microcosms were filled with 5 cm of

perlite at the bottom to allow drainage of water and

prevent the escape of decomposers, and then with 2 kg

(fresh weight; total height of the soil column 20 cm) of

sieved (1 cm), defaunated (two freeze–thaw cycles), and

homogenized soil. Defaunation by freezing kills soil

meso- and macrofauna (the manipulated soil animal

groups in the present experiment), while microorganisms

and microfauna largely survive (Huhta et al. 1989). To

track nutrient assimilation by the plants, 0.50 g of dried,
15N-labeled Lolium perenne root litter material (30

atom% 15N) was cut into pieces ,1 mm and homoge-

neously mixed into the upper 5 cm of the soil of each

microcosm.

We pre-grew five different plant species belonging to

three plant functional groups (forbs [broadleaved herbs],

legumes [Fabaceae], and grasses [Poaceae]) in separate

trays: Calamagrostis canadensis (grass), Lathyrus veno-

sus (legume), Phleum pratense (grass), Plantago lanceo-

lata (forb), and Trifolium pratense (legume). All five

plant species are common at the Cloquet field site

(Eisenhauer et al. 2012). Calamagrostis canadensis and

L. venosus were purchased from Prairie Moon Nursery

(Winona, Minnesota, USA), whereas P. pratense, P.

lanceolata, and T. pratense were purchased from Rieger-

Hofmann GmbH (Blaufelden-Raboldshausen, Ger-

many). We were unable to collect seeds in the field and

believe that potential ecotypic variation due to purchas-

ing some plant species from a German seed source did

not influence the outcome and conclusions of our study.

Four plant individuals (4 weeks old, height 3–8 cm) were

transplanted into each microcosm, creating three plant

species richness treatments (one, two, and four plant

species). We aimed at transplanting seedlings of similar

size; however, different plant species varied in their

growth form. Plant monocultures had four individuals

of one species, two species mixtures had two individuals

of two species (planted in an alternate pattern), and four

species mixtures had one individual per plant species.

We randomly assembled 20 different plant communities

and each plant species occurred in 21 different

microcosms (Appendix: Tables A1 and A2). This means

that even the highest plant species richness level (four

species mixtures) was represented by five unique plant

community composition treatments (Appendix: Table

A1).

In addition to the herbaceous plant species richness

gradient, we planted one white spruce sapling (Picea

glauca) into the centre of each microcosm as a

phytometer. This tree species was chosen since a

herbaceous plant diversity gradient in a forest ecosystem

was simulated (field site of the B4WarmED experiment)

and in order to investigate plant competition at the

6 http://cfc.cfans.umn.edu/Research/index.htm
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individual level in a standardized way (Eisenhauer et al.

2009). The herbaceous plant community is of particular

importance for the functioning of forest ecosystems

(Gilliam 2007), which is why we manipulated herba-

ceous plant diversity and treated white spruce as a

phytometer in the present experiment. White spruce

saplings were purchased from Itasca Greenhouse (Co-

hasset, Minnesota, USA) and were 18.2 6 0.2 cm (mean

6 SE) tall at the start of the experiment. The saplings

were kept at 58C prior to the start of the experiment to

induce dormancy and to assess treatment effects during

the physiologically active time of sprouting.

A layer of litter (2.5 g, mixed litter material collected

at the field site of the Cloquet experimental field site;

dried at 608C for 3 d and cut into pieces ;3 cm in length;

C concentration 31.04%, N concentration 1.05%, C-to-

N ratio 30) was placed on the soil surface to simulate

natural conditions. The leaf litter material consisted

mainly of Populus tremuloides, Aster macrophyllus, and

Carex pensylvanica.

The microcosms were placed in a temperature-

controlled growth chamber at a day/night regime of

16/8 h and 16/128 6 18C (mean temperature 14.678C).

This temperature corresponds to the mean temperature

of the growing season (ca. April to October) at the

Cloquet experimental field site from 2008 to 2010 (R.

Rich, unpublished data).

In addition to the plant species richness gradient, we

orthogonally simulated a decomposer species richness

gradient using five common and functionally dissimilar

meso- and/or macrodecomposer species: Aporrectodea

caliginosa (Annelida), Cyclindroiulus sp. (Diplopoda),

Lumbricus terrestris (Annelida; see Plate 1), Onychiurus

sp. (Collembola), and Trachelipus sp. (Isopoda).

Collembolans and earthworms were purchased from

commercial suppliers, while diplopods and isopods

were collected in a mixed-deciduous forest stand at the

St. Paul campus of the University of Minnesota

(Minnesota, USA). All decomposer species were kept

in the experimental soil for approximately two weeks

prior to beginning of the experiment (Fründ et al.

2010). The decomposer species used in the study

represent dominant decomposer groups at the Cloquet

experimental field site (N. Eisenhauer, unpublished

data). Depending on the experimental design shown

in Appendix: Table A1, we added two subadult

individuals of A. caliginosa (0.84 6 0.03 g fresh mass

with gut content), four individuals of Cyclindroiulus,

one adult individual of Lumbricus terrestris (LUM;

