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Abstract The possible effects of soil microbial com
munity structure on organic matter decomposition rates 
have been widely acknowledged, but are poorly under
stood. Understanding these relationships is complicated 
by the fact that microbial community structure and func
tion are likely to both affect and be affected by organic 
matter quality and chemistry, thus it is difhcnit to draw 
mechanistic conclusions from held studies. We conducted 
a reciprocal soil inoculum x litter transplant laboratory 
incubation experiment using samples collected from a set 
of sites that have similar climate and plant species compo
sition but vary signihcantly in bacterial community strac- 
tnre and litter quality. The results showed that litter quality 
explained the majority of variation in decomposition rates
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under controlled laboratory conditions: over the course 
of the 162-day incubation, litter quality explained nearly 
two-thirds (64 %) of variation in decomposition rates, 
and a smaller proportion (25 %) was explained by varia
tion in the inoculum type. In addition, the relative impor
tance of inoculum type on soil respiration increased over 
the course of the experiment, and was signihcantly higher 
in microcosms with lower litter quality relative to those 
with higher quality litter. We also used molecular phyloge
netics to examine the relationships between bacterial com
munity composition and soil respiration in samples through 
time. Pyroseqnencing revealed that bacterial community 
composition explained 32 % of the variation in respiration 
rates. However, equal portions (i.e., 16 %) of the variation 
in bacterial community composition were explained by 
inoculum type and litter quality, rehecting the importance 
of both the meta-commnnity and the environment in bac
terial assembly. Taken together, these results indicate that 
the effects of changing microbial community composition

S. p. O ’Neill
e-mail: Sean.P.Oneill@Colorado.edu 

R. Ostertag
Department of Biology, University of Hawaii, HUo, HI 96720, 
USA
e-mail: ostertag@hawaii.edu 

P. M. Vitousek
Department of Biology, Stanford University, Stanford, CA 94305, 
USA
e-mail: vitousek@stanford.edu

^  Springer

mailto:adiienne.keller@gmail.com
mailto:screed@usgs.gov
mailto:Diana.Nemergut@colorado.edu
mailto:Sean.P.Oneill@Colorado.edu
mailto:ostertag@hawaii.edu
mailto:vitousek@stanford.edu


284 Oecologia (2014) 174:283-294

on decomposition are likely to be smaller than the poten
tial effects of climate change and/or litter qnality changes 
in response to increasing atmospheric COj concentrations 
or atmospheric nntrient deposition.

Keywords Carbon cycle ■ Decomposition ■ Ecosystem 
fnnction ■ Global change ■ Microbial commnnity

Introduction

Organic matter decomposition controls the size of soil C 
pools, helps regnlate the rate and magnitnde of COj flnxes 
from the biosphere to the atmosphere, and acts as a domi
nant control over the recycling of plant nntrients in terres
trial ecosystems (Swift et al. 1979; Chapin et al. 2002). As 
snch, identifying the controls over decomposition is criti
cal for nnderstanding terrestrial ecosystem fnnction, both 
now and into the fntnre. An extensive body of research has 
shown that decomposition rates are regnlated by climate, 
litter qnality and decomposer organisms (Danbenmire 
and Prnsso 1963; Meentemeyer 1978; Swift et al. 1979; 
Conteanx et al. 1995; Aerts 1997; Moorhead et al. 1999; 
Gholz et al. 2000; Cornwell et al. 2008), bnt that the rela
tive importance of those factors varies with scale. Climatic 
differences often explain the largest proportion of variation 
in decomposition rates at regional to global scales (Meente
meyer 1978; Hobble 1996; Aerts 1997; Gholz et al. 2000), 
bnt at smaller spatial scales (over which climate remains 
relatively constant), litter qnality—commonly assessed by 
examining concentrations of litter lignin or lignin to nntri
ent ratios—explains mnch of the variation in decomposi
tion rates (Danbenmire and Prnsso 1963; Melillo et al. 
1982; Aerts 1997; Cornwell et al. 2008).

The relationships between climate, litter qnality and 
decomposition are well represented in a range of contem
porary ecosystem models (Parton et al. 1994; Moorhead 
et al. 1999), bnt few models explicitly consider the effects 
of variations in microbial commnnity composition on ter
restrial C cycling in detail (Treseder et al. 2012). Uncer
tainty abont the identity and role of microbes confonnds 
predictions of how changes in microbial commnnity com
position may drive decomposition responses to global 
environmental change (Castro et al. 2010; Nemergnt et al. 
2010; Ramirez et al. 2010; Wang et al. 2012). In addition, 
onr nnderstanding of how variations in microbial commn
nity stractnre and diversity conld alter litter decomposition 
dynamics within an ecosystem type with a similar climate 
is poor, largely becanse it is difhcnit to experimentally 
isolate and/or manipnlate microbial commnnity composi
tion in a controlled and realistic way (Reed and Martiny 
2007; McGnire and Treseder 2010). However, variations in 
microbial commnnity composition and diversity have been

shown to correlate with variations in rates of mnltiple eco
system processes (Schimel and Gnlledge 1998; Zak et al. 
2003; Reed et al. 2010; Philippot et al., snbmitted), leading 
some to snggest that decomposer commnnity composition 
and physiology shonld be explicitly inclnded in C cycle 
models (e.g., Allison et al. 2010; McGnire and Treseder 
2010; Wang et al. 2012).

