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Summary 

1. Although litter decomposition is a fundamental ecological process, most of our understanding 
comes from studies of single-species decay. Recently, litter-mixing studies have tested whether 
monoculture data can be applied to mixed-litter systems. These studies have mainly attempted to 
detect non-additive effects of litter mixing, which address potential consequences of random 
species loss - the focus is not on which species are lost, but the decline in diversity per se. 
2. Under global change, species loss is likely to be non-random, with some species more vulnerable 
to extinction than others. Under such scenarios, the effects of individual species (additivity) as well 
as of species interactions (non-additivity) on decomposition rates are of interest. 
3. To examine potential impacts of non-random species loss on ecosystems, we studied additive 
and non-additive effects of litter mixing on decomposition. A full-factoriallitterbag experiment 
was conducted using four deciduous leaf species, from which mass loss and nitrogen content were 
measured. Data were analysed using a statistical approach that first looks for additive identity 
effects based on the presence or absence of species and then significant species interactions 
occurring beyond those. It partitions non-additive effects into those caused by richness andlor 
composition. 
4. This approach addresses questions key to understanding the potential effects of species loss on 
ecosystem processes. If additive effects dominate, the consequences for decomposition dynamics 
will be predictable based on our knowledge of individual species, but not statistically predictable if 
non-additive effects dominate. 
S. We found additive (identity) effects on mass loss and non-additive (composition) effects on litter 
nitrogen dynamics, suggesting that non-random species loss could significantly affect this system. 
We were able to identify the species responsible for effects that would otherwise have been 
considered idiosyncratic or absent when analysed by the methods used in previous work. 
6. Synthesis. We observed both additive and non-additive effects of litter-mixing on decomposition, 
indicating consequences of non-random species loss. To predict the consequences of global change 
for ecosystem functioning, studies should examine the effects of both random and non-random 
species Joss, which will heJp identify the mechanisms that influence the response of ecosystems to 
environmental change. 
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Introduction 

Decomposition of plant litter is a fundamental ecological 
process, integral to nutrient cycling, energy flow in food webs, 
and the structure and dynamics of ecosystems (Schnitzer & 
Khan 1978; Swift et al. 1979; Stevenson 1994; Aber & Melillo 
2001; Moore et al. 2004). Much of our understanding about 
which factors influence decomposition is derived from studies 
following the decay dynamics of single species. Whether this 
understanding can be used to predict how litters decompose 
within litter mixtures was the focus of a number of studies in 
the 1980s and 90s (Chapman et al. 1988; Blair et al. 1990; 
Fyles & Fyles 1993; Rustad 1994; Salamanca et al. 1998). 
These early litter-mixing studies followed from the suggestion 
that differences in substrate nutrient content between litters 
might generate non-additive decay dynamics (Seastedt 1984), 
thereby challenging our assumptions about nutrient cycling 
in mUlti-species plant communities (Rustad 1994). If decay 
dynamics in mixtures are the sum of their parts (i.e. additive), 
decay dynamics of single litters can then be used to predict 
decay dynamics in the generally mUlti-species litter layers of 
ecosystems. Alternatively, if decay dynamics of mixtures are 
nonMadditive, research on decay rates of mixtures is required 
for us to understand nutrient dynamics in mUltiMspecies 
systems. 

Following from the study by Wardle et al. (1997), litter-mix 
studies have proliferated in the context of biodiversity and 
ecosystem function. In contrast to earlier studies, the central 
focus of this body of work (reviewed by Gartner & Cardon 
2004; Hattenschwiler et al. 2005) has been whether biodiversity 
(primarily species richness and composition) is related to 
decomposition. The main conclusions from this work are: (i) 
there is little evidence that litter species richness generates 
nonMadditive decay dynamics; and (ii) the composition of the 
litter mixture (i.e. the identity of species involved) often but 
not always generates non-additivity (see reviews by Gartner & 
Cardon 2004; Hattenschwiler et al. 2005). Specifically, non
additive dynamics arising from interactions among species 
have been the primary focus of previous work, which 
investigates the consequences of random specie~ loss (Gross 
& Cardinale 2005). As a consequence, additive dynamics, 
where the results of litter mixing can be statistically predicted 
based on the individual species present, has been largely 
ignored as a valid effect of mixing. 

Global environmental changes, such as climate and 
land-use change and resource availability, are likely to affect 
biodiversity through non-random species loss (Vitousek et al. 
1997; Grime 1998; Loreau el ai. 2001; Smith & Knapp 2003; 
Ellison el aL 2005; SchUipfer el al. 2005). NOl1Mrandom loss 
may generate different outcomes on ecosystem functioning 
than random species loss (Gross & Cardinale 2005; Schlapfer 
ef al. 2005). The pressing need to understand how ecosystems 
will function as species are lost non-randomly requires 
experimental designs that remove vulnerable species (e.g. 
Smith & Knapp 2003; Larsen el a/. 2005; Schlapfer et al. 