4.04 6 0.13 g fresh mass with gut content), 20 medium-

sized individuals of Onychiurus, and/or two individuals

of Trachelipus to the microcosms to create three

decomposer species richness levels (one, two, and four

decomposer species). Analogous to the design of the

plant species richness gradient, we randomly assembled

20 different decomposer communities and each decom-

poser species occurred in 21 different microcosms

(Appendix: Table A1). This resulted in 3 plant species

richness levels 3 3 decomposer species richness levels 3

5 replicates ¼ 45 unique experimental units in total

(Appendix: Tables A1 and A2). While plant species

richness and decomposer biomass were not significantly

correlated at the start of the experiment (r¼�0.03, P¼
0.83), initial decomposer biomass was positively and

significantly related to decomposer species richness (r¼
0.61, P , 0.001); however, standardization of decom-

poser biomass would have resulted in unnaturally high

densities of collembolans, diplopods, and isopods. The

additive design to create the decomposer diversity

gradient does not allow calculating complementarity

and selection effects for decomposers. Although plant

diversity and decomposer diversity levels were rather

low (one to four species), they represent realistic small

scale plant (N. Fisichelli, unpublished data) and

decomposer macrofauna diversity levels (N. Eisen-

hauer, unpublished data) at the simulated Cloquet

experimental field site.

Light intensity varied between 580 and 900

lE�m�2�s�1 depending on the location in the growth

chambers. To avoid chamber edge effects, microcosms

were randomized every week within each chamber. The

microcosms were irrigated four times per week with

deionized water and the volume was increased from 60

mL (weeks 1–3) to 120 mL (weeks 4–14) due to

increasing water demands by the growing plants. All

microcosms received the same amount of water

allowing for treatment-induced differences in water

availability.

Sampling

After 14 weeks, we destructively harvested the

experiment. We carefully collected the remaining sur-

face-litter material and removed the soil attached to it to

calculate surface-litter removal. Then, we harvested the

shoot material of each plant species separately by

cutting shoots at the soil surface. Shoot and litter

material were dried at 708C for 3 d. Three soil cores (2

cm in diameter, 6 cm deep) per microcosm were taken to

measure soil microbial biomass. The remaining soil was

removed from the microcosms and decomposers were

extracted from the upper 6 cm by heat (Kempson et al.

1963). The remaining soil (lower ;14 cm of the soil

column) was carefully checked for soil animals; i.e., the

soil core was fragmented into pieces of ,5 mm in

diameter and sift through for ;10 min per microcosm.

All decomposers were transferred into 70% ethanol,

counted, and weighed (earthworms and diplopods).

Thereby, the success of the decomposer treatments was

verified; only one replicate had to be excluded from the

analyses due to lack of decomposers at the end of the

experiment and missing signs of decomposer activity

(Appendix: Tables A1 and A2). Roots were washed out

of the soil of each layer (upper 6 cm and lower 14 cm)

using a 1-mm mesh, dried at 708C for 3 d and weighed; it

was not possible to sort roots by plant species.
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Soil microbial analyses

Soil subsamples for the measurement of soil microbial

biomass were sieved (2 mm; Anderson and Domsch

1978). Microbial biomass C of ;5 g soil (fresh mass)

was measured using an O2-microcompensation appara-

tus (Scheu 1992). Substrate induced respiration was

calculated from the respiratory response to D-glucose

for 10 h at 228C (Anderson and Domsch 1978). Glucose

was added according to preliminary studies to saturate

the catabolic enzymes of microorganisms (20 mg/g dry

mass solved in 400 lL deionized water). The mean of the

lowest three readings within the first 10 h was taken as

maximum initial respiratory response (MIRR; ll
O2�h�1�g�1 soil dry mass) and microbial biomass (lg
C/g soil dry mass) was calculated as 38 3 MIRR.

Phytometer 15N analyses

White spruce served as phytometer species and was

grown in all microcosms. Approximately 1.3 mg of the

powdered (ground) white spruce needles was weighed

into tin capsules to determine a proxy measure for N

uptake from root litter. 15N signatures were determined

by a coupled system consisting of an elemental analyzer

(NA 1500; Carlo Erba, Milan. Italy) and a gas isotope

mass spectrometer (MAT 251; Finnigan, Bremen,

Germany). For 15N, atmospheric N2 served as the

primary standard, and acetanilide (C8H9NO; Merck,

Darmstadt, Germany) was used for internal calibration.

Complementarity and selection effects

Complementarity and selection effects were quantified

by Loreau and Hector’s (2001) additive partition of the

net biodiversity effect (NBE) as follows:

NBE ¼ SDRY �M þ S covðDRY;MÞ ð1Þ

where S is species richness, DRY is the difference

between the observed and expected relative yield, and

M is monoculture productivity. In Eq. 1, the first

(average) term is the complementarity effect and the

second (covariance) term is the selection effect. The

observed relative yield for species i was calculated as Yoi/

Mi, where Yoi and Mi are the observed mixture and

monoculture yields for species i, respectively. The

expected relative yield was taken as the planted relative

abundance of each species. These measures summarize

many types of interactions. A positive complementarity

effect indicates that on average interspecific interactions

are more favorable than intraspecific interactions (e.g.,

due to niche partitioning or interspecific facilitation). A

negative complementarity effect indicates that, on

average, intraspecific interactions are more favorable

than interspecific interactions (e.g., due to interspecific

interference competition). A positive or negative selec-

tion effect indicates that the most or least productive

species in monocultures overyielded most in mixtures

(i.e., benefits most from interspecific interactions com-

pared to intraspecific interactions). The additive parti-

tioning approach could only be applied to plant

diversity effects since an additive design was chosen to

create the decomposer animal diversity gradient.