On the other hand, many stndies have revealed strong 
correlations between microbial commnnity strnctnre and an 
array of environmental factors, inclnding pH and C qnan- 
tity and qnality (Fierer and Jackson 2006; Loznpone and 
Knight 2005; Logne and Lindstrdm 2010; Nemergnt et al. 
2010; Legg et al. 2012). The fact that many of these same 
parameters inhnence ecosystem processes (Panl and Clark 
1996; Chapin et al. 2002) prompts the qnestion, how mnch 
added valne is provided by detailed information on micro
bial commnnity strnctnre (e.g., Schimel 2001)? Certainly, 
the degree to which microbial commnnity assembly is 
niche based— or driven by environmental parameters— will 
affect the degree to which an nnderstanding of microbial 
commnnity strnctnre is important for accnrate predictions 
of commnnity fnnction (Nemergnt et al. 2013). Likewise, 
the amonnt of fnnctional rednndancy within a commnnity 
will have a strong inflnence on the relationship between 
strnctnre and fnnction— the more rednndancy, the less 
valnable strnctnral data may be in predicting process (e.g., 
Schimel and Gnlledge 1998). Lnrther, the degree to which 
commnnities are assembled at the fnnctional level rather 
than at the phylogenetic level (e.g., Bnrke et al. 2011) will 
affect how mnch additional information is provided by 
commnnity composition data for nnderstanding processes.

The goal of this work was to qnantify the relative effects 
of litter qnality versns microbial commnnity strnctnre in 
regnlating litter decomposition rates (assessed as CO 2  

respired). Recently, experimental approaches (e.g., recip
rocal transplants) have been nsed to directly explore the 
potential effects of microbial commnnity composition on 
ecosystem processes (e.g., Balser and Firestone 2005; Reed 
and Martiny 2007; Ayres et al. 2009), and we took a simi
lar approach here. Lor example, Strickland et al. (2009a) 
assessed the effects of microbial commnnity composition 
on the decomposition of rhododendron, pine, and grass lit
ter sampled from three different temperate ecosystems by 
incnbating litters with a soil inocnlnm obtained from each 
ecosystem type in a fnll-factorial design. The anthors con- 
clnded that microbial commnnity composition explained a 
signihcant proportion of the variation in C mineralization 
rates (with commnnity explaining 22.3-86.2 % of rate vari
ation), and that soil commnnities decomposed litter from 
a common site more rapidly than litter from a foreign site 
(i.e., home-held advantage). However, while reciprocal 
transplants of microbial commnnities between snch dif
ferent ecosystem types may illnstrate the maximnm likely

^  Springer



Oecologia (2014) 174:283-294 285

importance of variations in decomposer community com
position on C mineralization rates, they may not reflect the 
effects of more subtle changes in biogeochemical proper
ties (e.g., litter quality) or microbial community composi
tion (Henry et al. 2005; Finzi et al. 2006; Castro et al. 2010; 
Nemergut et al. 2010) of the sort that could occur within a 
single ecosystem type. Many such within-system changes 
are predicted for terrestrial ecosystems across the globe in 
the next few decades (e.g., Luo et al. 2006), with poten
tially important effects on C cycling.

In light of previous results (e.g., Strickland et al. 2009a) 
and in an attempt to assess how changes to litter quality 
and decomposer community within a single ecosystem type 
could affect decomposition, we conducted a laboratory 
incubation experiment. Specihcally, we performed recip
rocal transplants with soil inoculum and litter from three 
sites occupying an ecosystem age gradient in the Hawaiian 
Islands. Our overall goal was to quantify the relative effects 
of litter quality versus soil inoculum in regulating litter 
decomposition rates. In doing so, we implicitly assumed 
that potential differences in decomposition with varying 
inoculum types would most strongly reflect differences in 
microbial community composition among inoculum types 
(e.g., Strickland et al. 2009a). However, variations in lit
ter decomposition with different inoculum types may have 
also been influenced by variation in edaphic characteristics 
of the inoculum types (e.g., Strickland et al. 2009b). Thus, 
to specihcally examine the relationship between bacterial 
community structure and respiration rates, we also used 
pyroseqnencing of 16S rRNA genes at each time point. 
This approach allowed us to not only examine the rela
tionships between the starting communities and ecosystem 
function, but also to examine any subsequent changes in 
bacterial community composition that may have occurred 
through assembly processes.

Materials and methods

Study sites

We collected samples from three sites spanning a 4-million- 
year chronosequence in the Hawaiian Islands (Vitousek 
2004). This long substrate age gradient (LSAG) includes 
sites that vary in soil fertility due to substantial differences 
in substrate age, but in which other ecosystem state factors 
(e.g., climate, parent material, and topography) remain con
stant (Crews et al. 1995; Vitousek 2004; Reed et al. 2011; 
Supplemental Table 1). In addition, the tree species Metro- 
sideros polymorpha is dominant at all of the sites, but its 
foliar chemistry and leaf litter quality vary signihcantly 
along the gradient (Hobbie and Vitousek 2000; Supplemen
tal Table 1), allowing us to quantify the effects of varying

leaf litter chemistry (of a single tree species) versus varying 
bacterial community composition on decomposition. The 
“young” site (Thurston) on the island of Hawaii was initi
ated -300 years ago by eruptions from the Kilauea volcano, 
the “intermediate-aged” site (Laupahoehoe), also on the 
island of Hawaii, was initiated -20,000 years ago in tephra 
deposits following eraptions of Manna Kea, and the “old” 
site (Kokee) on the island of Kauai was initiated -4.1 m il
lion years ago.