2005) and/or statistical models that can identify additive and 
non-additive effects of component species (e.g. Kominoski 

et al. 2007). These approaches explicitly recognize that effects 
of species identity (through additive effects), as well as species 
interactions per se (which result in nonMadditive dynamics). 
are a valid component of understanding how biodiversity 
change will impact ecosystem function. While work on 
non-random species loss has begun for plant productivity 
(Smith & Knapp 2003; Schlapfer el al. 2005; Suding et al. 
2006; Cross & Harte 2007). it has not been addressed 
explicitly for litter decomposition. 

In the context of non-random species loss, either additive 
or nonMadditive effects of a component species imply that 
ecosystem functioning will be altered because of a shift in 
community composition. These differential effects reflect 
either an independent influence of species on ecosystem 
functioning (additivity) vs. emergent dynamics that arise 
because species effects are dependent on the presence of other 
species (nonMadditivity; Johnson et al. 2006). NonMadditive 
effects of litter species richness on decay dynamics have been 
detected (McTiernan et al. 1997; Wardle et al. 1997; Swan & 
Palmer 2004; Hattenschwiler & Gasser 2005; Leroy & Marks 
2006). The mechanistic explanations for non-additivity in 
litter mixtures generally revolve around differences in litter 
quality among component species, where mass loss of lower
nutrient litters are stimulated by adjacent higher-nutrient 
litter, or vice versa (Seastedt 1984; Hattenschwiler et al. 
2005). Possible mechanisms for this incJude nutrient transfer 
(e.g. Schimel & Hattenschwiler 2007), stimulation of 
microbial processing (e.g. Bardgett & Shine 1999) and 
alterations in detritivore behaviour (e.g. Swan & Palmer 
2006). Given the wellMestablished relationships between litter 
quality and the decay rates of single species (McClaugherty & 
Berg 1987; Aber et al. 1990; Aerts 1997), and also the role of 
litter quality in generating non-additive dynamics (Smith & 
Bradford 2003a; Gartner & Cardon 2006; Leroy & Marks 
2006), changes in the composition of litters differing 
markedly in quality are likely to generate marked effects 
on decomposition dynamics through both additive and non
additive mechanisms. 

To investigate the potential consequences of non-random 
species loss for litter decomposition dynamics, we utilized a 3M 

year, fuU-factorial, litter mixture study in a southeastem 
United States temperate forest. We used litters from four 
dominant tree species within our study system, which differed 
in their chemical composition and monoculture decomposition 
rate. We used a statistical model that sequentially tests for 
additive effects of each component species, then whether any 
of the remaining variance is explained by interactions among 
the main factors (i.e. whether a species is present or absent). 
Significant interactions indicate nonMadditivity, and this 
behaviour was explored using post hoc analyses to determine 
whether the non-additivity was explained by species richness 
andlor composition (Mikola et al. 2002; Drake 2003). Notc 
that richness effects are by definition nonMadditive (arising 
only through interactions among species), whereas composi
tional effects may be additive or non-additive. The strength of 
the approach is that we could first consider whether loss of a 
particular species is likely to affect ecosystem functioning. If 
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it does, then second we could consider whether the effects of 
its loss are likely to be statistically predictable (i.e. arising 
through additive mechanisms) or whether the consequences 
of its loss will be dependent on the presence of some or all of 
the other species in the community (i.e. non-additivity). We 
hypothesised thal (i) given that our chosen litters form a 
gradient in litter nutrient content, loss of anyone of the four 
species will produce an additive change in decomposition 
dynamics; (ii) given the expectation that non-additive, 
compositional effects arise when litters of markedly differing 
nutrient content are present; non-additivity win only arise 
when a litter species is lost that is at the high or low end of the 
quality spectrum; and (iii) as the overwhelming evidence to 
date indicates species composition is more important than 
species richness per se for decay of mixed-species Jitter, there 
will be no relationship between litter species richness and 
decomposition rate. 

Methods 

STUDY SITE 

The experiment was conducted at Coweeta Hydrologic Laboratory 
in the southern Appalachian Mountains, Macon County, NC, USA 
(35°00'N, 83°30'W; elevation) 300 m). Mean annual rainfall is 
c. 1700 mm and mean annual temperature 13°C (Heneghan et al. 
1999). The study was conducted in Watershed 20 on Ball Creek that 
drains into Coweeta Creek, a tributary of the Little Tennessee 
River. 