Ecosystem multifunctionality

In order to test plant diversity and decomposer

diversity effects on ecosystem multifunctionality (e.g.,

Hector and Bagchi 2007), we used common ecosystem

functions in grassland biodiversity experiments (herba-

ceous shoot biomass, litter removal, and N uptake) and

calculated the standardized response (SRE) of each

variable (values between 0 and 1) using the following

equation:

SREi ¼
�

Xi �MinðvjÞ
�.�

MaxðvjÞ �MinðvjÞ
�

ð2Þ

where Xi is the value measured in each pot i, Min(vj) is

the minimal value of the response variable j, and Max(vj)

is the maximal value of the response variable. Maximal

values of herbaceous shoot biomass, litter removal, and

N uptake thus received a 1, indicating high levels of

these ecosystem functions. Analogously, minimal values

received a 0, indicating low levels of ecosystem

functioning. Then, we calculated the mean of the three

ecosystem functions (values between 0 and 1) as proxy

measure for ecosystem multifunctionality giving each

ecosystem function the same weight (Mouillot et al.

2011).

Statistical analyses

Data were log10-transformed to meet the require-

ments of Analysis of Variance (ANOVA; normality and

homoscedasticity of errors), if necessary (indicated by

log10). Means (6 standard error) presented in text and

figures were calculated using non-transformed data.

ANOVA was performed to analyze the effects of plant

species richness (one, two, and four species), decompos-

er species richness (one, two, and four species), plant

species identity (0 and 1), decomposer species identity (0

and 1), plant community composition (20 different

communities), decomposer community composition (20

different communities), and the two-way interactions of

these sources of variation on the response variables

surface-litter removal (as proxy for litter decomposi-

tion), soil microbial biomass (as proxy for soil microbial

functioning), herbaceous plant shoot biomass (log10;

representing the most frequently measured ecosystem

function in plant diversity experiments; Eisenhauer

2012), spruce shoot biomass (log10; as proxy for

individuals’ performance; Eisenhauer et al. 2009), total

root biomass, total plant biomass (herbs and spruce),

shoot-to-root ratio, root depth distribution (all as proxy

for plant competition and biomass partitioning; Bessler

et al. 2009), net plant diversity effect (plant species

richness levels 2 and 4), plant complementarity effect,

plant selection effect, 15N signature in white spruce

needles (log10; as proxy for N uptake; Partsch et al.

2006), and ecosystem multifunctionality. In separate
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analyses, we included initial spruce height as covariate;

this did, however, not improve the models and/or

change the results (not shown). Moreover, in order to

relate decomposer identity effects (presence of anecic

earthworms and isopods) on net biodiversity effects to

interactions between key decomposer species and plant

species, we tested decomposer identity effects on the

relative yield of individual plant species (one-way

ANOVAs).

Effects of plant species richness (PSR) and identity

were tested against the variance explained by plant

community composition to statistically separate diversi-

ty from composition effects. Analogously, decomposer

species richness (DSR) and identity effects were tested

against decomposer community composition. After

fitting an initial model with PSR, DSR, PSR 3 DSR,

plant community composition, and decomposer com-

munity composition, we added plant and decomposer

identity effects and respective interactions to separate

models, and we included them into the overall model if

they increased its fit to the data (based on the comparing

of AICs; threshold DAIC ¼ 2). Only results of the final

models are presented below (see Appendix: Table A3).

PSR and DSR were tested as categorical (cat) and linear

(lin) terms, respectively (Milcu et al. 2008).

We did not correct for multiple statistical tests

considering the mathematical and logical argumentation

by Moran (2003). From a mathematical point of view,

given that ecological studies are often highly variable

and replicated in low numbers, they result in more high

P values and only few low P values, therefore decreasing

the probability of significant multiple statistical tests,

although higher P values may mirror significance more

realistically. Moreover, some corrections do not account

for the number of significant tests. Logically, it would be

highly questionable to penalize studies reporting more

response and explanatory variables in comparison to

those only reporting few dependent variables. All

analyses were performed using SAS 9.1 (SAS Institute

2003).

In addition to the ANOVA approach, we used

structural equation modeling (SEM) to identify the

main variables and effect pathways influencing the

plant complementarity effect on plant productivity as

affected by plant diversity and decomposer diversity

and identity. This was done due to the prime role of

complementarity effects in the biodiversity ecosystem–

functioning relationship (Cardinale et al. 2007, Far-

gione et al. 2007). SEM allows testing the strength of

direct and indirect relationships between variables in a

multivariate approach (Grace 2006). We used PSR

(Cardinale et al. 2007) and the significant independent

variables identified using the ANOVA approach

(presence of anecic earthworms and isopods; exoge-

nous variables), as well as the dependent variables

‘‘proportion of deep roots,’’ ‘‘surface-litter biomass,’’

and ‘‘N uptake’’ as potential indirect pathways

(endogenous variables) in order to explain how the

experimental treatments could affect the complemen-

tarity effect. These indirect pathways have been

proposed before (Eisenhauer 2012). All exogenous

variables tested in the ANOVA approach hypotheti-

cally influence plant complementarity (Eisenhauer

2012); however, given the limited amount of replicates,

we only considered significant exogenous variables in

the SEM which had been identified in the ANOVA

approach. The adequacy of the model was determined

via v2 tests and AIC. Nonsignificant v2 tests (P . 0.05)

and low AIC values indicate that the model cannot be

rejected as a potential explanation of the observed

covariance structure (Grace 2006). Due to the com-

plete factorial design, we expected PSR, presence of

anecic earthworms, and isopods to be uncorrelated.

