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Inputs of aboveground plant litter influence the abundance and activities of belowground decomposer
biota. Litter-mixing studies have examined whether the diversity and heterogeneity of litter inputs affect
decomposer communities in ways that can be predicted from monocultures. They have mainly attempted
to detect non-additive effects of litter mixing, although individual species effects (additivity) as well as
species interactions (non-additivity) may alter decomposition rates. To determine potential impacts of
plant species loss on aboveground-decomposer linkages, we assessed both additive and non-additive
effects of litter mixing on decomposer communities. A full-factorial litterbag experiment with leaves
from four deciduous tree species was conducted, to assess responses of bacteria, fungi, nematodes, and
microarthropods. Data were analyzed using a statistical method that first looked for additive effects
based on the presence or absence of species and then any significant species interactions. We observed
almost exclusively additive effects of all four litter species on decomposer biota, with each species
exerting effects on different aspects of the community. These results imply that the consequences of
species loss for the decomposer community will be largely predictable from knowledge of single species
litter dynamics. The two species at opposite ends of the quality spectrum exerted the most effects. High-
quality Liriodendron tulipifera supported a more diverse arthropod community and drove bottom-up
effects on the decomposer food web. Low-quality Rhododendron maximum had negative effects on most
groups of biota. Litter of mid-quality species exerted fewer effects. The influence of litter species richness
on the Tylenchidae (nematodes) was the only non-additive effect of litter mixing. Together, these data
demonstrate an effect of plant community composition on decomposer biomass, abundance, and
diversity, confirming a link between above and belowground communities. We were able to identify the
species to which the decomposer community is most sensitive, aiding predictions of the consequences of
the loss of these dominant species on the decomposer community, with potential feedbacks for organic
matter and nutrient turnover.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

plant productivity forms a feedback from belowground systems to
aboveground processes and communities (De Ruiter et al., 2005).

Decomposer biota, including microbes and invertebrate fauna,
play a pivotal role in litter decomposition and through their feeding
activity drive the amount and timing of organic matter turnover
and mineral nutrient availability (Seastedt, 1984; Beare et al., 1992;
Hunter et al., 2003). Control over the availability of resources for
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Recently, there has been increasing interest in effects that operate
in the opposite direction. That is, how aboveground systems affect
belowground communities and processes (Scheu et al., 2003;
Wardle et al., 2004; Bardgett et al., 2005; De Deyn and Van der
Putten, 2005; Wardle, 2006; Nilsson et al., 2008). With this focus in
mind, much research has been conducted to determine how plant
communities might affect soil processes and decomposer
communities. Since a major influence of plants on the soil system is
through litter (e.g. Negrete-Yankelevich et al., 2008), there has been
a large focus specifically on the effects of altered plant litter char-
acteristics on decomposer communities, through litter quality



1156 B.A. Ball et al. / Soil Biology & Biochemistry 41 (2009) 1155-1163

(Saetre and Baath, 2000; Gonzalez and Seastedt, 2001), species and
functional diversity (Bardgett and Shine, 1999; Wardle et al., 2003;
Milcu et al., 2006; Wardle et al., 2006), and resource heterogeneity
(Blair et al., 1990; Hansen, 1999; St John et al., 2006).

From this interest, many litter-mixing studies have been con-
ducted to determine whether decomposer communities and their
impacts on decay dynamics differ under multi-species mixtures
when compared to monocultures (reviewed by Gartner and Car-
don, 2004). Additive effects on biota result from the independent
influence of individual litter species, where diverse litter mixes may
support abundant and diverse decomposer communities that are
simply combinations of those that occur in litter monocultures
(Johnson et al., 2006). Specifically, if decay dynamics in mixtures
are the sum of their parts, biota of single litters can be used to
predict biota colonizing multi-species litter layers. Alternatively,
non-additive effects emerge if decomposer communities in mixture
are not simple averages of those in monoculture. That is, they are
unpredictable based solely on studying litter monocultures. A
number of studies have attempted to identify non-additive effects
of litter mixing on a variety of decomposition parameters, both in
terrestrial (reviewed by Gartner and Cardon, 2004; Hattenschwiler
etal., 2005) and aquatic (Lecerf et al., 2005; LeRoy and Marks, 2006;
Swan and Palmer, 2006) systems. Results vary among studies (see
Gartner and Cardon, 2004), perhaps in part because of differences
in the parameters measured. Biotic assessments vary from
measurements of abundance, density, biomass, or activity and
describe various different groups of decomposers. Additionally,
studies have also been conducted under a variety of plant richness
levels and covering different time spans (e.g. those reviewed by
Gartner and Cardon, 2004).

Under scenarios of global environmental change, many systems
are at risk of losing dominant plant species (Grime, 1997; Vitousek
et al,, 1997; Loreau et al., 2001; Ellison et al., 2005). While previous
litter-mixing studies have explored consequences of species loss,
they generally tested for non-additivity, where interactions among
species are the focus. However, individual (additive) effects based
on the identity of species may also have a major impact on
ecosystem processes (Gross and Cardinale, 2005; Schldpfer et al.,
2005). That is, the loss of a particular species from a system may
have a large impact on the decomposer community, even if its role
in mixture dynamics is additive. Statistical methods used in litter-
mixing studies to test for non-additive effects commonly are not
designed to also test whether individual species have significant
additive effects in mixture (see Ball et al., 2008); that is, whether
species are functionally redundant or not. To predict accurately the
consequences of species loss for ecosystem functioning, it is
necessary to consider both additive and non-additive effects of
species loss, reflecting either an independent influence of species
on ecosystem functioning (additivity) or emergent dynamics that
arise due to species interactions (non-additivity).