EXPERIMENTAL DESIGN 

Litters were collected from the four most abundant tree species at 
Coweeta: Liriodendron lulipije/'a L. (tulip poplar, L), Acer rubrunt 
L. (red maple, A), Quercus prinus L. (chestnut oak, Q) and Rhododendron 
maximum L. (rhododendron, R). The litters from these species cover 
a range of chemical composition and decay rate in monoculture 
(Table 1). Senesced leaves of each species were collected in October 
2003 and air-dried at room temperature in paper bags in the laboratory 
for I week. Leaves were put into litterbags in each of the possible 15 
combinations of the four species. Litterbags (15 x 15 em) were con
structed from I mm nylon mesh and heat-sealed at the edges. Each 
Iitterbag contained 5 g ofleaves, and all species in anyone combination 
were equally represented in mass. On 17 November 2003, one set of 
all 15 combinations was placed in each of four replicate blocks for 
each of nine collection dates across 3 years: 0,92, 181,273, 365, 546, 
730,911 and 1065 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. Litter was dried, ground 
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using a Spex CertiPrep 8000-D Mixer Mill (Spex CertiPrep, 
Metuchen, NJ), and the ash free dry mass (AFDM) remaining for 
each litterbag was detennined by incineration at 550°C for 1 h. 
Nitrogen content was determined by combustion in a Carlo Erba 
Elemental Analyser (Carlo Erba, Milan, Italy) and reported as per
centage nitrogen (%N) of litter dry mass. ' 

DATA ANALYSIS 

Mass loss data were expressed as proportion AFDM remaining. 
These data were not adequately described by a linear model, so 
instead of decay rate (k), mass loss data were analysed per' se using 
time (days) as a discrete, rather than continuous, factor. This approach 
avoids problems associated with averaging log-transfonned data 
(see Ostrofsky 2007), and permitted us to test whether species effects 
were consistent across time. AJI statistical calculations were 
conducted in S-PLus 7.0 (Insightful Corp., Seattle, WA) for Windows 
using 0.05 as the critical level of n. 

TESTING FOR ADDITIVITY AND NON-ADDITIVITY 

Following the approach of Kominoski el al. (2007), an analysis of 
variance (ANOVA), using Type I sums of squares (SS), was performed 
to test for additivity and non-additivity of species effects. Note, 
however, that our approach differed significantly from the 
approach of Kominoski et al. (2007) because time was treated as a 
discrete factor and because of the way in which we explored non
additive effects (see Results). Block, time and the presence/absence 
of each of the four species were added sequentially as terms to the 
model. Block had four levels and Time eight levels (the day 0 data 
were not included). The term representing each species had two lev
els: present or absent. A species interaction term (SpInt) was then 
included to test for non-additivity. This term had II levels, each rep
resenting one of the specific Iitterbag multi-species combinations. 
Lastly, interactions between time and block, the species and SpInt 

terms were included. 
A significant SpInt term (and/or its interaction with time) 

indicates a significant non-additive interaction among species, due 
to richness andlor composition. To explore these possible drivers we 
replaced the SpInt term with a Richness term, composed of three 
levels (two to four 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 tenn, with 11 possible levels and 
thereby equivalent to the SpInt tenn, can be added to the model, 
while retaining Richness, to evaluate if both non-additive richness 
and composition effects manifest. 

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 SS was used, the F-values of the species terms were 
sensitive to the order in which they were added. A significant species 

Table 1. Summary of initial litter chemistries and the 3-year decay rate (k) in monoculture for each of the four tree species used. Numbers 
represent means ± 1 SE; n = 4 

";',N %C %P % Lignin % Total Phenolics k day-I 

LiriodentJron IlI/ipifera 0.95 ± 0.04 47.87 ±0.60 0.43 ± 0.002 8.58 ± 0.36 74.46 ± 15.17 0.00099 
Acer rubrum 0.70 ± 0.06 49.75 ± 0.95 0.33 ± 0.009 9.14 ± 0.42 58.56 ± 6.96 0.00097 
Quercus prilllls 1.25 ± 0.09 50.06 ± 1.15 0.52 ± 0.004 13.55 ± 0.37 20.5 ± 1.92 0.00092 
Rhododendron maximum 0.55 ± 0.08 48.88 ± 1.08 0.19 ± 0.004 12.54± 1.15 9.9 ±4.54 0.00086 
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term indicated additive effects of that species on decay dynamics. It 
follows then that a non-significant species effect suggests that the 
species lost is functionally replaceable by one of the other species 
used (Larsen et al. 2005; Suding et al. 2006). 

ALTERNATIVE ANALYTICAL METHODS 

Our approach, to determine whether there are neutral, additive or 
non-additive consequences of the loss of a particular species on 
ecosystem functioning, focuses on the scenario of non-random 
community change. To place our analyses in the context of previous 
work on the consequences of random species loss for decomposition 
dynamics, we evaluated a number of the analytical approaches 
commonly used in prior litter-mix studies. Specifically, we were 
interested in whether these approaches can identify compositional 
effects and whether these effe-ets could be classified as additive or 
non-additive and linked to the identities of particular species. 