Model modification indices and stepwise removal of

unimportant relationships were used to improve the

models (based on the model fit indices; Grace 2006). In

separate SEMs, the significance of DSR (exogenous

variable) and microbial biomass (endogenous variable)

were tested, but the respective final models never did fit

the data as well as the model without those variables

(not shown). Unstandardized path coefficients are

given in the Appendix: Fig. A1. Similarly, we

performed SEM to identify the main variables affect-

ing ecosystem multifunctionality using the exogenous

variables PSR, DSR, presence of T. pratense, P.

pratense, and L. terrestris. Unstandardized path

coefficients are given in the Appendix: Fig. A2. SEM

was performed using Amos 5 (Amos Development

Corporation, Crawfordville, Florida, USA; Arbuckle

2003).

RESULTS

Litter removal and soil microbial biomass

Consistent with our first hypothesis, the DSR

influenced the effect of PSR on decomposition. The

amount of remaining litter on the soil surface (mean 0.95

g/microcosm; the inverse of litter removal) decreased

significantly with DSR (linear F1,15¼ 16.79, P¼ 0.001);

however, this effect depended on PSR with highest litter

removal at high decomposer (four decomposer species)

and intermediate-to-high plant diversity (two and four

plant species; PSRlin3DSRlin interaction, F1,42¼6.97, P

¼ 0.046; Fig. 1A). Moreover, the amount of remaining

litter was significantly lower in the presence of anecic

earthworms than in their absence (�79%; F1,15¼41.47, P

, 0.001).

Microbial biomass (mean 326 lg/g soil dry mass)

decreased with increasing PSR (main effect of PSR,

linear F1,18¼ 6.60, P¼ 0.019) in the presence of two and

four decomposer species, whereas it increased slightly

with increasing PSR in the presence of one decomposer

species (PSRlin 3 DSRlin interaction, F1,42 ¼ 6.02, P ¼
0.058; Fig. 1B). Moreover, microbial biomass was

reduced significantly in the presence of P. lanceolata

(�30%; F1,18 ¼ 6.12, P ¼ 0.024).
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Plant productivity and 15N signature

Plant performance measures partly supported our first

hypothesis: Although we found no significant interac-

tions between PSR and DSR on herbaceous shoot

biomass (Fig. 1C) and total root biomass (Fig. 1E),

herbaceous shoot biomass was highest at high PSR and

intermediate to high DSR and lowest at both low PSR

and DSR. Significant or marginally significant interac-

tive effects of PSR and DSR or decomposer identity on

spruce shoot biomass (PSR3DSR interaction, P , 0.1;

FIG. 1. Effects (mean þ SE) of herbaceous plant species richness (PSR; one, two, and four species) and decomposer species
richness (DSR; one, two, and four species) on (A) remaining surface litter (measured in grams before log-transformation) (PSRns,
DSR***, PSR3DSR*), (B) soil microbial biomass (lg Cmic/g soil dry mass) (PSR*, DSRns, PSR3DSR�), (C) herbaceous shoot
biomass (g) (PSR***, DSRns, PSR 3 DSRns), (D) white spruce shoot biomass (g) (PSR*, DSRns, PSR 3 DSR�), (E) total root
biomass (g) (PSRns, DSRns, PSR3DSRns), (F) total shoot-to-root ratio (PSRns, DSRns, PSR3DSR*), and (H) 15N signature in
white spruce needles (atom%) (PSRns, DSR*, PSR 3 DSR*). (G) Effects of plant species richness and presence of the anecic
earthworm species Lumbricus terrestris (LUM; 0, absent; 1, present) on root depth distribution (PSRns, DSRns, PSR 3 DSR�).

* P , 0.05; *** P , 0.001; � P , 0.1; ns, not significant.
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Fig. 1D), shoot-to-root ratio (PSR3DSR interaction, P

, 0.05; Fig. 1F), and root depth distribution (PSR 3

Lumbricus terrestris [LUM] interaction, P , 0.1; Fig.

1G) indicate that decomposers altered competitive

interactions between plants and belowground biomass

allocation (Bessler et al. 2009).

Shoot biomass of herbaceous plants (mean 1.07 g/

microcosm) increased significantly with PSR (linear F1,16

¼ 15.01, P ¼ 0.001; Fig. 1C), while DSR had no

significant effects (P . 0.20). Moreover, herbaceous

shoot biomass increased significantly in the presence of

P. pratense (þ94%; F1,16¼8.89, P¼0.009), but decreased

in the presence of C. canadensis (�26%; F1,16¼ 22.86, P

, 0.001). Decomposer identity also had significant

effects on herbaceous shoot biomass, with increased

biomass in the presence anecic earthworms (þ250%;

F1,14¼ 22.22, P , 0.001), and decreased biomass in the

presence of diplopods (�14%; F1,14 ¼ 7.26, P ¼ 0.018).

All other factors had no significant effects on herba-

ceous shoot biomass (all P . 0.20). In contrast to

herbaceous shoot biomass, spruce shoot biomass (mean

4.11 g) decreased significantly with increasing PSR

(linear F1,17 ¼ 6.82, P ¼ 0.018; Fig. 1D) indicating

increasing plant competition; however, this effect was

true only for decomposer communities with one and two

species (PSRlin 3 DSRlin interaction, F1,42 ¼ 5.79, P ¼
0.061), whereas spruce biomass was little affected by

PSR in the presence of four decomposers. All other

factors had no significant effects on spruce shoot

biomass (all P . 0.20).

Total root biomass (mean 7.38 g) was not significantly

affected by PSR and DSR (P . 0.20; Fig. 1E); however,

it increased in the presence of P. pratense (þ63%; F1,18¼
20.72, P , 0.001) and anecic earthworms (þ74%; F1,16¼
14.78, P ¼ 0.001). Total plant biomass (mean 12.56 g)

was not significantly affected by PSR and DSR (P .