Soil and litter collection and analysis

At each site, M. polymorpha litter was collected by deploy
ing four 40 X 40-cm litter traps (1-mm mesh) in random 
locations on the forest hoor around trees inside a set of 
unamended (control) plots nested within a larger set of 
long-term nutrient manipulation plots (Vitousek et al. 1997; 
Vitousek 2004). Within 14 days of deploying the traps, M. 
polymorpha litter was collected, air dried and ground to a 
hue powder (40 mesh) using a Wiley Mill (Thomas Scien- 
tihc, Swedesboro, NJ) and mixed to form a single, homoge
neous litter source per site. Litter was ground in an attempt 
to create homogeneous samples and to minimize the pos
sible inhnence of variations in physical litter structure on 
decomposition rates, as M. polymorpha has very tough and 
variably sized leaves. Ground litter was sterilized using 
an autoclave [two cycles, each for 1 h, 120 °C, 0.10 MPa 
(15 lb in.^^)] to maximize the chance that decomposer 
communities were introduced only via the inoculum 
sources, but we acknowledge that autoclaving samples may 
have altered the original litter chemistry. Sterilized litter 
subsamples from each site were dried for 72 h at 65 °C, 
and analyzed for total C and N using an elemental analyzer 
(CE Elantech model E A lllO , Milan, Italy). Ash-free lit
ter lignin concentrations were determined using acidihed 
detergent dissolution (Association of Ofhcial Analytical 
Chemists ofhcial method 973.18).

At each site, three surface (0-10 cm) soil samples were 
collected from an area adjacent to the litter traps using a 
hand bulb corer (7 x 10 cm) after removing the litter (O;) 
layer from the soil surface. Within 24 h of collection, soil 
samples were shipped on ice to the laboratory at the Uni
versity of Montana, hand homogenized and gently sieved 
to -4  mm to remove rocks and large organic debris. Sam
ples were bulked to form a single soil sample per site, 
and these composited samples were used as the inoculum 
sources in the incubation experiment (see below). Soil 
moisture content and water holding capacity (WHC) of 
the composited samples were assessed gravimetrically, and 
total soil C and N contents were determined on dry soil 
samples using an elemental analyzer. All fresh soil sam
ples were refrigerated for 24 h until the start of the incuba
tion experiment.

^  Springer



286 Oecologia (2014) 174:283-294

Litter incubation experiment

We nsed a reciprocal transplant design to simultaneously 
test the effects of bacterial commnnity composition and 
litter qnality on decomposition. Reciprocal transplant 
approaches can partition the relative importance of micro
bial commnnity and litter qnality, as well as detect the 
interactive effects on decomposition (Reed and Martiny 
2007). We manipulated litter and soil inocnlnm types from 
each of the three sites in a fnll-factorial design. The four 
litter and inocnlnm types consisted of M. polymorpha litter 
or soil collected from each of the three LSAG sites and a 
set of “mixed” treatments that consisted of equal propor
tions of litter or inocnlnm from the three sites. Thus, the 
experiment inclnded a total of 16 treatments (four litter 
types X four inocnlnm types). We began the experiment 
with a total of 12 replicates per treatment, bnt on days 1, 
22 and 162 we destructively harvested three replicates for 
chemical and bacterial commnnity analyses. In addition to 
the 16 experimental treatments, we also incubated “litter- 
only” and “inocnlnm-only” samples (n = 3 per group) to 
assess possible background respiration rates in litter or soil 
alone. Finally, a set of empty tubes served as blanks for 
each of the 18 unique incubation types.

In an attempt to minimize other potential non-microbial 
commnnity effects of the soil additions on decomposition 
rates (e.g., nntrients), we nsed a higher litter to inocnlnm 
ratio than has been nsed in previous similar experiments 
(e.g., Strickland et al. 2009a, b). However, we acknowledge 
that other inocnlnm characteristics conld also inflnence 
decomposition dynamics. We added 0.25 g of soil inocn
lnm to 1.0 g of litter in the incubation vessels, and sam
ple mixtures were adjusted to 50 % WHC and well mixed 
on day 1 using a sterile spatula. Tubes were weighed every 
7 days to determine moisture loss, and as necessary, 24 h 
prior to sampling events, sterile deionized water was added 
to return samples to the initial soil moisture content using 
a micropipette. All tubes were incubated uncapped bnt 
covered with aluminum foil in the dark in a closed plas
tic cooler at 20 °C. Moist paper towels in the cooler were 
replaced weekly to maintain humidity and minimize water 
loss.

We determined C mineralization rates across the 162- 
day experiment using a static incubation procedure (Fierer 
et al. 2003). Prior to sampling, tubes were flushed with 
room air and sealed with airtight plastic caps equipped with 
rabber-septa for gas sampling. After 6 h, the headspaces of 
the tubes were mixed with a syringe and a 10-ml sample 
was removed from each tube. C mineralization rates were 
calculated as COj produced per gram of dry soil per hour of 
incubation using a gas chromatograph (Shimadzn, Kyoto, 
Japan) equipped with a thermal conductivity detector. C 
mineralization rates were measured 14 times throughout

the experiment. Initially, all 12 replicates were sampled, 
bnt destractive sampling of three replicates per time point 
(on days 1, 22 and 162) ultimately reduced the number of 
replicates per treatment to six replicates per treatment by 
the end of the experiment. Following the C mineraliza
tion assays, replicates were harvested, frozen and stored 
at —80 °C for bacterial commnnity analyses. CO 2  miner
alization rates in the inoculated samples were adjusted to 
account for background respiration of the soil inocnlnm or 
the nninocnlated litter by subtracting the sum of CO 2  pro
duction rates in the litter/inocnlnm-only samples from the 
rates measured in the experimental treatments. However, 
C mineralization rates in the litter-only and soil-only sam
ples were consistently an order of magnitnde lower than 
rates in inoculated litter samples. To approximate total CO 2  

respired over the incubation, we extrapolated rates by inter
polating between sampling events. Briefly, we nsed linear 
interpolation between each measurement time and then 
summed across all times to estimate the total CO 2  produced 
over the course of the incubation.