To determine the potential consequences of species loss on
decomposer communities, we conducted a three-year, full-factorial
litter-mix study in a southeastern US temperate forest. We used leaf
litter from four co-dominant tree species, which differed markedly
in initial chemical quality and so might each be expected to have
pronounced effects on decomposer communities (Wardle and
Lavelle, 1997). To obtain a comprehensive understanding of the
decomposer community responses to litter mixing, we measured
many commonly studied groups of decomposers over the course of
two years: microbes, nematodes, microarthropods, and small
macroarthropods. To analyze these data, we used a statistical
model that sequentially tests first for additive effects of the loss of
each component litter species, then whether any of the remaining
variance is explained by interactions among the litter species.
Significant interactions are indicative of non-additivity and were

explored using post hoc analyses to determine whether non-addi-
tive effects were explained by richness and/or composition (Mikola
et al., 2002; Drake, 2003). The strength of the approach is that we
can first ask whether loss of a particular species is likely to affect
community structure (Ball et al., 2008). If it does, we can then ask
whether its loss is likely to be additive or whether the consequence
of its loss will be dependent (i.e. non-additive) on the presence of
some or all of the other species in the community. We hypothesized
that, given the gradient in initial litter quality, structure, and
decomposition rate, there would be compositional effects of litter
mixing on the decomposer community, suggesting a feedback
between aboveground plant communities and belowground
communities. Specifically, we hypothesized that (1) both high- and
low-quality litters will influence decomposer communities, due to
the fact that high-quality litter (with high nutrient content and low
secondary metabolites) should provide a better resource to support
a larger decomposer community (Wardle et al., 2006) and low-
quality litter with lower nutrient content and more structural
compounds (e.g. lignin) should provide a poor resource but more
habitat complexity (Hansen and Coleman, 1998) for the decom-
poser community. We also hypothesized that (2) individual species
effects will be non-significant (i.e. neither significantly additive or
non-additive and hence functionally redundant) when in mixture
with species of similar quality, but will support a significantly larger
and more diverse decomposer community when in mixture with
litter species of markedly different quality (sensu Wardle, 2002).
Given the high degree of variation in observations of additive or
non-additive effects of litter mixing on decomposer biota (Gartner
and Cardon, 2004), we felt that we could not reliably hypothesize
whether significant species effects in mixture will likely be due to
species identity or interactions.

2. Materials and methods
2.1. Study site

The experiment was conducted at Coweeta Hydrologic Lab (US
Forest Service) in the southern Appalachians near Otto, North Car-
olina, USA (35°00’N, 83°30'W; elevation 1300 m). The area is
a deciduous hardwood forest, comprised largely of oaks (Quercus
spp.), tulip poplar (Liriodendron tulipifera), maples (Acer spp.),
birches (Betula spp.), and riparian stands of eastern hemlock (Tsuga
canadensis), with an abundant evergreen understory comprised
mainly of Rhododendron maximum (rhododendron) and Kalmia lat-
ifolia (mountain laurel). The mean annual temperature over the
duration of the experiment was 14 °C. Mean monthly temperature
varied with season, and followed the same annual pattern of peak
temperatures in July-August and minimum temperatures in
December-February (National Climatic Data Center, Appendix 1
(supplementary material — online)). The mean annual rainfall was
approximately 1700 mm, generally with moderate levels of precip-
itation (approx. 12 cm month~!) except during late summer peaks
and autumnal minimums. The study was conducted in Watershed
20 on Ball Creek, which drains into Coweeta Creek, a tributary of the
Little Tennessee River. A tropical storm in September 2004 tempo-
rarily flooded the low areas of the riparian zone.

2.2. Experimental design

Litters from four co-dominant tree species were used: L. tulipi-
fera L. (tulip poplar, L), Acer rubrum L. (red maple, A), Quercus prinus
L. (chestnut oak, Q), and R. maximum L. (rhododendron, R). The
litters from these species cover a range of chemical compositions
and decay rates in monoculture (Table 1; Ball et al., 2008). Senesced
leaves of each species were collected in October 2003 and air-dried
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Table 1
Initial litter chemistries and decay rates for four co-dominant tree species in monoculture. Values represent mean + 1 Standard Error (n = 4). From Ball et al. (2008).

%N % C % P C/N % Lignin k (day™1)
L. tulipifera 0.95 + 0.04 47.9 + 0.60 0.04 + 0.002 1:50:1197 8.58 + 0.36 0.00099
A. rubrum 0.70 + 0.06 49.8 + 0.95 0.03 + 0.009 1:71:1658 9.15 + 0.42 0.00097
Q. prinus 1.25 + 0.09 50.1 £+ 1.15 0.05 + 0.004 1:40:1001 13.55 + 0.37 0.00092
R. maximum 0.55 + 0.08 48.9 + 1.08 0.02 + 0.004 1:89:2444 12.54 £+ 1.15 0.00086

at room temperature in paper bags in the lab for one week. Litters
were placed in litterbags in all possible combinations (15 in total) of
the four species, where each species in any one combination was
equally represented in mass. Litterbags (15 cm x 15 cm) were
constructed from 1 mm nylon mesh and heat-sealed at the edges.
Each litterbag contained 5 g of leaves. Four replicate blocks were
established along a 30 m reach of Ball Creek, with two blocks on
each side of the stream. Blocks were approximately 5 m from the
stream edge and 10 m from the neighboring block. The four study
species co-occurred in each block. On November 17, 2003, one set of
all 15 combinations was placed in each of the four blocks for each of
7 collection dates across 2.5 years: 0, 92,181, 273, 365, 730, and 911
days. At each collection date, one set from each replicate plot was
randomly chosen for processing, and litterbags were transported
back to the laboratory on ice.

When bags were returned to the lab, five leaf cores (13 mm dia.)
were taken for each of bacterial and fungal biomass analyses. Leaf
disks for bacterial analysis were preserved in filtered (0.2 um) 3.7%
formaldehyde and stored at 4 °C. Leaf disks for fungal biomass were
stored in 99.9% high-pressure liquid chromatography (HPLC)-grade
methanol at 0 °C. To estimate the dry weight of the punches used in
these assays, another five disks from each bag were taken. The
average dry mass of the disks was used to estimate the weight of
the ten disks used for microbial analysis. After punches were
removed for microbial analysis, half of the litter was then taken
from each sample bag to be used in gravimetric extraction in water
via Baermann funnels for 48 h (Tarjan, 1949). Nematodes were
harvested and preserved in 4% formaldehyde. Remaining litter in
bags was placed on Tullgren funnels for seven days for dry heat and
light extraction of arthropods (Macfadyen, 1953); those micro and
small macroarthropods collected were preserved in 70% ethanol.