0.20); however, it increased in the presence of P. pratense

(þ32%; F1,18 ¼ 6.66, P ¼ 0.02) and anecic earthworms

(þ40%; F1,16¼ 22.63, P¼ 0.002), but it decreased in the

presence of Collembola (�16%; F1,16 ¼ 5.24, P ¼ 0.036)

and isopods (�8%; F1,16 ¼ 6.29, P ¼ 0.023). Shoot-to-

root ratio (mean 0.84) was significantly affected by the

interaction between PSRlin and DSRlin (F1,42¼ 9.75, P¼
0.021): while the shoot-to-root ratio decreased with

plant species richness in the presence of one decomposer

species, it differed little in the presence of two and four

decomposers (Fig. 1F). Moreover, the shoot-to-root

ratio was significantly decreased in the presence of P.

pratense (�30%; F1,17 ¼ 9.79, P ¼ 0.006) and in that of

anecic earthworms (�19%; F1,15 ¼ 6.58, P ¼ 0.022).

The ratio of (total) root biomass (mean 0.54) in the

upper 6 cm and the lower 14 cm of the soil profile was

marginally significantly affected by an interaction

between PSRlin and the presence of anecic earthworms

(F2,41 ¼ 5.32, P¼ 0.058): While the ratio increased with

increasing PSR in the absence of anecic earthworms, it

decreased in their presence (Fig. 1G). All other factors

had no significant effects on the ratio of root biomass in

the upper and lower soil layer (all P . 0.20).

The 15N signature in spruce needles (overall mean

across treatments, 32 atom%) increased significantly

with DSR (DSRcat, F2,15¼ 3.67, P¼ 0.050; DSRlin, F1,15

¼8.03, P¼0.012); however, this effect depended on PSR

and only occurred when PSR . 1 (PSRcat 3 DSRcat

interaction, F4,39 ¼ 66.76, P ¼ 0.015; Fig. 1H).

Complementarity and selection effects

Consistent with our second hypothesis, decomposer

identity significantly affected net biodiversity and

complementarity effects of plants. The net biodiversity

effect of plants (mean 0.15 g/microcosm; of two and four

species compared to monocultures) was significantly

positive (due to positive net biodiversity effects of

mixtures with four plant species). Moreover, it was

significantly higher in four plant species mixtures than in

two plant species mixtures (F1,13¼17.37, P , 0.001; Fig.

2A). While DSR had no significant impact on the net

biodiversity effect of plants (F1,9 , 0.01, P ¼ 0.96; Fig.

2A), the net biodiversity effect increased significantly

from a neutral effect in the absence of anecic earth-

worms to a positive effect in their presence (F1,9¼ 19.27,

P ¼ 0.002; Fig. 2B). Moreover, and in contrast to our

second hypothesis, the net biodiversity effect of plants

was significantly lower in the presence of isopods (�0.24
6 0.15 g/microcosm) than in their absence (0.46 6 0.23

g/microcosm; F1,9 ¼ 10.89, P ¼ 0.009). The other

variables had no significant impacts on the net

biodiversity effect (all P . 0.20).

Differences in the net biodiversity effect of plants were

mainly due to treatment effects on the complementarity

effect (CE; mean 0.097 g/microcosm). The CE increased

with increasing PSR (F1,13 ¼ 9.95, P ¼ 0.008; Fig. 2C)

and in the presence anecic earthworms (F1,8¼ 13.73, P¼
0.005; Fig. 2D), whereas it decreased in the presence of

isopods (�0.24 6 0.15 g/microcosm) in comparison to

their absence (0.46 6 0.23 g/microcosm; F1,8¼11.78, P¼
0.008). The other variables, e.g., the interaction between

PSR and DSR, had no significant impacts on the CE (all

P . 0.20).

The selection effect (mean 0.054 g/microcosm) did not

change significantly in response to our treatments (all P

. 0.20; Fig. 2E, F). However, there was a tendency

towards a higher selection effect in four plant species

mixtures than in mixtures containing two plant species

in the presence of two and four decomposers, whereas

the opposite pattern was true in the presence of one

decomposer species (PSR 3 DSRlin interaction, F1,27 ¼
45.62, P ¼ 0.094; Fig. 2E).

The SEM approach supported our third hypothesis in

part by showing that decomposer effects on plant

complementarity were largely due to changes in the

proportion of deep roots, litter decomposition, and, to a

lesser extent, N uptake.

A chi-squared test indicated that our hypothesized

SEM model cannot be rejected as a potential explana-
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tion of the observed covariance matrix (v2
8 ¼ 3.79, P ¼

0.88; AIC ¼ 43.79). This suggests that much of the

variance in the CE (76%) can be explained by PSR,

presence of anecic earthworms, and presence of isopods

(Table 1, Fig. 3; Appendix: Fig. A1). More specifically,

the presence of anecic earthworms and isopods account-

ed for approximately three-quarters of the explained

variance in CE (Fig. 3). The endogenous variables

proportion of deep roots (positive relationship) and

surface-litter biomass (negative relationship) determined

CE significantly. The positive relationship between N

uptake and CE was not significant, but explained part of

the variance in CE. PSR exerted a direct positive effect

on CE, but had minor indirect effects through propor-

tion of deep roots and surface-litter biomass. Presence of

isopods had a direct negative effect on CE, as well as a

marginally significant indirect negative effect through

reducing the proportion of deep roots. Moreover, by

reducing surface-litter biomass and by significantly

increasing N uptake, presence of isopods also had an

indirect positive effect on CE. Presence of anecic

earthworms induced a significantly higher proportion

of deep roots, a significantly reduced amount of surface-

litter biomass, and marginally increased N uptake,

which all increased CE. DSR (exogenous variable) and

microbial biomass (endogenous variable) did not stay in

the final SEM (not shown).