Observed vs. expected models 

Following Wardle el al. (1997), expected values for a variable were 
calculated for each mixture as an average of the monoculture values 
for each species involved using the following equation: 

where M; is the monoculture value for species i, and S is the total 
number of species in the mixture. This was then compared to the 
observed value that was found experimentally for the mixture treat
mentas: 

100 x [Observed - expected] 
expected 

which was plotted against species richness. This was done for each 
sample, and the average was taken for each treatment. For each 
treatment, 95% confidence intervals (CI) were also calculated and if 
the CI for each point did not cross y = 0, the effect was considered 
non-additive. This approach was conducted for each sampling 
period separately. 

Following Hattenschwiler & Gasser (2005), expected values were 
calculated for each mixture as above, and the relationship between 
expected and observed values was assessed through linear regression, 
with deviations from the I : I line indicating non-additivity. 
Deviations were considered significant if the CI, both on the x- and 
y-axis, did not cross the line. A single-factor ANOVA across treatments 
was used to test for significant differences between observed and. 
expected values. A Calculation term was used to describe the values 
for each treatment that had two values: observed or expected. The 

ANOVA determined if there were significant differences between the 
two. As we had mUltiple sampling dates, an additional two-way 
ANOVA was run which included time as a main and interacting 
factor. Following others (Schweitzer el al. 2005; e.g. Johnson el al. 

2006), we also utilized a paired I-test. 

Nested model 

Following Smith & Bradford (2003a), Block, Time, Richness and 
Composition were added to a nested model (Composition in 
Richness). Block and Time had the same number of levels as with 
the initial model, and Richness had four levels (one to four species) 
while Composition had 15 levels (one for each possible combination 

at each richness level). Next, the interactions of Time with Richness 
and Composition were added to the model. The resulting F-values 
were recalculated for the Richness terms against the relevant Com
position terms (Crawley 2002). Significant richness terms would 
then indicate significant non-additive effects between at least two 
richness levels, whereas a significant composition effect may arise 
through additive or non-additive effects. 

Results 

TESTING FOR ADDITIVITY AND NON-ADDITIVITY 

Mass loss 

Litter mixing did not have non-additive effects on mass loss, 
given that the SpInt term and its interaction with time were 
not significant (P > O.05), but there were significant additive 
effects of composition (Table 2). Specifically, the presence! 
absence of each of the four species had a significant effect on 
mass loss, and those of A. rubrum and L. tulipifora were con
sistent over time. Their main effects could therefore be pooled 
across time, which in turn revealed that their presence in 
mixture accelerated mass loss (Fig. 1 a). The additive effects 
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Fig. 1. Investigation of the direction of significant additive elTects 
identified for %AFDM remaining. Letters refer to the genus of each 
of the four tree species: L. tulipifera (L). A. I'lIbrum (A), Q. prinus (Q) 
and R maximum (R). The ANOVA using Type I SS showed that the 
elTects for (a) L. lulipijera and A. I'ubrum did not interact with time, 
and thus cumulative elTects are shown for these species (see Results). 
However, the effects of (b) Q. prinus and R. maximum interacted with 
time and are expressed as a function of time. Solid bars or symbols 
represent all treatments that contained that species, and open ones 
include all treatments that did not. Values are means ± I SE; n = 4. 
The spike at 365-day is due to organic sedimentation caused by a 
tropical storm that flooded the riparian zone. While inorganic 
sedimentation can be corrected in the analyses, organic sedimentation 
could not, so we considered it to be part of the natural dynamics. 
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Table 2. Summary of the ANOVA'S testing for additive and non-additive effects of litter mixing on mass loss (%AFDM remaining) and nitrogen 
con tent (%N) of litter using Type I SS. The significance of the species terms is sensitive to the order in which they were added to the models. 
Hence, in the absence of a significant SpInt term, the models were re-run with each species being run first in the species order (see Results) 

d.f. SS 

%AFDM remaining 
Block 3 588 
Day 7 98592 
Liriodendron tulipifera 1884 
Acer rubruln 2114 
Quercus prinus 686 
Rhododendron maximum 1 1415 . 
SpInt 10 868 
Block x Day 21 9775 
Day x L tulipifera 7 379 
Day x A. rubrum 7 550 
Day x Q. prinus 7 882 
Day x R. maximum 7 1051 
Day x Splnt 70 3289 
Residuals 328 21672 

Total 471 143454 
% Nitrogen 

Block 3 3.15 
Day 8 45.5 
L fulipijera I 3.02 
A. rubrum. 0.11 
Q. prinlls 2.88 
R. maximum I 6.52 
SpInt 10 3.61 
Block x Day 24 10.8 
Day x L tulipifera 8 0.49 
Day x A. rubrum 8 0.47 
Day x Q. prinus 8 0.31 
Day x R maximum. 8 0.53 
DayxSpInt 80 3.59 
Residuals 370 16.2 

Total 531 97.1 

of R. maximwn and Q. prinus were, however, time dependent. 
In general, the presence of these two species decreased rates of 
mass loss, but at days 273, 546 and 730, mass loss appears to 
be equivalent in both their presence and absence (Fig. 1 b). 