Bacterial commnnity analyses

Bacterial DNA was extracted from 0.15-g samples of the 
litter -I- inocnlnm treatments three times (on day 1, 22, and 
162 of the incubation period) using the PowerSoil DNA 
isolation kit (MO BIO Laboratories, Carlsbad, CA) fol
lowing the manufacturer’s instructions. DNA samples were 
then bulked to form a single DNA sample per treatment per 
time point, for a total of 48 unique DNA samples.

Error-corrected bar-coded pyroseqnencing of bacterial 
16S rRNA genes was performed using the 27F and 338R 
primers described in Fierer et al. (2008) modified with a 
six nucleotide adapter for titanium chemistry. Polymerase 
chain reaction (PCR) amplifications were performed in 
triplicate and consisted of 10 fiL H 2 O, 10 fiL HotMaster- 
Mix (5 PRIME, Gaithersburg, MD), 2 fiL template DNA, 
and 1.2 fiL of each primer. Thermocycling consisted of an 
initial denatnration step of 3 min at 94 °C followed by 35 
cycles of 45 s at 94 °C, 90 s at 50 °C, and 30 s at 72 °C. 
The reaction was terminated after an elongation step of 
10 min at 72 °C. Triplicate PCR products were pooled 
and cleaned using the Ultra Clean htp PCR Clean-np Kit 
(MO BIO Laboratories, Carlsbad, CA). Cleaned ampli- 
cons were quantified using the Qnant-iT Pico Green DNA 
Assay Kit (Invitrogen, Carlsbad, CA) and were pooled 
in equal concentrations. Samples were analyzed at the 
Engencore Environmental Genomics Core Facility at the 
University of South Carolina using titanium chemistry. 
Pyroseqnencing data were screened against a minimum 
qnality score of 25, maximnm homopolymer of five, maxi
mnm ambiguous bases of zero, and maximnm mismatched 
bases in the primer of zero in QllM E (Caporaso et al.
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2010). Operational taxonomic nnits (OTUs) were selected 
at the 97 % identity level nsing UCLUST (Edgar 2010) in 
QlIME. Seqnences were denoised nsing Denoiser imple
mented in QllM E (Reeder and Knight 2010).

Data analysis

C mineralization rate data and cnmnlative C losses were 
analyzed separately. Rate data were hrst assessed nsing a 
repeated measnres general linear model (GEM), with litter 
type and inocnlnm type as between-snbject factors. Next, 
we nsed a nnivariate GEM (with C mineralization rate as 
the dependent variable) to compare the effect of varying lit
ter type versns inocnlnm type at given sampling times. To 
explore the effect of litter type for a given inocnlnm type 
and the effect of inocnlnm type for a given litter type, we 
nsed one-way ANOVA to explicitly assess the effect of 
litter type or inocnlnm type alone. Mnltiple comparisons 
of specihc treatments were made nsing Tnkey’s post hoc 
analyses. The effect of varying litter type and inocnlnm 
type on cnmnlative C lost was assessed nsing ANOVA, and 
mnltiple comparisons were condncted nsing Tnkey’s post 
hoc analysis. We initially analyzed the data with all treat
ments inclnded (i.e., inclnding the effects of litter type and 
inocnlnm type in the same analyses), and snbseqnently by 
assessing the effects of a single treatment while holding 
the other variable constant (e.g., assessing the relationship 
between inocnlnm type and decomposition for each litter 
type individnally; Table 1). Snm of sqnares valnes were 
obtained from ANOVAs. Eor all data, signihcance was

Table 1 ANOVA results for the relative importance o f decomposer 
community on decomposition rates for varying litter quality and dif
ferent times across the incubation experiment

Litter type Collection
time

Source of 
variation

% SS P-value

Thurston Cumulative Inoculum 96 0.007

Laupahoehoe Cumulative Inoculum 77 0.054

Kokee Cumulative Inoculum 94 0.019

Mixed litter Cumulative Inoculum 95 0.003

All treatments Early Litter type 89.5 <0.001

All treatments Early Inoculum 0.01 0.262

All treatments Late Litter type 24.7 <0.001

All treatments Late Inoculum 43.4 <0.001

Cumulative C was compared among communities for each litter type 
independently, and data suggest that more o f the variation in cumu
lative C lost is explained along a gradient of decreasing litter qual
ity. Looidng across ail treatments together, we compared the decom
position rate variation explained by htter type to that explained by 
inoculum during an early phase of decomposition (day 22) and a later 
phase of decomposition (day 162). The percentage of the total sum 
of squares (% SS) explained by each source of variation (inoculum or 
htter type) is shown

determined when P < 0.05. These statistical analyses were 
performed with SPSS 15.0 (Chicago, IE).

We nsed UniErac (Loznpone et al. 2011) to test for sig
nihcant differences in the bacterial commnnity composi
tion of the inocnlnm types. Briehy, a phylogenetic tree of a 
representative set of OTUs was generated in QllM E nsing 
EastTree (Caporaso et al. 2010). QllM E was also nsed to 
convert onr OTU matrix into a UniErac environment hie 
and the online UniFrac distance metric was nsed to com
pare commnnity composition (Loznpone et al. 2011). 
We nsed QllM E to generate UniFrac distance matrices 
and nsed permntational mnltivariate ANOVA execnted in 
Primer v.6 to test the signihcance of time, inocnlnm and 
litter type in strnctnring the bacterial commnnity (Ander
son 2001). Finally, we examined the specihc relationships 
between respiration and bacterial commnnity composition 
by performing a Mantel-like test (RELATE fnnction in 
Primer v.6) comparing the signihcance of the relationship 
between the UniErac distance matrix and a Enclidian dis
tance matrix of In-transformed respiration valnes.