Bacterial cells were removed from leaf disks by sonication (Weyers
and Suberkropp, 1996), and subsamples of the suspension were
stained with a 1:1 proportion of sample to 10 pg mL~! DAPI (4'6-dia-
midino-2-phenylindole; Velji and Albright, 1993). Samples were
incubated for 10 min prior to vacuum filtration onto black 0.2 um
membrane filters (supported by a 0.45 pm backing filter), then slide
mounted and stored in the refrigerator in the dark until counted. Cells
were enumerated using epifluorescent microscopy (1000x) by
counting ten random fields and categorizing cells into shape (coccoid
or rod) and size class (small and large). Cell biovolumes were calculated
using equations for the geometric shape size classes (Wetzel and
Likens, 2000), and total bacterial C was estimated using the conversion
factor of 5.6 x 10~ g C pm~3 (Bratbak, 1985). Bacterial C was then
expressed as amount per g Ash Free Dry Mass (AFDM; the mass of
combustible, organic content of litter).

Ergosterol, an estimate of fungal biomass (Gessner and Chauvet,
1993), was extracted from leaf disks by refluxing for 30 min at 80 °C
in 25 mL methanol with an alcoholic base KOH (Weyers and Sub-
erkropp, 1996). Samples were then partitioned into pentane and the
pentane evaporated to dryness at 30 °C under a stream of N; gas.
Samples were redissolved in 1 mL methanol, filtered through
a0.45 pm Acrodisc filter, and stored at 0 °C. Ergosterol concentration
was measured by HPLC at 282 nm on an RP-10 column (Shimadzu,
Columbia, MD, USA). Ergosterol concentration was converted to
fungal C using the conversion factor 5.5 ug ergosterol g ! fungal dry
mass (Gessner and Chauvet, 1993), assuming a 43% C content of

fungal dry mass (Baldy et al., 1995; Baldy and Gessner, 1997). Fungal
C was then expressed as amount per g AFDM.

Nematodes were identified to feeding group (Yeates et al., 1993)
and expressed as number per g AFDM (Ball et al., 2008). We also
counted tardigrades and copepods, two groups of biota extracted
by Baermann’s funnels that are not often included in decomposi-
tion studies. Micro and macroarthropods were identified to the
order level, or lower when possible, and expressed in the same
manner. Abundance and taxa richness were recorded.

2.3. Data analyses

All statistical analyses were conducted in S-Plus 7.0 (Insightful
Corp., Seattle, USA). An Analysis of Variance (ANOVA), using Type |
sums of squares (SS), was performed to test for additivity and non-
additivity of litter species effects. Following the methodology of
Ball et al. (2008), we used a statistical model that first identified
whether there was a significant influence of the presence of each
litter species (additivity), then tested for the presence of any
significant interactions of species (non-additivity) beyond what
was explained by the presence or absence of a species. With this
approach, we are able to test first whether a litter species influences
the decomposer community, then ask whether its effect is largely
additive or if it depends on the presence of other litter species. The
emphasis is therefore on the litter species, rather than diversity per
se as with other models (e.g. Schmid et al., 2002). Block, time, and
the presence/absence of each of the four species were added
sequentially as terms to the model. Block had four levels; time had
six levels for microarthropod data (days 92, 181, 273, 365, 730, and
911) and four for bacteria, fungi, and nematode data (days 92, 181,
365, and 730). The term representing each litter species had two
levels, “present” or “absent”, so that each of the treatments that
contained a species (both monocultures and mixtures) was
compared to the treatments where the species was absent. A
species interaction term (SpInt) was then included to test for non-
additivity. This term had 11 levels, each representing one of the
specific litterbag multi-species combinations. Lastly, interactions
between time and block, the species, and SpInt terms were
included. Time (days) was analyzed as a discrete, rather than
continuous, factor to test whether the relative effects of species loss
were consistent or different across time.

A significant SpInt term (and/or its interaction with time) indi-
cates a significant non-additive interaction among species, due to
richness or composition that is not explained by simple presence or
absence of individual species. To explore potential richness effects
we replaced the Spint term with a Richness term, composed of four
levels (1-4 species). In the absence of a significant effect of Richness
or its interaction with time, a significant SpInt term must arise
through non-additive composition effects. If a Richness term is
significant, a Composition term, with 11 possible levels and thereby
equivalent to the SpInt term, can be added to the model, while
retaining Richness, to evaluate if both non-additive richness and
composition effects manifest. Non-additive composition effects can
be further explored to determine which of the species were inter-
acting. If the SpInt term was not significant, the model was re-run
with each of the four species’ presence/absence terms added first
because, given that Type I (Sequential) SS was used, the F-values of
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the species terms were sensitive to the order in which they were
added. A significant species presence/absence term indicated
significant additive effects of that species on decay dynamics (i.e.
species identity mattered).

Data were transformed when necessary to meet the assump-
tions of normality of variance. Arthropod abundance data were
square root-transformed, while nematode abundance and micro-
bial biomass data were In(x+1)-transformed. Richness values were
not transformed.

3. Results
3.1. Microbes

There were no significant non-additive effects of plant litter on
bacterial biomass, given that the SpInt term and its interaction with
time were not significant, but there were significant additive effects of
composition based on the presence/absence of R. maximum (Table 2).
The manner in which R. maximum had its effect was marginally
dependent on time. Specifically, bacterial biomass was significantly
lower in the presence of R. maximum after 6 months of decompo-
sition (Fig. 1a). Similarly, there were only significant additive effects
on fungal biomass. These effects were based on the presence/
absence of R. maximum and L. tulipifera (Table 2) and were time-
dependent. The presence of L. tulipifera generally increased fungal
biomass, whereas that of R. maximum decreased it. For both species,
the difference in fungal biomass was initially small, increased in the
early stages of decomposition, then decreased later in time (Fig. 1b).
The ratio of fungal:bacterial biomass (F:B) was also driven by addi-
tive effects, but only R. maximum had significant effects on this
variable, and its effect changed throughout time (Table 2, Fig. 1c).

3.2. Nematodes, tardigrades and copepods

Variation in nematode abundance was driven by additive
composition effects based on the presence (or absence) of certain
litter species, but the litter species responsible varied with nema-
tode feeding group (Table 2). All litter species except A. rubrum
influenced one or more feeding groups. Interestingly, the presence
of those species that did have a significant effect decreased
nematode abundance. The exception was the increase in abun-
dance of omnivorous nematodes (OM) when L. tulipifera was
present (Fig. 2). Conversely, A. rubrum was the only species whose
presence consistently increased nematode abundance (Fig. 2a), but
this influence was not significant (P > 0.1 for all feeding groups).
The additive effects of composition were significant for fungal
feeders (FF), bacterial feeders (BF), and omnivores (OM). L. tulipifera
was involved in all of these, and its effects were time-dependent
(Fig. 2b), while those of R. maximum and Q. prinus were generally
constant and could be pooled across time (Fig. 2a). Predatory
nematodes are the only group not influenced by litter species.