Nitrogen 

In contrast to mass loss, there were significant non-additive 
effects of litter mixing on N content of litter (fable 2). Replacing 
the SpInt term with Richness did not identify richness to be 
driving the non-additivity (F2•442 = 0.54, P > 0.50), indicating 
that the non-additivity arose from compositional effects. 
Given that the composition effect did not interact with time, 
results were pooled across time. 

To detect which species contributed to non-additive 
interactions, we compared the observed value for all mixtures 
involving each species against those that would be expected 
based on the average of that species in monoculture and the 
treatment that contained the other species involved. For 
example, to explore possible non-additivity of L. tulipifera, we 
compared the observed and expected values for LA, LQ, LR, 
LAQ. LAR, LQR and LAQR (where each of these is the 
mixture treatment consisting of the species each letter 

MS F P 

196 2.97 0.032 
14084 213 < 0.001 

1884 29.8 < 0.001 
2114 32.0 <0.001 
686 10.8 0.001 

14]5 22.4 <0.001 
86 1.32 0.221 

465 7.05 <0.001 
54 0.82 0.571 
78 1.19 0.308 

126 1.91 0.067 
ISO 2.27 0.028 
46 0.71 0.957 
66 

21 ]58 

1.05 24.0 <0.001 
5.68 130 <0.001 
3.02 69.0 <0.001 
0.11 2.58 0.109 
2.88 65.9 <0.001 
6.52 149.3 <0.001 
0.36 8.27 <0.001 
0.45 10.2 <0.001 
0.06 1.39 0.200 
0.06 1.35 0.220 
0.04 0.89 0.521 
0.07 1.51 0.153 
0.04 1.03 0.423 
0.04 

20.4 

represents; see Methods). The expected values were the 
average between the observed values for treatments L and A, 
Q, R, AQ, AR, QR and AQR, respectively. Observed minus 
expected values were plotted, and CIs that did not cross the 
x-axis were considered to be non-additive (Fig. 2). By doing 
this we found that each species contributed to non-additive 
dynamics, and this non-additivity was usually restricted to 
mixes of three and four species (Fig. 2). Liriodendron tulipifera 
and Q. prinus tended to decrease %N, while A. l'ubnl1n and R 
maximwn tended to increase it. 

TESTING ALTERNATIVE MODELS 

Mass/oss 

The observed/expected model showed idiosyncratic, 
sometimes non-additive, effects of litter mixing on mass 
remaining (Fig. 3). Mixing effects were strongly non-additive 
for some compositions at some time points, but in most cases 
the difference between observed and expected did not appear 
to differ significantly from zero, therefore showing only 
additive effects. There was also the potential for the relationship 
to vary with time. with stronger interactions occurring later in 
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Fig.2. Investigation into potential non
additive interactions driven by each of the 
four species used. Observed values were 
compared to expected values calculated as 
the average between the observed monoculture 
of each species and all of its possible 
interaction treatments (see Results). Error 
bars represent 95% CI, and treatments for 
which the CIs do not cross y = 0 are 
considered to be significantly non-additive. 
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Fig.3. Litter %AFDM remaining in the mixture litterbags in relation to the expected values calculated from the corresponding monoculture 
Iitterbags. Values are plotted against the number of species involved in the mixtures. Closed circles represent points for which the 95% CI did not 
cross y = 0, suggesting significant non-additivity. Open circles represent points for which they did, suggesting additive effects. For clarity, CIs 
are not shown. 

time. However, error also increased (data not shown), and it 
was difficult to identify a significant relationship with cer
tainty. The regression method showed no significant differ
ence between observed and expected values when averaged 
over time (F1•652 = 0.21, P = 0.65, Fig. 4a), so there was no 
overall mixing effect. Again, stronger effects tended to occur 
later in time, but when time was added to the modeJ, there was 
still no significant Calculation effect (F1.(05o = 0.80, P = 0.37) 

or its interaction with time (F'.6)(1 = 1.38, P = 0.24). The 
nested model identified significant composition effects 
(Table 3), but we could not determine whether these were 
additive and/or non-additive. In agreement with the previous 
models, there was no interaction of either composition or 
richness with time, so effects were consistent throughout the 
experiment. Neither of the methods that test for an effect of 
species richness identified a significant impact on mass loss. 
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Nitrogen 