Effects of anecic earthworms and isopods on net

biodiversity effects of plants were mainly due to

interactions with P. pratense and P. lanceolata. While

FIG. 2. Effects (meanþ SE) of herbaceous plant species richness (PSR; one, two, and four species) and (A, C, E) decomposer
species richness (DSR; one, two, and four species) or (B, D, F) presence of the anecic earthworm species Lumbricus terrestris
(LUM; 0, absent; 1, present) on (A, B) net biodiversity effect (PSR***, DSRns, LUM***, PSR 3 DSRns, PSR 3 LUMns), (C, D)
complementarity effect (PSR***, DSRns, LUM***, PSR 3 DSRns, PSR 3 LUMns), and (E, F) selection effect (PSRns, DSRns,
LUMns, PSR 3 DSR�, PSR 3 LUMns) in plant shoot productivity. Means are shown with standard error.

*** P , 0.001; � P , 0.1; ns, not significant.
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TABLE 1. Results of structural equation models.

Variables Estimate SE CR P

A) Plant complementarity

Surface litter  plant species richness 0.131 0.088 1.488 0.137
Deep roots  plant species richness 0.218 0.261 0.836 0.403
Deep roots  presence anecics 1.392 0.522 2.665 0.008
Surface litter  presence anecics �1.301 0.176 �7.394 ,0.001
Surface litter  presence isopods �0.440 0.176 �2.503 0.012
Deep roots  presence isopods �0.988 0.522 �1.891 0.059
N uptake  presence anecics 0.117 0.126 0.933 0.351
N uptake  presence isopods 0.232 0.126 1.844 0.065
CE  deep roots 0.197 0.052 3.817 ,0.001
CE  surface litter �0.388 0.100 �3.880 ,0.001
CE  plant species richness 0.221 0.077 2.864 0.004
CE  N uptake 0.311 0.215 1.442 0.149
CE  presence isopods �0.683 0.168 �4.056 ,0.001

B) Ecosystem multifunctionality (EMF)

EMF  presence T. pratense 0.088 0.041 2.149 0.032
EMF  presence P. pratense 0.06 0.039 1.523 0.128
EMF  decomposer species richness 0.027 0.015 1.83 0.067
EMF  presence anecics 0.252 0.037 6.89 ,0.001
EMF  plant species richness �0.024 0.019 �1.276 0.202

Notes: The effects of (A) herbaceous plant species richness, presence of isopods, and presence of
anecic earthworms on proportion of deep roots, N uptake, surface-litter biomass, and
complementarity effect (CE) illustrated in Fig. 3 and the Appendix (Fig. A1); and (B) plant
species richness, decomposer species richness, presence of T. pratense, P. pratense, and anecic
earthworms on ecosystem multifunctionality (EMF) illustrated in Fig. 4 and the Appendix (Fig.
A2) are shown. Arrows indicate the direction of effect. Given are the unstandardized path
coefficients (estimates), standard error of regression weight (SE), the critical value for regression
weight (CR; z ¼ estimate/SE), and the level of significance for regression weight (P). For more
information on exogenous and endogenous variables see the Methods: Statistical analyses section,
and for information on model fit see the Results section. Significant relationships (P , 0.05) are
shown in boldface type; marginally significant relationships (P , 0.1) are given in italics.

FIG. 3. Structural equation model of herbaceous plant diversity and decomposer identity effects on the complementarity effect
of plants. Causal influences of plant species richness (one, two, and four species), presence of isopods and presence of anecic
earthworms (0, absent; 1, present) (exogenous variables; in gray rectangles) on N uptake, proportion of deep roots, surface-litter
biomass, and complementarity effect (endogenous variables; in white rectangles). The data did not significantly deviate from the
model: v2

8 ¼ 3.79, P¼ 0.88. Numbers on arrows are standardized path coefficients. Black (positive) and gray (negative), thick and
thin arrows indicate significant (P , 0.05) and marginally significant (P , 0.1) standardized path coefficients, respectively; thin
dashed arrows indicate nonsignificant path coefficients (P . 0.1). Circles indicate error terms (e1–e4). Percentages close to
endogenous variables indicate the variance explained by the model (R2).
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the presence of anecic earthworms and isopods did not

significantly affect the relative yield of C. canadensis, L.

venosus, and T. pratense (all P . 0.15), the relative yield

of P. pratense was marginally significantly lower in the

presence of isopods (�0.13 6 0.06 g) than in their

absence (0.11 6 0.12 g, P ¼ 0.076). By contrast, the

relative yields of P. pratense and P. lanceolata were

significantly higher in the presence of anecic earthworms

(0.09 6 0.08 g and 0.56 6 0.17 g, respectively) than in

their absence (�0.23 6 0.05 g, P¼ 0.01;�0.14 6 0.03 g,

P ¼ 0.004, respectively).