For “plant-feeding” nematodes (family Tylenchidae), there were
non-additive interactions among litter species that were time-
dependent. Non-additivity was due to an effect of litter species
richness, not composition (Table 2). Single- and four-species litter
mixtures contained more plant feeders than did two- and three-
species mixtures at 365 days, but by 730 days plant-feeding
nematodes in three- and four-species mixtures were significantly
lower in abundance than the other litter richness levels.

There were no effects of composition or richness on tardigrade
abundance (P > 0.1 for all additive and non-additive main effects),
but there were additive effects on copepod abundance driven by L.
tulipifera, Q. prinus and R. maximum. L. tulipifera had a positive effect
on copepod abundance, while Q. prinus and R. maximum had
negative impacts (data not shown). The way in which L. tulipifera

Table 2

Summary of significant effects of four leaf litter species on the decomposer
community of a southern Appalachian riparian zone. An effect or interaction was
considered significant if P < 0.05, but marginally significant interactions are also
included.

df SS MS F p
Bacterial biomass:
R. maximum 1 0.58 0.58 5.50 0.020
R. maximum x day 3 0.77 0.26 242 0.068
Fungal biomass:
L. tulipifera x day 4 717 179 4.56 0.002
R. maximum 1 12.3 12.3 313 0.000
R. maximum x day 4 3.52 0.88 2.24 0.066
Fungi:bacteria ratio
R. maximum x day 3 744 248 3.38 0.020
Bacterial feeding nematode abundance:
L. tulipifera x day 3 13.49 4.50 5.90 0.001
R. maximum 1 7.28 7.28 9.56 0.002
Fungal-feeding nematode abundance:
L. tulipifera x day 3 12.4 4.14 3.19 0.025
Q. prinus x day 3 104 347 2.67 0.049
Plant-feeding nematode (Tylenchidae) abundance:
Richness x day 6 274 4.57 4.98 0.000
Omnivorous nematode abundance:
L. tulipifera x day 3 6.43 214 3.05 0.030
R. maximum 1 6.31 6.31 8.99 0.003
Predatory nematode abundance:
No significant effects
Copepod abundance:
L. tulipifera x day 3 419 1.40 3.40 0.019
Q. prinus x day 3 5.89 1.96 4.78 0.003
R. maximum 1 1.81 1.81 441 0.037
Tardigrade abundance:
No significant effects
Total microarthropod abundance:
A. rubrum 1 16.7 16.7 448 0.035
R. maximum x day 5 93 18.6 498 0.000
Oribatid abundance:
A. rubrum 1 11.8 11.8 5.59 0.019
R. maximum x day 5 55 11.0 5.21 0.000
Mesostigmata abundance:
L. tulipifera x day 5 14.6 2.92 2.50 0.032
R. maximum x day 5 15.2 3.0 2.60 0.026
Prostigmata abundance:
R. maximum x day 5 54 1.08 2.38 0.039
Collembola abundance:
No significant effects
Total microarthropod richness:
Q. prinus 1 10.7 10.7 4.47 0.035
R. maximum x day 5 374 749 3.14 0.009

and Q. prinus exerted their effect changed through time (Table 2),
where at day 365 there were twice as many copepods in the
presence of L. tulipifera or in the absence of Q. prinus (and no
significant difference between their presence and absence at the
other sampling dates; data not shown).

3.3. Arthropods

The most abundant microarthropods found in all samples were
Collembola and the three suborders of Acarina. Twenty-two other
taxa were found in various samples throughout the sampling dates
(Appendix 2 (supplementary material — online)). While our mesh
size excludes biota wider than 1 mm, many taxa commonly
considered to be macroarthropods were present (e.g. spiders, ants,
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Fig. 1. Significant additive effects (P < 0.05) of leaf litter species on (a) bacterial biomass, (b) fungal biomass, and (c) ratio of fungi:bacteria biomass over two years of decomposition.
Letters refer to the genus of each of the tree species: Liriodendron tulipifera (L) and Rhododendron maximum (R). Solid symbols represent all treatments that contained that species,

and open ones include all treatments that did not. Values are means + 1 SE; n = 4.

millipedes, and centipedes), as well as Enchytraeids (Phylum
Annelida). Additionally, fauna taxa covering all basic functional roles
were present in the litterbags (e.g. microbivores, shredders, preda-
tors). Statistical analyses were conducted on total abundance of all
taxa, and also focused on the taxa that were most abundant in all
samples (Acarina and Collembola). Other microarthropod taxa were
not as abundant as these groups, so were not analyzed individually,
but are included in analysis of total arthropod abundance. Total
arthropod abundance was driven by additive effects (Table 2). A.
rubrum and R. maximum had the greatest effects on total arthropod
abundance. A. rubrum increased total abundance, as well as Oribatid
abundance (Fig. 3a). The presence of R. maximum decreased abun-
dance of all taxa except Oribatid mites which, overall were signifi-
cantly more abundant in its presence (Fig. 3). For all effects driven by
R. maximum that were time-dependent (Fig. 3), there was initially
lower abundance in its presence, then higher abundance later in the
decomposition process, only to return to lower abundance by the
final sampling date (though this pattern is not very accentuated for
Prostigmata; Fig. 3b). L. tulipifera presence had an initial positive
effect on Mesostigmata, but then its effects were relatively neutral
(Fig.3b). Of the abundant taxa, the Collembola were the only taxa not
significantly influenced by species composition.

Microarthropod taxa richness was affected by the presence of
individual litter species (Table 2). At most sampling dates, richness
significantly declined in the presence of R. maximum (Fig. 3b) but
increased with Q. prinus (Fig. 3a).