Results

Mnltiple indices of litter chemistry varied signihcantly 
between sites: bnlk litter lignin concentrations decreased 
with site age, and litter N content was lowest at the old 
site (4,100 k years; Kokee), intermediate at the yonng site 
(300 years; Thnrston), and highest at the intermediate-aged 
site (20 k years; Snpplemental Table 1). Litter lignimN 
ratios were highest at the yonng site, lowest at the interme
diate-aged site, and intermediate at the old site. In addition, 
the UniFrac signihcance test (Loznpone et al. 2011) nsed 
to compare bacterial commnnity composition conhrmed 
that soil bacterial commnnities in the initial inocnlnm types 
from the three sites were signihcantly different from one 
another (Bonferroni-corrected P < 0.05). Alphaproteobac- 
teria, Acidobacteria, and Actinobacteria dominated the 
starting bacterial commnnity.

Over the conrse of the 162-day incnbation experi
ment, decomposition patterns (i.e., CO 2  prodnction rates) 
were generally similar among all litter and soil inocnlnm 
type combinations (Eig. 1). Within the hrst 3 weeks, CO 2  

mineralization rates peaked in all samples, then gradnally 
declined (by day 60) to low rates, where they remained for 
the dnration of the experiment (Eig. 1). Consistent with 
that observation, across all data, the repeated measnres 
ANOVA showed that time was a signihcant (P < 0.001) 
factor explaining variations in C mineralization rates. In 
addition, there were both signihcant time x litter type and 
time X soil inocnlnm type interactions (P < 0.001 for both), 
snggesting temporal variation in the relative importance of 
litter qnality versns inocnlnm type (Table 1). By day 162,

^  Springer



288 Oecologia (2014) 174:283-294

30 ■ - ^ T h u rs to n  litter 
L aupatioehoe litter 

-■-Kokee litter 
Mixed litter

25 ■

20 J 

15 if 
10 ■

Thurston  inocuium L aupahoehoe  inocuium Kokee inoculum Mixed InoculumU)

-■ -T hurston  Inocuium 
-■ -L au p ah o eh o e  Inocuium 
-■-Kokee Inoculum 

Mixed Inoculum
25 ■

10 ■

Kokee litter Mixed litterThurston litter

D ay

Fig. 1 Decomposition rates (CO2 fluxes) measured over the course 
of the 162-day decomposition experiment. Top panels represent one 
of four inoculum treatments decomposing each litter type: Thurston 
(“young”) soil inoculum decomposing each litter type; Laupahoehoe 
(“intermediate”) soil inoculum decomposing each litter type; Kokee 
(“old”) soil inoculum decomposing each litter type; and mixed soil 
inoculum decomposing each litter type. Lower panels represent one

of four htter types with each inoculum source: Thurston (young) lit
ter decomposed by each inoculum type; Laupahoehoe (intermediate) 
htter decomposed by each inoculum type; Kokee (old) litter decom
posed by each inoculum type; mixed litter decomposed by each inoc
ulum type. For top and bottom panels, the htter or inoculum variables 
are shown in the first panel {circle Thurston, triangle Laupahoehoe, 
diamond Kokee, square mixed)

T/T T/L T/K T/M LTT L/L L/K L/M KH" K/L K/K K/M MfTM/L M/KM/M

Inoculum Source / Litter Source

Fig. 2 Cumulative C losses (mg COj-C g * dry soil) over the course 
of the 162-day decomposition experiment. The treatments show 
inoculation source (first Zetter)/litter source (second letter), where T  
Thurston, L  Laupahoehoe, K  Kokee, M  mixed. Bars labeled with dis
similar letters are significantly different at a  =  0.05, and error bars 
are ±1  SE

cumulative CO 2  respired among the different treatments 
ranged from 22.5 ±  0.05 mg COj-C g^^ dry soil in Thurs
ton inoculum/Thurston litter samples to 32.0 ±  0.35 mg

CO 2 -C g^^ dry soil in Kokee inoculum/Laupahoehoe litter 
samples (Fig. 2).

To explore the possible effects of differences in litter 
and inoculum type on decomposition over the course of 
the experiment, we calculated cnmnlative CO 2  mineral
ized over the 162-day incnbation, analyzing data with all 
litter and inocnlnm types together. This analysis suggested 
that both litter and soil inocnlnm type were important in 
explaining C mineralization over time (Table 2): litter type 
explained the majority (64 %) of the variation in C min
eralization, and soil inoculum type explained 25 % of the 
variation in CO 2  produced over the conrse of the experi
ment (Table 2). However, when assessing the role of inocn
lnm type on C mineralization within a litter type, we found 
that the relative importance of inocnlnm type on total C 
mineralized over the incnbation varied with litter qnality 
(Table 1; Supplemental Table 1). The inocnlnm type had 
a signihcant effect (P < 0.05) on decomposition of litter 
from the old site (Kokee, lignin:N =  109) and the young 
site (Thnrston, lignin:N =  119), and a marginally signih
cant effect (P =  0.054) on the decomposition of litter from 
the intermediate-aged site (Laupahoehoe, lignin:N =  47) 
(Table 1 and Snpplemental Table 1). As well, inocn
lnm type explained a nearly identical proportion of the
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Table 2 General linear model results with % SS explained for the 
effects o f litter type and inoculum source on cumulative COj-C min
eralized over the course of the 162-day experiment