As with mass loss, the observed/expected model showed idi
osyncratic effects on N content, with both additive and non
additive effects present (Fig. 5). Again, strength varied with 
time, but a trend was difficult to determine. The regression 
method showed that actual %N was lower than expected, but 

not significantly so (Ft.652 = 0.05, P = 0.83, Fig.4b). Again, 
the strength of this appeared to vary with time, but an 
interaction with time was not identified as significant if added 

to the ANOVA model (F •. 650 = 1.88, P = 0.17). It is important to 
note that the overall average showed that observed and 
expected %N were virtually the same, but the majority of 
samples were above the I : 1 line, showing positive effects, for 

all but two time points. The nested model shows that there 
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Table 3. Summary of the nested ANOVA testing for composition and 
richness effects of litter-mixing on mass loss (%AFDM remaining) 
and nitrogen content (%N) of litter 

d.f. SS MS F P 

%AFDM remaining 
Block 3 588 196 2.18 0.090 
Time 1 98593 ·14085 157 <0.001 

Richness 3 463 154 0.21 0.840 
Composition II 6210 565 6.29 <0.001 

Time: Richness 21 947 45.1 0.65 0.866 
Time: Composition 77 5332 69.3 0.71 0.916 
Residuals 349 31322 89.8 

Total 471 143454 305 
%Nitrogen 

Block 3 3.15 1.05 15.48 <0.001 
Time 8 45.54 5.69 83.97 <0.001 

Richness 3 0.07 0.02 0.02 0.997 
Composition 11 16.08 1.46 21.57 <0.001 

Time: Richness 24 0.77 0.03 0.58 0.933 
Time: Composition 88 4.87 0.06 0.82 0.876 
Residuals 394 26.71 0.07 

Total 531 91.18 0.18 

Quality richness terms (indented) are tested against the quality 
composition terms, while other terms are tested against the model 
residual. 

was an effect of composition on %N. but does not identify if 
it is due to additive or non-additive mechanisms (Table 3). As 
with mass loss, no effects of richness were identified by any of 

the methods. 

Discussion 

We sought to determine if there were additive or non-additive 

effects of litter species diversity, through richness or compo
sition, on litter mass loss and N content in a southern 
Appalachian riparian forest. We were primarily interested in 
the relative importance of additive and non-additive effects to 

assess potential consequences of non-random species loss. 
Given the variation in litter quality represented by our four 
species (Table 1). we expected additive effects on decomposition 
based on species identity. This was confirmed for mass loss, 

where there were significant effects of the presence/absence of 
each of the four species. Given previous work (Wardle et al. 
1997; Hattenschwiler & Gasser 2005). we also expected non
additive effects due to the large difference in litter quality 
between some of the species. Indeed, non-additive effects on litter 
N content were detected and determined to be due to species 
composition rather than species richness. Overall, our data 

suggest that effects of litter diversity on the decomposition process 
are mediated by species composition rather than species richness. 

The presence of significant additive and non-additive 
effects of species composition on litter decay in our study 

suggests that non-random species loss from our system will 
influence significantly the dynamics of decomposition. The 
influence of each of the four species on decomposition 
dynamics shows that our fou~ dominant species are not 
functionally substitutable (Larsen et al. 2005; Suding el al. 
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2006). Given that additive effects alone drive mass loss, the 
consequences of species loss on this variable should be 
predictable from studies of individual species. Given the 
plethora of work investigating the decay rate of single plant 
species, we may already have abundant information to predict 
the consequence of species loss and/or gain on litter decay 
rates. This is valuable given the changing distribution and 
abundances of species. For example, the invasive hemlock 
woolly adelgid (Adelges tsugae) is projected to extirpate 
eastern hemlock from much of its range, which at our field site 
is likely to be replaced by tulip poplar or .rhododendron 
(Orwig & Foster 1998; Ellison et al. 2005). Replacement by 
tulip poplar is likely to increase rates of litter loss (Fig. I a), 
whereas replacement with rhododendron is likely to decrease 
rates of litter loss (Fig. Ib). Similarly, potential declines in 
chestnut oak and rhododendron' caused by the invasive 
pathogen sudden oak death (Phytophlhora ramorum; Rizzo 
et aJ. 2002), are likely to increase rates of litter decay, although 
the strength of the influence on mass loss is likely to vary over 
time (Fig. Ib). A concomitant study in the stream associated 
with the riparian zone in which we worked (Kominoski el af. 

2007) identified non-additive effects of species diversity on 
litter mass loss dynamics. This non-additivity was caused by 
both positive effects of species richness and negative effects of 
certain species compositions (Kominoski et al. 2007). In the 
aquatic system, there, therefore, appears to be a greater 
influence of species interactions on decomposition dynamics 
than in the terrestrial system. This may arise because of 
the different physical factors and biota which affect decom
position rates in stream and terrestrial systems. What seems 
certain is that the consequences of non-random species loss 
may differ for aquatic and, terrestrial systems, with the 
impacts being less (statistically) predictable in streams. 