4. Discussion
Our results demonstrate a link between the aboveground plant

community and the decomposer biota: leaf litter species compo-
sition affected abundance, biomass, and diversity of the

decomposer biota. Effects of the four leaf litter species on the
decomposer community were largely additive, with each species
exerting effects on different aspects of the community and at
different stages of decomposition (summarized in Table 3). Overall,
the two species at opposite ends of the quality spectrum, L. tulipi-
fera and R. maximum, affected the abundance and biomass of more
groups of the biota, suggesting an important role for these two
species in shaping the decomposer community. R. maximum had
negative impacts on microbial biomass and the abundance of most
groups of arthropods and nematodes (at various sampling dates). L.
tulipifera provided a rich resource that appeared to create a bottom-
up template for the decomposer community (Mikola and Setala,
1998; Scheu and Schaefer, 1998; Chen and Wise, 1999). Specifically,
the presence of L. tulipifera led to larger biomass in the lower
trophic level (microbes) and greater abundance in the higher
trophic level (Mesostigmata mites, omnivorous nematodes), but
decreased abundance of taxa mid-level in the food web (micro-
bivorous nematodes; Table 3). The presence of Q. prinus had
moderate effects on the decomposer community, decreasing the
abundance of copepods and fungal-feeding nematodes but
increasing arthropod richness. Its influence on the arthropod
community could be due to its high nitrogen content or structural
features that create domatia for soil-dwelling organisms (Hansen,
1999). A. rubrum did not exert as great an effect on the biota as did
the other litter species, save for its positive influence on Oribatid
and total arthropod abundance (Table 2). Together, these data
demonstrate an influence of all four dominant tree species on the
decomposer community. Each tree species is likely important for
maintenance of the current decomposer community (i.e. their
effects are not redundant). Our data suggest that loss of any of these
species will alter the decomposer community structure, but that
the decomposer community will be most altered by loss of the two
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Fig. 2. Significant additive effects of leaf litter species identity on nematode commu-
nities over two years of decomposition. Values on the y-axis are the average difference
in numerical abundance between treatments where each leaf litter species is present
and those where it is not. The bar graph (a) represents pooled values across time.
Letters above bars denote significant effects at P < 0.05; “c” indicates effects that were
consistent over time, and “t” indicates effects that interacted with time. Species whose
effects interacted with time (Liriodendron tulipifera (L) and Quercus rubrum (Q)) are
shown in the line graph (b), where each taxon was enumerated at the same sampling
dates; points were deviated for clarity. See Appendix 3 (supplementary material -
online) for average abundances in the presence and absence of each species. Values are
means + 1 SE; n = 16 for (a) and n = 4 for (b).

species at opposite ends of the quality spectrum, L. tulipifera and R.
maximum, and most resistant to loss of A. rubrum.

The manner in which litter species interacted with time to drive
the decomposer community did not appear to be dependent on
season. For example, the manner in which total arthropod abun-
dance varies through time in the presence of R. maximum (Fig. 3b)
does not correspond to differences in temperature or moisture at,
or directly preceding, each sampling date (Appendix 1 (supple-
mentary material - online)). Though climate has been demon-
strated to influence decomposer communities (e.g. Seastedt and
Crossley, 1980; Gonzalez and Seastedt, 2001), the changes in
abundance and biomass of decomposer taxa we observed may
better correspond to different stages of decomposition (Anderson,
1975). However, climatic influences are likely the cause of signifi-
cant interactions of time with block, due to the tropical depression
that flooded two of the blocks just prior to the 365-day sampling.
Given our statistical approach, the variation caused by time and
block was removed before the investigation of species effects, so
the flood did not compromise our ability to test for litter species
effects. In addition, that we did identify significant compositional
effects suggests that species’ effects were not masked by the
influence of the tropical storm; a common phenomenon in our
study system.
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Fig. 3. Significant additive effects of leaf litter species on arthropod communities over
two years of decomposition. Values on the y-axis are the average difference in
numerical abundance between treatments where each leaf litter species is present and
those where it is not. Pooled values across time are shown in (a); letters above bars
denote significant effects at P < 0.05, where “c” indicates effects that were consistent
over time, and “t” indicates effects that interacted with time. Metrics involving
abundance of individuals correspond to the left y-axis, whereas the taxa richness and
Shannon index correspond to the right y-axis. Species whose effects interacted with
time (Liriodendron tulipifera (L), and Rhododendron maximum (R)) are shown in the line
graph (b), where each taxon was enumerated at the same sampling dates; points were
deviated for clarity. See Appendix 4 (supplementary material - online) for average
abundances in the presence and absence of each species. Values are means + 1 SE;
n = 24 for (a) and n = 4 for (b).

In accord with previous studies (Wardle et al., 2003; De Deyn
et al., 2004), we observed a stronger response of the lower trophic
groups (e.g. microbial consumers and microbial-feeding inverte-
brates) to litter mixing than we observed in the predators (Table 2).
There were no significant effects of litter species or their interac-
tions on predatory nematode abundance, and a marginally signif-
icant P-value for the Prostigmata and Mesostigmata (frequently
grouped as predators; Coleman et al., 2004). The influence of L.
tulipifera and R. maximum on lower trophic levels, in addition to L.
tulipifera’s bottom-up effects on all levels, suggests that the
consequences of the loss of these three species will be through
alterations in the basal resource (i.e. food quality) of the decom-
poser food web. It is interesting to note that the presence of Q.
prinus, and A. rubrum to a lesser extent, influenced microbial-
feeding invertebrates, but not microbial biomass. This suggests that
the role of mid-quality species in shaping the decomposer
community may lie in generating habitat heterogeneity (e.g. Han-
sen and Coleman, 1998), as opposed to providing a food resource,
making it functionally distinct from the high- and low-quality litter
species.

Mixing of litters with different chemical and physical (habitat)
structure is expected to provide a heterogeneous resource for
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Table 3

Summary of direction of significant effects of four leaf litter species on the decom-
poser community of a southern Appalachian riparian zone. An effect or interaction
was considered significant if P < 0.05, but marginally significant interactions are also
included. Arrows denote direction of effect (i.e. increase or decrease in magnitude)
when each tree species was present. A “t” denotes an effect that interacted with
time, and a dash a non-significant effect.
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decomposer biota, leading to non-additive interactions among
litter species on biota (e.g. De Deyn et al.,, 2004). However, in
contrast to many previous studies (reviewed by Gartner and Car-
don, 2004), we observed very little evidence for significant non-
additive effects of litter mixing on the decomposer community. The
only group for which we saw non-additive effects was the Tylen-
chidae (Fig. 3). The abundance of these nematodes was high in
litters containing 1 or 4 tree species and low in litters containing 2
or 3 tree species. More research would be necessary to determine
why this pattern might be occurring, but it is worth noting that
although named plant feeders, the Tylenchidae can feed upon
microbes and algae (Yeates and Coleman, 1982; Coleman et al.,
2004). Given the absence of plant roots in our litterbags, presum-
ably the richness effects on these nematodes arose through
changes in the basal decomposer community, which may consti-
tute their food resource.