Ecosystem multifunctionality

Consistent with our first hypothesis, ecosystem multi-

functionality was affected by a significant interaction

between PSR and DSR (F1,42 ¼ 20.24, P ¼ 0.004; main

effect of PSR, F1,16¼ 0.92, P¼ 0.35; main effect of DSR,

F1,15 ¼ 16.64, P ¼ 0.001; Fig. 4A). Ecosystem multi-

functionality increased linearly with DSR in the presence

of two and four plant species, but was little affected in the

presence of one plant species. Moreover, ecosystem

multifunctionality increased significantly in the presence

of T. pratense (þ23%; F1,16 ¼ 12.42, P ¼ 0.003), P.

pratense (þ9%; F1,16 ¼ 6.91, P ¼ 0.018), and anecic

earthworms (þ89%; F1,15¼ 31.99, P , 0.001).

A chi-squared test indicated that our hypothesized

SEM model cannot be rejected as a potential explana-

tion of the observed covariance matrix (v2
7 ¼ 3.17, P ¼

0.87; AIC ¼ 31.17). This suggests that much of the

variance in the ecosystem multifunctionality (66%) can

be explained by PSR, DSR, presence of T. pratense, P.

pratense, and anecic earthworms (Table 1, Fig. 4;

Appendix: Fig. A2). More specifically, ecosystem multi-

functionality increased significantly in the presence of T.

pratense and anecic earthworms (Fig. 4B). Moreover, it

increased marginally significantly with DSR, indicating

that the DSR effect did not solely rely on the presence of

anecic earthworms. PSR and presence of P. pratense did

not affect ecosystem multifunctionality significantly, but

stayed in the final SEM.

DISCUSSION

Our results suggest that the diversity and composition

of the soil decomposer community influence plant

diversity effects on ecosystem processes and ecosystem

multifunctionality (Fig. 1). Moreover, decomposer

identity effects strongly influenced complementarity

between plants (Fig. 2) by changing N uptake, plant

root depth distribution, and surface-litter removal (Fig.

3). Such information is critical to understanding plant

diversity effects on ecosystem functioning (Balvanera et

al. 2006), including how they increase with time in

terrestrial biodiversity experiments (e.g., Cardinale et al.

2007, Fargione et al. 2007, Reich et al. 2012), which

could be partly due to the time lag of positive soil

feedback effects of slowly maturing decomposer com-

munities (Eisenhauer 2012; N. Eisenhauer, S. Scheu, and

P. B. Reich, unpublished manuscript). Moreover, our

results support the notion that the exclusively plant-

centered view of many previous experiments limits the

mechanistic understanding of the BEF relationship

(Bever et al. 2010, Miki et al. 2010), and that ecosystem

responses to changing biodiversity are more complex

than often assumed (Naeem et al. 2000). For instance,

plant complementarity effects increased from neutral in

the absence of anecic earthworms to significantly

positive in the presence of these decomposers. In line

with a study using green algae and decomposer bacteria

(Naeem et al. 2000), we show that various ecosystem

processes are joint functions of plant and decomposer

FIG. 4. (A) Effects (meanþSE) of herbaceous plant species richness (PSR; one, two, and four species) and decomposer species
richness (DSR; one, two, and four species) on ecosystem multifunctionality (see Methods and Results sections for details; PSRns,
DSR***, PSR 3 DSR**). (B) Structural equation model of herbaceous PSR, DSR, presence of Trifolium pratense, Phleum
pratense, and anecic earthworms (0, absent; 1, present) (exogenous variables; in gray rectangles) on ecosystem multifunctionality.
The data did not significantly deviate from the model: v2

7 ¼ 3.17, P¼ 0.87. Numbers on arrows are standardized path coefficients.
Black (positive) and gray (negative) thick and thin arrows indicate significant (P , 0.05) and marginally significant (P , 0.1)
standardized path coefficients, respectively; thin dashed arrows indicate nonsignificant path coefficients (P . 0.1). Circles indicate
error terms (e1). Percentage close to the endogenous variable indicates the variance explained by the model (R2).

** P , 0.01; *** P , 0.001; ns, not significant.
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diversity, and moreover, suggest that ecosystem multi-

functionality (Hector and Bagchi 2007, Gamfeldt et al.

2008, Zavaleta et al. 2010) is driven, at least in part, by
the decomposer community.

There is considerable evidence that biodiversity

influences ecosystem functioning (Balvanera et al.
2006, Cardinale et al. 2011, Isbell et al. 2011). Most

previous BEF studies used grassland plant communities
as model systems (Cardinale et al. 2011, Eisenhauer

2012) and those with durations of more than five years
found increasing plant diversity and complementarity

effects over time (Cardinale et al. 2007, Fargione et al.

2007, Reich et al. 2012), though the underlying
mechanisms are not well understood. One explanation

for incremental plant diversity effects is that soil biotic
communities and feedback effects have to materialize

after establishment of the experiment (Eisenhauer et al.

2010). This notion experienced recent support by
evidence for the biological significance of both negative

and positive soil feedback effects in shaping the
relationship between plant diversity and productivity;

the former due to the accumulation of pathogens in

species-poor plant communities (Maron et al. 2011,

Schnitzer et al. 2011), and the latter due to higher

densities of plant growth promoting bacteria (Latz et al.

2012) and positive impacts on N cycling and soil N
availability (Reich et al. 2012). Moreover, diversity of

soil mutualists may promote plant coexistence and
community productivity (van der Heijden et al. 1998,

Wagg et al. 2011). Decomposer density and diversity

have recently been shown to significantly increase with
plant diversity (Scherber et al. 2010, Eisenhauer et al.

2011), raising the question if decomposers contribute to
the positive plant diversity–productivity relationship

(Eisenhauer 2012).