That the effects of the lower-quality species in our study 
were not consistent across time, while they were for the 
higher-quality litters (Fig. 1), may be due to a greater 
influence of physical and biotic factors on the degradation of 
slower-decomposing species. For example, litter quality can 
interact with the biota degrading litter to alter mass ]05S 

throughout decomposition, and these biota are often 
considered to playa more important role in regulating the 
decay rates of lower quality litters (Smith & Bradford 2003b; 
Moorhead & Sinsabaugh 2006). Alternatively, the inhibition 
of biotic activity by low-quality litter may dissipate with time, 
altering the role of these species in decay across time. Notably, 
R. maximum and Q. prinus were only similar in their initial 
lignin concentrations, contradicting the hypothesis that 
lignin concentration is more important in later stages of decay 
(McClaugherty & Berg 1987; Taylor et al. 1989; Berg 2000). 
More research is necessary to clarify the mechanism behind 
the interaction of low quality species with time, but it is clear 
that the loss of higher-quality species from this system may 
cause patterns of mass loss to be less predictable over the 
decomposition continuum. 

Changes in N dynamics caused by species loss may not be 
statistically predictable from knowledge of the main effects of 
each species, given that we observed pervasive non-additive 
effects on litter N content (Fig. 2). Investigating the interactions 
which gave rise to this non-additivity is complicated; even 
full-factorial diversity studies present a special case because 
there is no true control. That is, the response variable (e.g. 
plant productivity or decomposition) is normally a property 
of the main effects (i.e. species), and a true control would be 
where these main effects are not applied. Mass loss would be 
zero, as there would have been no litter to decompose. The 
approach we took to investigate interactions was relevant to 
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scenarios of non-random species loss. We explored non
additive interactions using an altered observed/expected 
method that tests for non-additive interactions 'driven by 
losing a particular species from a mixture (see Results), 
Certainly the method used here is not the only possible 
method, and more work on the best way to explore non
additive composition effects is necessary. What our method 
did show is that each of the four species contributed to non
additive interactions, but this was not only true for mixtures 
containing species of very different initial chemical qualities, 
in contrast to our hypothesis and the general theory behind 
litter-mixing studies (Seastedt 1984; Blair et al. 1990). 
Notably, non-additivity was generally apparent only in 
three- and four-species mixtures. In species-rich mixtures, 
species high in initial N (L. tulipifera and Q. prinus) acted to 
decrease total N content in comparison to what would be 
expected, whereas those low in initial N (A, "ubrum and R. 
maximum) increased it. Overall, these results suggest that N 
dynamics will be altered, through both species identity and 
interaction effects, by the loss of anyone of the dominant tree 
species in our system. 

Prior to the 365-day sampling, a tropical storm deposited 
organic sedimentation in the litter. Tropical storm systems are 
a natural disturbance in the southern Appalachians (Swank 
& Crossley 1988), with an average of five affecting the area 
each decade to varying degrees of severity (Atlantic Oceano
graphic and Meteorological Laboratory 2006). As organic 
sedimentation cannot be corrected by measuring AFD M, we 
treated this sedimentation as a natural part of the system. We 
would not expect sedimentation to strongly influence the 
resu1ts, as it is unlikely that sediment was deposited unevenly 
amongst the different treatments. Compositional effects of 
each of the four species were detected, so individual species' 
influences were not masked by the sedimentation event. In 
addition, only the additive effects of Q. prinus and R. maximum 
on mass loss interacted with time; had the impacts of the 
sedimentation been large we would have expected more 
statistical interactions with time for both mass loss and N. 
The absence of time interactions on N dynamics under 
hurricane events is consistent with soil nutrient dynamics 
(Wright & Coleman 1999). Sedimentation may, however, have 
reduced the magnitude of the species effects on mass loss that 
we observed, and so our data should be viewed as a conservative 
representation of possible effects of non-random species loss 
in our system. Our data may be most relevant to the many 
other systems that regularly experience hurricane phenom
ena, such as the humid tropics of Asia and the Caribbean 
(Beard et al. 2005; Hou et al. 2005), as well as the eastern 
United States (Swank & Crossley 1988; Schwarz el al. 2001). 

Using a full-factorial design and a model that allows us to 
look for additive and non-additive effects of species composition 
allowed us to explore the effects of both random and nOI1-

random species loss on ecosystem processes, an issue that has 
been brought forth for diversity studies of productivity 
(Smith & Knapp 2003; Gross & Cardinale 2005; Schlapfer 
et al. 2005). but not yet decomposition. The advantages of 
this method are that it: (i) places an equal emphasis on species 

Species Joss and decomposition 311 

identity effects, which is important if species are lost non
randomly as anticipated under global change, by looking for 
effects of the presence of each species; (ii) permits us to 
consider whether there are overall effects of particular species 
that would otherwise appear idiosyncratic; and (iii) identifies 
whether impacts of species loss are statistically predictable 
(i.e. based on single-species decay dynamics). Conversely, 
most litter mixing studies do not address additive effects and 
focus on the effects of random species loss. If non..;random 
species loss is also likely in other systems, it is important to 
realize that the consequences of species loss may differ from 
those represented in the literature. SchHipfer et al. (2005) 
point out that the assumption of random species loss can 
cause results to be either over~ or underestimated, depending 
on the correlation between species persistence and per
formance. To determine how information yielded from 
previous studies compares with our data, and what previous 
methods tell us about additivity and non-additivity, we used 
several common methods for analysing litter mixture decom
position data. 