Litterbag mesh size is known to influence decomposition
dynamics through restriction of access of larger biota (e.g. macro-
arthropods) and microclimate modification (Bradford et al., 2002;
Hunter et al., 2003). Further, it has been demonstrated that func-
tional dissimilarity of macrofauna influences decomposition
(Heemsbergen et al., 2004). Though our litterbags excluded larger
fauna, we still observed the presence of all basic functional groups
over a wide variety of taxa, including those typically considered to
be macrofauna (Appendix 2 (supplementary material — online)).
The largely additive influence of litter species holds across all of
these taxa and functional groups (save for one taxa of nematode,
the Tylenchidae). The presence of larger fauna, were the mesh size
larger, may have led to altered abundances of the taxa we identified
here. We cannot envisage why, however, any exclusion of macro-
fauna and/or microclimate effects of litterbags would influence our
observation of largely additive, and not non-additive, litter species
effects. Our use of a more conservative analytical model more likely
explains our results. Specifically, detecting additive and non-addi-
tive effects in litter-mixing studies is sensitive to the analytical
techniques used (see Ball et al., 2008). Some authors compare
observed communities with those that would be expected based on
the monocultures of each species involved in the mixture, where

significant deviations from the expected suggest non-additive
effects on communities (e.g. Blair et al., 1990; Hansen, 1999). It is
possible that additional non-additive effects would have been
detected in our study had we employed such methodologies. Using
a full-factorial design and a statistical model that incorporates all
data, our analysis is more conservative than most previous methods
(Ball et al., 2008). As such it asks whether additive or non-additive
diversity effects are likely to be dominant and illustrates that
additive effects are dominant in our system, supporting other
studies that emphasize the importance of species identity
(reviewed by Hooper et al., 2005). A dominance of additive effects
in explaining variation in the decomposer community suggests that
the consequences of species loss may be predictable from mono-
cultures. That is, we need only to know the properties of each
individual species, rather than requiring new information on
interactive effects, to predict the outcome of tree species loss on
decomposer communities. However, if tree species influence
decomposer communities in ways other than through litter
(Vivanco and Austin, 2008), the predictability may not hold with
species loss. In this experiment, the litters were all incubated in
a mixed-species forest, and with species loss, the decomposer
species available to colonize the litter may differ from the current
assemblage.

The ability to predict consequences of changes in tree species
abundance is valuable given that the abundance of dominant
species is likely to change in temperate forests experiencing global
change pressures (Orwig and Foster, 1998; Ellison et al., 2005). For
example, in our study region disease dynamics are predicted to
potentially increase L. tulipifera and R. maximum abundance (Orwig
and Foster, 1998; Ellison et al., 2005) or decrease Q. prinus and R.
maximum abundance (Rizzo et al., 2002). In addition, A. rubrum is
generally predicted to increase (Fei and Steiner, 2007). While the
last of these will likely have little influence on the decomposer
biota (unless it replaces the other co-dominants), our results
suggest that the impact of diseases which alter L. tulipifera and R.
maximum abundance will likely have major impacts on decom-
poser community structure. Given the importance of the below-
ground subsystem to nutrient cycling, this may have substantial
effects on ecosystem productivity, nutrient retention and structure
(e.g. van der Heijden et al., 2008). Future research should focus on
whether the potential changes in decomposer communities with
tree species loss might themselves further alter plant communities
through feedbacks on nutrient availability. Overall, our data suggest
that tree species loss, predicted to affect this system through
introduced pests and pathogens, will likely alter the decomposer
biota community, potentially changing the way in which organic
matter and nutrients are processed in the forest floor.

Acknowledgements

We thank Kyle Wickings for his help with microarthropod
identification as well as the Rosemond Lab at the University of
Georgia and the Suberkropp lab at the University of Alabama for
help with microbial analyses. We also thank Jimmy Blackmon and
Paige Dotey for their help in the field and lab, as well as Kyle
Wickings and Ching Yu Huang for comments on this manuscript.
We also thank Karl Ritz and two anonymous reviewers for their
insightful comments that improved this manuscript. This research
was supported by National Science Foundation grants to the Cow-
eeta LTER Program.

Appendix. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.s0ilbio.2009.02.025.



1162 B.A. Ball et al. / Soil Biology & Biochemistry 41 (2009) 1155-1163

References

Anderson, J.M., 1975. Succession, diversity and trophic relationships of some soil
animals in decomposing leaf litter. Journal of Animal Ecology 44, 475-495.
Baldy, V., Gessner, M.O., 1997. Towards a budget of leaf litter decomposition in
a first-order woodland stream. Comptes Rendus De L’Academie Des Sciences

Serie III - Sciences De La Vie 320, 747-758.

Baldy, V., Gessner, M.O., Chauvet, E., 1995. Bacteria, fungi and the breakdown of leaf-
litter in a large river. Oikos 74, 93-102.

Ball, B.A., Hunter, M.D., Kominoski, J.S., Swan, C.M., Bradford, M.A., 2008. Conse-
quences of non-random species loss for decomposition dynamics: experi-
mental evidence for additive and non-additive effects. Journal of Ecology 96,
303-313.

Bardgett, R.D., Shine, A., 1999. Linkages between plant litter diversity, soil microbial
biomass and ecosystem function in temperate grasslands. Soil Biology &
Biochemistry 31, 317-321.

Bardgett, R.D., Bowman, W.D., Kaufmann, R, Schmidt, S.K,, 2005. A temporal
approach to linking aboveground and belowground ecology. Trends in Ecology
and Evolution 20, 634-641.

Beare, M.H., Parmelee, R.W., Hendrix, P.F,, Cheng, W.X., Coleman, D.C,, Crossley, D.A.,
1992. Microbial and faunal interactions and effects on litter nitrogen and
decomposition in agroecosystems. Ecological Monographs 62, 569-591.