Source o f variation d f SS SS (%) F P-value

Litter 2 0.127 64 58 <0.001

Inoculum 2 0.052 25 24 <0.001

Litter x  Inoculum 4 O.OII 6 2.5 0 .0 II8

Error 9 0.010 5

Mixed litter treatments were not included in this analysis

variation in total C mineralized from litter from the old 
(Kokee) and yonng site (Thnrston, 94 and 96 %, respec
tively) (Table 1; Snpplemental Table 1). By contrast, inocn
lnm type explained only 77 % of the variation in total C 
mineralized from the litter from the intermediate-aged site 
(Lanpahoehoe). Respiration rates in the mixed litter and 
mixed inocnlnm treatments fell between rates in the indi- 
vidnal litter treatments.

We also explored the relationships among time, litter 
type and inocnlnm type on C mineralization rates nsing a 
GLM. We fonnd that the relative importance of litter ver
sns inocnlnm type on decomposition rates varied over the 
conrse of the experiment (Table 1). Early in the experi
ment (day 22), differences in litter type explained nearly all 
(-90  %) of the variation in C mineralization rates, and the 
effect of inocnlnm type was not signihcant [althongh there 
was a signihcant interaction between litter type and inocn
lnm type (P < 0.001)] (Table 1). By contrast, on day 162 
of the experiment, both litter and inocnlnm type had sig
nihcant effects on C mineralization rates (P < 0.001 each), 
with litter type and inocnlnm type explaining 25 and 43 % 
of variation in C mineralization, respectively (Table 1).

Finally, we nsed molecnlar phylogenetics to assess the 
relationship between bacterial commnnity composition and 
respiration in each of the hasks at the different time points. 
This allowed ns to specihcally examine the potential role of 
bacterial commnnity stractnre in the observed differences 
in respiration. As well, this approach allowed ns to exam
ine the role of litter qnality vs. inocnlnm sonrce in bacterial 
commnnity assembly. We fonnd that the bacterial commn
nities in the litter incnbations were markedly different from 
the initial soil inocnlnm bacterial commnnities, being more 
dominated by taxa from the Alphaproteobacteria (Fig. 3). 
Over the conrse of the incnbations, beta diversity decreased 
(commnnities became more similar) while alpha diversity, 
or the diversity within individnal commnnities, increased. 
A PERMANOVA revealed that bacterial commnnity com
position in the individnal litter samples was best explained 
by time (Table 3; Fig. 3). Both litter type (Fig. 3a) and 
soil inocnlnm type (Fig. 3b) were also signihcant factors 
in explaining litter bacterial commnnity stractnre, each

2D Stress: 
0.11

2D Stress: 
0.11

Fig. 3 Non-metric multidimensional scaling ordination o f bacte
rial community composition based on pairwise, unweighted UniFrac 
distances. Different symbols represent different time points: trian
gles day 1, squares day 22, circles day 162. a  Colors represent dif
ferent litter sources: green Thurston (young), maroon Laupahoehoe 
(intermediate), purple  Kokee (old), orange mixed litter, gray no lit
ter (starting soil communities), b Colors represent different inocu
lum sources: green Thurston, maroon Laupahoehoe, purple  Kokee, 
orange mixed inoculum

accounting for 16 % of the variation in commnnity com
position (Table 3). Additionally, we observed signihcant 
time X litter type and time x soil inocnlnm type interac
tions (Table 3). Analysis of the individnal litter samples 
revealed that bacterial commnnity composition explained 
32 % of the variation in respiration valnes (RELATE test, 
p =  0.571, P < 0.001). In addition, the relative impor
tance of bacterial commnnity composition on respiration 
increased over the conrse of the experiment (RELATE test, 
p =  0.467, P < 0.001, T l; p =  0.514, P < 0.001, T2).

Discussion

We collected samples from a set of sites where climate 
and plant species composition are similar bnt where lit
ter chemistry varies, and designed an experiment in which
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Table 3 Non-parametric analysis of pairwise UniFrac values evaluating microbial community composition.

Source o f variance df SS MS Pseudo-F P P

Time 1 0.54 0.54419 7.9198 0.001 0.18

Inoculum source 3 0.80 0.26552 3.8642 0.001 0.16

Litter source 3 0.78 0.25837 3.7602 0.001 0.16

Time x  soil 3 0.36 0.1188 1.7289 0.032 0.12

Time x  litter 3 0.36 0.11886 1.7298 0.028 0.12

Soil X litter 9 0.74 0.08257 1.2017 0.153 NS

Residuals 8 0.55 0.06871 0.26

Total 30 4.23

A permutational multivariate ANOVA was performed in primer (Anderson 2001) to examine the relative influence of time, inoculum source, and 
litter source, as well as interactions between the three explanatory variables in accounting for the variation in microbial community composition 
over the course of the incubation experiment

P-values are based on 999 permutations and r^-values indicate the proportion of variation explained by each variable

litter quality and soil inoculum type represented the pri
mary potential sources of variability in decomposition 
rates. Litter quality of the dominant species (M. polymor
pha) varied between the three sites (Hobbie and Vitousek 
2000; Vitousek 2004), as did the soil bacterial community 
composition of the inoculum types (Fig. 3; Supplemental 
Table 1). Despite these measured differences, as well as 
other potential differences, among inoculum types (e.g., 
fungal community composition and/or soil chemistry), 
pattems of decomposition were remarkably similar across 
all treatments. In general, we observed an initial and rapid 
increase in soil respiration, followed by a slow decline in 
CO2  mineralization rates (Fig. 1), which is consistent with 
previous conceptual models and empirical observations 
suggesting a multi-stage model of decomposition (Moor
head and Sinsabaugh 2006; Strickland et al. 2009a). Time 
was the most important factor explaining variations in CO 2  

production and litter bacterial community composition 
(Fig. 3; Table 1).