Indeed, the present results suggest that surface-litter
decomposition (Fig. 1A) and community productivity

(Fig. 1C) are most pronounced at high plant and
decomposer diversity, resulting in maximal ecosystem

multifunctionality (Fig. 4). Decomposer diversity and

the identity of key decomposer species increased surface-
litter removal and plant N uptake, thereby most likely

increasing resource availability (e.g., perhaps by provid-
ing different N forms) for the plant community.

Elevated nutrient availability, in turn, may have relaxed

interspecific plant competition. Two findings support

PLATE 1. One of the five decomposer animal species (the anecic earthworm Lumbricus terrestris) used in the present experiment.
The presence of this species increased plant productivity and complementarity by enhancing surface litter decomposition and
facilitating deeper rooting of plants. Photo credit: N. Eisenhauer.
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this interpretation: First, the common negative relation-

ship between plant diversity and individual plant

biomass production (Schmidtke et al. 2010) did only

occur in the presence of species-poor decomposer

communities, whereas spruce biomass was not signifi-

cantly affected by plant diversity in the presence of four

decomposers (Fig. 1D). Second, shoot-to-root ratio

decreased with increasing plant diversity in the presence

of only one decomposer species, indicating more

investment in belowground organs (Bessler et al.

2009), whereas the opposite pattern was found in the

presence of more decomposer species (Fig. 1F). Notably,

while higher availability of only few resources may

increase plant competition and decrease diversity (Har-

pole and Tilman 2007), elevated diversity of nutrient

forms due to the action of decomposers may favor plant

complementarity (Eisenhauer 2012).

In line with previous studies (Cardinale et al. 2007,

Fargione et al. 2007), net biodiversity effects increased

with plant diversity, which was mostly due to comple-

mentarity effects (Fig. 2). Using SEM, we were able to

explain 76% of the variance in complementarity effect

considering (in addition to plant species richness effects)

decomposer identity effects and the processes they

mediate (Fig. 3). While plant species richness only had

a significant direct impact on the complementarity

effect, most likely representing varying functional

characteristics of the different plant species, presence

of isopods and anecic earthworms increased N uptake

and surface-litter decomposition, both increasing the

complementarity effect. In addition, the presence of

anecic earthworms allowed plants to root deeper, which

may have increased habitat space (Dimitrakopoulos and

Schmid 2004) and increased plant complementarity

(Eisenhauer 2012). Vertical earthworm burrows, such

as those formed by L. terrestris, represent channels

allowing deeper root penetration, particularly in hard,

unbroken ground (Logsdon and Linden 1992) with high

nutrient content, microbial enzyme activity, and fast C

turnover rates (Tiunov and Scheu 1999, Don et al.

2008). The relative yields of P. pratense and P. lanceolata

increased significantly in the presence of anecic earth-

worms, indicating that non-leguminous plant species

respond positively to the presence of decomposers.

Presence of isopods also had a direct negative effect on

the complementarity effect (mainly due to a negative

effect on P. pratense) and decreased the proportion of

deep roots. The reason for these effects remains unclear

and need further attention, but we suggest that by

feeding on litter material and soil microorganisms they

may have changed microbial community composition.

The gross measure soil microbial biomass did not

explain effects of isopod presence on plant complemen-

tarity.

Complementarity effects summarize species interac-

tions, including competition and facilitation of species

(Loreau and Hector 2001). Species can be complemen-

tary in resource use due to trait differences (Loreau et al.

2001, Reich et al. 2012), i.e., due to different resource

niches (Tilman et al. 1997), where niches can be defined

on chemical, spatial, and temporal scales (McKane et al.

2002, Ashton et al. 2010). The present study indicates

that decomposers significantly impact chemical and

spatial niches for plants, modifying the net outcomes

of plant species interactions. Notably, the short-term

character of the study did not allow the study of

temporal niches, but also eliminates the complexity of

long-term studies where both ‘‘short-term’’ effects and

long-term plant–soil feedback effects can occur, and be

difficult to separate.

There are also additional potential mechanisms how

decomposers could affect plant complementarity in

natural plant communities. For instance, some decom-

posers, such as earthworms and collembolans, have been

shown to reduce the pathogen load of plants by

ingesting and digesting plant pathogenic microbes and

nematodes (Sabatini et al. 2002, Wurst 2010) and by

changing plant resistance to parasites (Blouin et al.

2005), thereby most likely also affecting the ‘‘pathogen

niche’’ (Petermann et al. 2008). In addition to the

mechanisms observed in the present paper, future

studies thus should investigate if decomposer diversity/

identity changes the interplay between soil mutualist and

antagonist feedback effects (Eisenhauer 2012).

The present study shows that plant diversity effects

can occur even in highly controlled environments with

little opportunity for spatiotemporal resource partition-

ing. This experimental setup allowed us to rigorously

test the role of decomposers in this context and reveals

that positive complementarity effects only occurred in

the presence of key decomposers. We posit that

decomposers relax interspecific plant competition by

enlarging chemical and spatial habitat space and thereby

facilitate plant complementarity (e.g., Ashton et al.

2010). Thus, elevated decomposer performance at high

plant diversity (Scherber et al. 2010, Eisenhauer et al.

2011) is likely to positively feed back to plant

community performance and may contribute to the

positive relationship between plant diversity and eco-

system functioning as well as ecosystem multifunction-

ality.
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SUPPLEMENTAL MATERIAL

Appendix

Tables showing number of replicates per diversity level, design of the experiment, and final ANOVA models, as well as figures
showing the unstandardizard path coefficients in structural equation models 1 and 2 (Ecological Archives E093-209-A1).
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