Blair, .M., Parmelee, RW., Beare, M.H., 1990. Decay-rates, nitrogen fluxes, and
decomposer communities of single-species and mixed-species foliar litter.
Ecology 71, 1976-1985.

Bradford, M.A.,, Tordoff, G.M., Eggers, T., Jones, T.H., Newington, J.E., 2002. Micro-
biota, fauna, and mesh size interactions in litter decomposition. Oikos 99, 317-
323.

Bratbak, G., 1985. Bacterial biovolume and biomass estimations. Applied and
Environmental Microbiology 49, 1488-1493.

Chen, B.R., Wise, D.H., 1999. Bottom-up limitation of predaceous arthropods in
a detritus-based terrestrial food web. Ecology 80, 761-772.

Coleman, D.C,, Crossley, D.A., Hendrix, P.F, 2004. Fundamentals of Soil Ecology,
second ed. Elsevier Academic Press, New York, 386 pp.

De Deyn, G.B., Van der Putten, W.H., 2005. Linking aboveground and belowground
diversity. Trends in Ecology and Evolution 20, 625-633.

De Deyn, G.B., Raaijmakers, C.E., van Ruijven, J., Berendse, F., van der Putten, W.H.,
2004. Plant species identity and diversity effects on different trophic levels of
nematodes in the soil food web. Oikos 106, 576-586.

De Ruiter, P, Neutel, A.M., Moore, J., 2005. The balance between productivity and
food web structure in soil ecosystems. In: Bardgett, R.D. Usher, M.B.,
Hopkins, D.W. (Eds.), Biological Diversity and Function in Soils. Cambridge
University Press, pp. 139-153.

Drake, J.M., 2003. Why does grassland productivity increase with species richness?
Disentangling species richness and composition with tests for overyielding and
superyielding in biodiversity experiments. Proceedings of the Royal Society of
London Series B - Biological Sciences 270, 1713-1719.

Ellison, A.M., Bank, M.S., Clinton, B.D., Colburn, E.A., Elliott, K., Ford, C.R., Foster, D.R.,
Kloeppel, B.D., Knoepp, J.D. Lovett, G.M. Mohan, ], Orwig, D.A,
Rodenhouse, N.L, Sobczak, W.V, Stinson, K.A. Stone, ]J.K, Swan, CM.,
Thompson, J., Von Holle, B., Webster, J.R., 2005. Loss of foundation species:
consequences for the structure and dynamics of forested ecosystems. Frontiers
in Ecology and the Environment 3, 479-486.

Fei, S.L., Steiner, K.C., 2007. Evidence for increasing red maple abundance in the
eastern United States. Forest Science 53, 473-477.

Gartner, T.B., Cardon, Z.G., 2004. Decomposition dynamics in mixed-species leaf
litter. Oikos 104, 230-246.

Gessner, M.O., Chauvet, E., 1993. Ergosterol-to-biomass conversion factors for
aquatic hyphomycetes. Applied and Environmental Microbiology 59, 502-507.

Gonzalez, G., Seastedt, TR., 2001. Soil fauna and plant litter decomposition in
tropical and subalpine forests. Ecology 82, 955-964.

Grime, ].P., 1997. Biodiversity and ecosystem function: the debate deepens. Science
277,1260-1261.

Gross, K., Cardinale, B.J., 2005. The functional consequences of random vs. ordered
species extinctions. Ecology Letters 8, 409-418.

Hansen, R.A., 1999. Red oak litter promotes a microarthropod functional group that
accelerates its decomposition. Plant and Soil 209, 37-45.

Hansen, R.A., Coleman, D.C., 1998. Litter complexity and composition are determi-
nants of the diversity and species composition of oribatid mites (Acari: Ori-
batida) in litterbags. Applied Soil Ecology 9, 17-23.

Hattenschwiler, S., Tiunov, A.V., Scheu, S., 2005. Biodiversity and litter decompo-
sition in terrestrial ecosystems. Annual Review of Ecology, Evolution and
Systematics 36, 191-218.

Heemsbergen, D.A., Berg, M.P, Loreau, M., van Haj, J.R., Faber, J.H., Verhoef, HA.,
2004. Biodiversity effects on soil processes explained by interspecific functional
dissimilarity. Science 306, 1019-1020.

van der Heijden, M.G.A,, Bardgett, R.D., van Straalen, N.M., 2008. The unseen
majority: soil microbes as drivers of plant diversity and productivity in
terrestrial ecosystems. Ecology Letters 11, 296-310.

Hooper, D.U,, Chapin, ES., Ewel, ].J., Hector, A., Inchausti, P.,, Lavorel, S., Lawton, J.H.,
Lodge, D.M., Loreau, M., Naeem, S. Schmid, B., Setdld, H., Symstad, AJ.,
Vandermeer, ], Wardle, D.A., 2005. Effects of biodiversity on ecosystem
functioning: a consensus of current knowledge. Ecological Monographs 75,
3-35.

Hunter, M.D., Ad], S., Pringle, C.M., Coleman, D.C., 2003. Relative effects of macro
invertebrates and habitat on the chemistry of litter during decomposition.
Pedobiologia 47, 101-115.

St John, M.G., Wall, D.H., Behan-Pelletier, V.M., 2006. Does plant species co-occur-
rence influence soil mite diversity? Ecology 87, 625-633.

Johnson, M.T.J., Lajeunesse, M.J., Agrawal, A.A., 2006. Additive and interactive effects
of plant genotypic diversity on arthropod communities and plant fitness.
Ecology Letters 9, 24-34.

LeRoy, CJ., Marks, ].C., 2006. Litter quality, stream characteristics and litter diversity
influence decomposition rates and macroinvertebrates. Freshwater Biology 51,
605-617.

Lecerf, A., Dobson, M., Dang, CK., Chauvet, E., 2005. Riparian plant species loss
alters trophic dynamics in detritus-based stream ecosystems. Oecologia 146,
432-442.

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, ].P., Hector, A., Hooper, D.U.,
Huston, M.A., Raffaelli, D., Schmid, B., Tilman, D., Wardle, D.A., 2001. Biodiver-
sity and ecosystem functioning: current knowledge and future challenges.
Science 294, 804-808.

Macfadyen, A., 1953. Notes on methods for the extraction of small soil arthropods.
Journal of Animal Ecology 22, 65-77.

Mikola, J., Setala, H., 1998. Productivity and trophic-level biomasses in a microbial-
based soil food web. Oikos 82, 158-168.