Previous research has shown that in some ecosystems, 
microbial communities decompose litter from a “home” 
site more rapidly than they decompose litter from for
eign sites (i.e., microbial communities have a “home-held 
advantage” when decomposing their native litter) (Strick
land et al. 2009a; Ayres et al. 2009). However, we saw 
no evidence of a home-held advantage in our experiment 
(Supplemental Table 2). This inconsistency may rehect the 
fact that most evidence of a home-held advantage from 
similar experiments has emerged following major (i.e., 
species-level) differences in litter type between samples, or 
movements of unique litter types into non-native ecosys
tems, rather than the more subtle changes in intraspecihc 
litter quality mimicked in this experiment. Instead, our data 
suggest that litter type explains the majority of variation in 
decomposition, and we infer that differences among litter 
types rehect differences in litter quality between sites. Over

the course of the 162-day incubation experiment, litter type 
explained 64 % of the variability in decomposition rates, 
while inoculum type explained 25 % (Table 1). While other 
factors may have contributed to difference in decomposi
tion rates among different inoculum types (e.g., soil chem
istry, differences in fungal community composition), the 
pyroseqnencing results revealed that bacterial community 
composition explained 32 % of the variation in respiration 
rates in the different hasks. In turn, equal portions (16 %) 
of the variation in bacterial community composition were 
explained by inoculum type and litter quality, rehecting the 
importance of both the meta-community and the environ
ment in bacterial assembly processes.

In addition, our data suggest that as decomposition pro
ceeded, bacterial community composition converged (i.e., 
beta diversity decreased from day 1 to day 22 and from 
day 22 to day 162; P < 0.001; Fig. 3) while alpha diver
sity increased (P < 0.01). The convergence in litter bacte
rial community composition to a more diverse community 
among samples through time is also consistent with the 
notion that as decomposition proceeds, overall microbial 
decomposer community composition shifts towards a func
tionally diverse group of microorganisms that specialize 
on cellulose and lignin (e.g., Moorhead and Sinsabaugh 
2006). Interestingly, we noted that decomposition rates 
were negatively correlated with alpha diversity at 22 days 
(r^ =  0.72) but positively correlated at day 162 (r^ =  0.45), 
suggesting that as time proceeds, there is a positive correla
tion between alpha diversity and ecosystem function. This 
pattem is consistent with Philippot et al. (2013) who docu
mented a positive correlation between diversity and denitri- 
hcation in a laboratory incubation experiment.

Overall, decomposition pattems were similar among 
the experimental treatments, yet there were some differ
ences (Figs. 1,2). First, the relative effect of inoculum type 
varied as a function of litter quality (Table 1). Among all
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data, inoculum type explained a higher proportion of the 
variation in COj prodnction in low-qnality litter (Table 1), 
again supporting that interactions between litter qnality and 
commnnity composition may be more important in regnlat
ing decomposition rates than starting bacterial commnnity 
composition alone. As stated above, we cannot rule out the 
possible effects of differences in inocnlnm beyond those in 
bacterial commnnity composition. However, the statistical 
analyses with the pyroseqnencing data and the soil respira
tion data revealed that bacterial commnnity strnctnre actu
ally explained more of the variation in respiration rates than 
overall inocnlnm type (i.e., 33 vs. 25 %). This supports the 
role of the bacterial commnnity in the observed variation 
in soil respiration. As well, this suggests that the changes 
in bacterial commnnity over the conrse of the incnbation 
were driven to some degree by environmental factors, an 
assertion supported by relationship between litter qnality 
and bacterial commnnity composition (Table 3).

Additionally, the relative importance of inocnlnm type 
on decomposition varied over the conrse of the experiment. 
Early (when respiration rates were high; Fig. 1), variations 
in litter qnality explained almost 90 % of the variation in 
CO 2  produced, bnt after 162 days, litter type explained 
less than 25 % of the variation in COj and inocnlnm type 
explained nearly 44 % (Table 1). The increasing importance 
of inocnlnm type combined with the observed convergence 
in bacterial composition through time (Fig. 3) is consist
ent with the negative relationship between the importance 
of soil inocnlnm type and litter qnality (Table 1). Taken 
together, these data snggest that declines in litter qnality 
may explain the increase in the effect of the soil bacterial 
commnnity through time. Gradual declines in litter qnal
ity during decomposition may favor a subset of the bacte
rial commnnity that specializes on relatively low-qnality 
C compounds (Schimel and Gnlledge 1998), and the pres
ence/absence of these organisms in the initial inocnlnm 
types may have had an increasing effect on C mineraliza
tion with time. Finally, when compared to most other spe
cies, the M. polymorpha litter collected from all sites conld 
be considered “low qnality”, with higher lignin:N ratios 
than those seen for many common temperate forest species 
(e.g., Melillo et al. 1982). Thus, given that the importance 
of commnnity composition in explaining decomposition 
appeared to increase with lignin:N ratios, the effects of 
commnnity composition observed here may be more pro
nounced than effects observed in most ecosystems with 
higher qnality litter. That said, althongh Strickland et al. 
(2009a) did not report litter-qnality metrics, two of the 
three commnnities they assessed suggested a mnch larger 
role of microbial decomposer inocnlnm than observed here.