The various observed/expected models tend to treat 
additive effects as a null effect (see Introduction), thereby not 
addressing the potential for a lack of diversity effects of 
composition. A lack of non-additive effects may be due to 
individual (additive) effects of species, where observed values 
equal expected due to a dominance of species identity over 
interactions among species. Conversely, the species examined 
may be functionally redundant so that when one species is 
lost, another species compensates (Suding et al. 2006; Cross 
& Harte 2001). In this case, observed would still equal 
expected, though it is not due to any species effects. It may not 
be an unreasonable assumption that diversity effects exist, 
given that most studies see some sort of effect, though they do 
not always differentiate between additive or non-additive, 
and cannot always identify the species driving those effects 
(Gartner & Cardon 2004; Hattenschwiler et aJ. 2005). 

In our comparison of analytical methods, we found that all 
methods converged on one result: that there was no eITect of 
species richness on either litter mass loss or N content In 
contrast. the methods of analysis provided different interpre
tations of the effects of species composition on litter decay. 
This is due to the differences in how additive and non-additive 
effects are treated by each model. Overall, all of the methods 
can detect additive and non-additive composition effects, but 
only our Type I SS model and the nested model treat additive 
effects as a legitimate compositional effect, though the nested 
model cannot differentiate them specifically from non
additivity. While non-additive effects (that can be identified 
by observed/expected models) drive litter N content, mass 
loss is driven by additive composition effects, which are identified 
as idiosyncratic or nonexistent by some models. Though 
additivity is not explicitly addressed, the information still 
exists via the lack of non-additive effects, but these effects 
tend not to be explained or investigated further. They offerno 
specific identification of the strength of a certain species' 
eITect, which is an important factor in the case of non-random 
species loss. For models that can detect additivity but not 
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identify it, such as the nested method, we are able to predict 
that there are consequences of non-random species loss, but 
are not able to identify which species are likely to generate 
consequences or how predictable those consequences will be. 
Therefore, we may be missing out on important information 
by using only methods that do not or cannot specifically 
identify additive effects. 

To detect both additive and non-additive effects of species 
on ecosystem processes, a full-factorial design is necessary, 
which generally limits species mixtures to low richness· levels 
given the number of species combinations necessary. Patches 
of leaf litter in temperate forest soils are generally occupied by 
only a few species, so this is not unreasonable. If simpler 
questions pertaining to only non-additivity, and therefore 
random species loss, are being asked, then it is appropriate to 
use the methods already frequent in litter-mixing literature. 
However, our method allows us to look for potential effects of 
non-random species loss without having to identify a priori 
the most susceptible species and eliminate them. While it is 
often pointed out that it may be more appropriate to study the 
decomposition of mixed litter through identification of 
the litter remaining in bags (Hattenschwiler & Gasser 2005; 
Gartner & Cardon 2006), it is not always possible or practical 
to do this. Over long-term studies such as ours, litter species 
become indistinguishable later in decomposition. Our method 
allows us to look for the species driving compositional 
effects without having to identify individuaJly their leaves in 
the litter layer and measure their contribution to mass 
remaining. 

Conclusion 

We have shown significant additive effects of litter mixing on 
mass loss and non-additive effects of species composition on 
N content in decomposing litter. These results suggest that 
the consequences of non-random species loss for our system 
will be statistically predictable for mass loss but not for N 
dynamics. Given that non-random (as opposed to random) 
species loss is likely to be the result of current global change 
drivers, much more attention needs to be paid to its effects on 
decomposition in litter-mix studies. We have shown here that 
the additive effects of species identity have a large impact on 
decomposition dynamics; such additive effects are usually not 
resolved in diversity studies, although that species identity 
effects may be large is recognised in studies of random species 
loss. Given that the dominant tree species used in our study 
are likely to change in relative abundance due to invasive 
pathogens and pests, our research suggests that the con
sequences will include marked changes in organic matter 
processing and nutrient dynamics. Our findings highlight that 
diversity studies considering scenarios of non-random 
species loss will facilitate predictions of the consequences of 
global change for ecosystem functioning that result from the 
effects of both species identity and interactions. This will 
permit mechanisms such as the presence and/or absence of 
functional redundancy and complementarity to be identified 
and addressed. 
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