Mikola, ], Salonen, V., Setdld, H., 2002. Studying the effects of plant species richness
on ecosystem functioning: does the choice of experimental design matter?
Oecologia 133, 594-598.

Milcu, A., Partsch, S., Langel, R, Scheu, S., 2006. The response of decomposers
(earthworms, springtails and microorganisms) to variations in species and
functional group diversity of plants. Oikos 112, 513-524.

Negrete-Yankelevich, S., Fragoso, C., Newton, A., Russell, G., Heal, O., 2008. Species-
specific characteristics of trees can determine the litter macroinvertebrate
community and decomposition process below their canopies. Plant and Soil
307, 83-97.

Nilsson, M.C., Wardle, D.A., DeLuca, T.H., 2008. Belowground and aboveground
consequences of interactions between live plant species mixtures and dead
organic substrate mixtures. Oikos 117, 439-449.

Orwig, D.A., Foster, D.R., 1998. Forest response to the introduced hemlock woolly
adelgid in southern New England, USA. Journal of the Torrey Botanical Society
125, 60-73.

Rizzo, D.M., Garbelotto, M., Davidson, J.M., Slaughter, G.W., Koike, S.T., 2002. Phy-
tophthora ramorum as the cause of extensive mortality of Quercus spp. and
Lithocarpus densiflorus in California. Plant Disease 86, 205-214.

Saetre, P., Baath, E., 2000. Spatial variation and patterns of soil microbial commu-
nity structure in a mixed spruce-birch stand. Soil Biology & Biochemistry 32,
909-917.

Scheu, S., Schaefer, M., 1998. Bottom-up control of the soil macrofauna community
in a beechwood on limestone: manipulation of food resources. Ecology 79,
1573-1585.

Scheu, S., Albers, D., Alphei, ], Buryn, R, Klages, U, Migge, S., Platner, C,
Salamon, J.A., 2003. The soil fauna community in pure and mixed stands of
beech and spruce of different age: trophic structure and structuring forces.
Oikos 101, 225-238.

Schlépfer, F., Pfisterer, A.B., Schmid, B., 2005. Non-random species extinction and
plant production: implications for ecosystem functioning. Journal of Applied
Ecology 42, 13-24.

Schmid, B., Hector, A., Huston, M.A,, Inchausti, P., Nijs, I, Leadley, PW., Tilman, D.,
2002. The design and analysis of biodiversity experiments. In: Loreau, M.,
Naeem, S., Inchausti, P. (Eds.), Biodiversity and Ecosystem Functioning:
Synthesis and Perspectives. Oxford University Press, New York, pp. 61-75.

Seastedt, T.R., 1984. The role of microarthropods in decomposition and minerali-
zation processes. Annual Review of Entomology 29, 25-46.

Seastedt, T.R., Crossley, D.A., 1980. Effects of microarthropods on the seasonal
dynamics of nutrients in forest litter. Soil Biology & Biochemistry 12,
337-342.

Swan, C., Palmer, M., 2006. Composition of speciose leaf litter alters stream
detritivore growth, feeding activity and leaf breakdown. Oecologia 147,
469-478.

Tarjan, A.C., 1949. Utilization of the Baermann method as a means of assay of root
infection by meadow nematodes, Pratylenchus spp. Phytopathology 39, 24.
Velji, M.I,, Albright, LJ., 1993. Improved sample preparation for enumeration of
aggregated aquatic substrate bacteria. In: Kemp, P.F, Sherr, B.E, Sherr, B.F,
Cole, ].J. (Eds.), Handbook of Methods in Aquatic Microbial Ecology. Lewis

Publishers, Ann Arbor, MI, pp. 139-142.

Vitousek, P.M., Aber, ].D., Howarth, R.W.,, Likens, G.E., Matson, P.A., Schindler, D.W.,
Schlesinger, W.H., Tilman, D.G., 1997. Human alteration of the global nitrogen
cycle: sources and consequences. Ecological Applications 7, 737-750.

Vivanco, L., Austin, A.T., 2008. Tree species identity alters forest litter decomposition
through long-term plant and soil interactions in Patagonia, Argentina. Journal
of Ecology 96, 727-736.

Wardle, D.A., 2002. Communities and Ecosystems: Linking the Aboveground and
Belowground Components. Princeton University Press, Princeton, NJ, USA.
392 pp.

Wardle, D.A., 2006. The influence of biotic interactions on soil biodiversity. Ecology
Letters 9, 870-886.

Wardle, D.A,, Lavelle, P, 1997. Linkages between soil biota, plant litter quality
and decomposition. In: Cadisch, G., Giller, K.E. (Eds.), Driven by Nature:



B.A. Ball et al. / Soil Biology & Biochemistry 41 (2009) 1155-1163

Plant Litter Quality and Decomposition. CAB International, Oxon, UK, pp.
107-124.

Wardle, D.A., Yeates, G.W., Williamson, W., Bonner, K.I, 2003. The response of
a three trophic level soil food web to the identity and diversity of plant species
and functional groups. Oikos 102, 45-56.

Wardle, D.A., Bardgett, R.D., Klironomos, ].N., Setdld, H., van der Putten, W.H.,
Wall, D.H., 2004. Ecological linkages between aboveground and belowground
biota. Science 304, 1629-1633.

Wardle, D.A., Yeates, G.W., Barker, G.M., Bonner, K.I, 2006. The influence of plant
litter diversity on decomposer abundance and diversity. Soil Biology &
Biochemistry 38, 1052-1062.

1163

Wetzel, R.G., Likens, G.E., 2000. Limnological Analyses, third ed. Springer, New York,
429 pp.

Weyers, H.S., Suberkropp, K., 1996. Fungal and bacterial production during the
breakdown of yellow poplar leaves in 2 streams. Journal of the North American
Benthological Society 15, 408-420.

Yeates, G.W., Coleman, D.C., 1982. Role of nematodes in decomposition. In:
Freckman, D.W. (Ed.), Nematodes in Soil Ecosystems. University of Texas Press,
Austin, pp. 55-80.

Yeates, G.W., Bongers, T., Degoede, R.G.M., Freckman, D.W., Georgieva, S.S., 1993.
Feeding-habits in soil nematode families and genera - an outline for soil
ecologists. Journal of Nematology 25, 315-331.