In snm, we fonnd a signihcant bnt relatively low effect 
of the inocnlnm type in explaining decomposition. While 
we focused on bacterial commnnity composition and did

not assess fungi, assessing the overall effects of “inocnlnm 
type” would implicitly account for the possible effects of 
varying fungal commnnity composition among sites. Inter
estingly, the fnnctional similarity among bacterial commn
nities decreased with time as the degree of compositional 
similarity increased, and we interpret this as a commnnity 
response to decreasing litter qnality. This is noteworthy 
given recent evidence snggesting that mnltiple aspects of 
global change can drive changes in litter qnality. For exam
ple, litter C:N ratios may change with increasing atmos
pheric CO 2  concentrations (Finzi et al. 2006), increasing N 
deposition (Carreiro et al. 2000), or both. The results sng
gest that if environmental change drives overall declines in 
litter and organic matter qnality, the fnnctional importance 
of the soil microbial commnnity in any particular site may 
increase.

These data simultaneously provide insight into the rela
tive effects of litter qnality and bacterial commnnity com
position and assembly on decomposition, and place the 
importance of commnnity composition in a quantitative 
context. On one hand, the signihcant effect of the bacterial 
commnnity on decomposition within a common litter type 
suggests an important role for commnnity composition in 
regnlating decomposition, and conhrms previous research 
snggesting that commnnity strnctnre is important in regn
lating this fundamental process (Strickland et al. 2009a). 
On the other hand, the relatively small amonnt of varia
tion explained by bacterial commnnity composition (com
pared with relatively large amonnt explained litter types) 
suggests that, from a process-level perspective, microbial 
commnnity composition plays a relatively minor role in 
regnlating decomposition rates among different litter types 
at these sites. Given the strong effects of climate in regnlat
ing decomposition rates both in Hawaiian M. polymorpha 
(Vitousek et al. 1994; Austin and Vitousek 2000) and more 
generally (e.g., Meentemeyer 1978; Gholz et al. 2000), 
these results call into qnestion the importance of knowledge 
of microbial commnnity composition in predicting litter 
decomposition rates. The role of commnnity composition 
may also be further diminished (relatively) under a climate 
change scenario that greatly alters temperature and/or pre
cipitation dynamics, as incorporating the effects of climate 
change would be predicted to reduce the fraction of over
all variation in decomposition that conld be explained by 
either litter qnality or microbial commnnity composition. 
For example, Vitousek et al. (1994) reported nearly tenfold 
variation in decomposition rates for M. polymorpha leaves 
from a single sonrce that were decomposed in sites that dif
fered in precipitation and temperature, versns nearly four
fold variation for leaves from a wide variety of sites that 
were decomposed in a single site. In other words, under 
the controlled climate conditions in the laboratory experi
ment, inocnlnm type explained a substantial amonnt of the
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variation in decomposition rates (Table 2). However, given 
the strong role of climate in regnlating decomposition, we 
might expect that the importance of both litter qnality and 
commnnity composition on decomposition wonld be more 
snbtle in the natnral environment.

Here, we focnsed on litter decomposition, an “aggre
gate” process that may be less sensitive to changes in com
mnnity composition than are ecosystem processes car
ried ont by a narrower snite of organisms (Schimel and 
Gnlledge 1998; Schimel et al. 2005). For example, some N 
cycling processes (Carney et al. 2004; Hawkes et al. 2005; 
Reed et al. 2010) reqnire enzyme systems that are limited to 
more specihc microbial taxa and may be more sensitive to 
changes in microbial commnnity composition. Reed et al. 
(2010) showed strong links between microbial commnnity 
composition and heterotrophic N hxation rates, a process 
that is limited to organisms with n if genes, and Cavigelli 
and Robertson (2000) showed strong effects of commnnity 
composition on denitrihcation, an anaerobic process that is 
more restricted phylogenetically than is aerobic respiration. 
Thns, environmental change-driven shifts in the composi
tion of these narrower fnnctional gronps may have more 
profonnd impacts on processes other than decomposition. 
As well, we note that we did not track the changes in the 
fnngal commnnity composition, and these organisms are 
likely to be important in litter decomposition. Fntnre work 
shonld examine their role in decomposition and the con
trols over fnngal commnnity assembly and diversity.

Conclnsion

Most models nsed to predict ecosystem and C cycle 
responses to environmental change (e.g., climate change 
and rising atmospheric CO 2  concentrations) do not con
sider the potential effects of changes in microbial commn
nity composition explicitly, and the importance of doing so 
is a cnrrent topic of interest in the literatnre (McGnire and 
Treseder 2010). Here, we qnantihed the relative effects of 
soil inocnlnm type versns litter qnality in explaining vari
ation among leaf litter decomposition rates. While the data 
snggest that differences in microbial commnnity composi
tion had signihcant effects on decomposition rates, the rela
tive importance of snch differences is a matter of perspec
tive. Changes in climate and declines in litter qnality are 
anticipated for many ecosystems (Norby et al. 2001), and 
onr resnlts snggest that in any given site, the effects of snch 
changes may be more important to consider than the poten
tial effects of changes in soil microbial commnnity compo
sition. However, the relative effects of commnnity compo
sition increased throngh time, snggesting that the long-term 
effects may not be predictable from short-term responses. 
For example, the decomposer commnnity conld play a 
larger role in regnlating soil organic matter chemistry over

longer timescales than it does over short-term COj miner
alization rates (Wickings et al. 2012). Finally, environmen
tal change is likely to elicit changes in many of the factors 
that affect decomposition in complex ways, complicating 
attempts to qnantify the relative importance of any one 
factor.
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