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interactions between litter origin, microclimate and detri-
tivores in determining decomposition responses to global 
change.
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Introduction

Responses of soil processes remain a major uncertainty in 
attempts to predict ecosystem responses to global change 
(Pendall et al. 2008). Changes to the dynamics of plant 
litter decomposition are an important component of these 
responses (Singh and Gupta 1977; Vitousek 1982), with the 
turnover of plant litter contributing to C flux between ter-
restrial and atmospheric pools (Chapin et al. 2002). Litter 
decomposition is also the dominant source of nutrients in 
many terrestrial ecosystems, and it thus influences primary 
productivity, because plant C turnover and nutrient mobi-
lization {e.g. N mineralization) are closely linked (McGill 
and Cole 1981). In addition, litter can modify soil micro-
climate (Beatty and Sholes 1988; Deutsch et al. 2010), and 
interfere with the establishment of newly germinated plants 
(Bosy and Reader 1995).

Overall, litter mass loss is correlated with climate, tis-
sue chemistry and soil biology (Swift et al. 1979; Seast-
edt 1984; Aerts 1997), all of which can be influenced by 
drivers of global change, such as climate warming and N 
deposition (Knorr et al. 2005; Aerts 2006; Blankinship 
et al. 2011). Warming effects on decomposition can occur 
directly through changes to microbial activity and extra-
cellular enzyme activity (Wan et al. 2007; Brzostek et al. 
2012), and indirectly as a result of soil drying (Allison and 
Treseder 2008) or via changes to plant tissue quality (An 

Abstract Plant litter decomposition has been studied 
extensively in the context of both climate warming and 
increased atmospheric N deposition. However, much of 
this research is based on microbial responses, despite the 
potential for detritivores to contribute substantially to lit-
ter breakdown. We measured litter mass-loss responses to 
the combined effects of warming, N addition and detriti-
vore access in a grass-dominated old field. We concurrently 
assessed the roles of litter treatment origin vs. microenvi-
ronment (direct warming and N-addition effects) to elu-
cidate the mechanisms through which these factors affect 
decomposition. After 6 weeks, mass loss increased in 
N-addition plots, and it increased with detritivore access 
in the absence of warming. After 1 year, warming, N addi-
tion, and detritivore access all increased litter mass loss, 
although the effects of N addition and warming were 
non-additive in the detritivore-access plots. For the litter-
origin experiment, mass loss after 6 weeks increased in lit-
ter from N-addition plots and warmed plots, but unlike the 
overall decomposition response, the N-addition effect was 
enhanced by detritivore access. Conversely, for the micro-
environment experiment, detritivore access only increased 
mass loss in unfertilized plots. After 1 year, detritivore 
access increased mass loss in the litter-origin and micro-
environment experiments, but there were no warming or 
N-addition effects. Overall, our results provide support 
for a substantial role of detritivores in promoting litter 
mass loss in our system. Moreover, they reveal important 
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et al. 2005). Likewise, N addition can directly alter micro-
bial activity (Carreiro et al. 2000), or may influence litter 
chemistry, altering its subsequent decomposition (Henry 
et al. 2005).

In addition to the influence of bacteria and fungi on 
organic matter decomposition (Pritchard 2011), soil detri-
tivores also contribute substantially to litter breakdown 
(Swift et al. 1979; Wolters 2000; Wall et al. 2008; García-
Palacios et al. 2013). Soil fauna can respond to warming 
and N addition (Blankinship et al. 2011; Gan et al. 2013; 
Holmstrup et al. 2012), but the magnitude and direction 
of these responses can differ considerably from those of 
microbes. For example, in response to N addition, specific 
groups of soil fauna can be particularly sensitive to NH4

+ 
toxicity (Wei et al. 2012) or salt desiccation (Lohm et al. 
1977). Furthermore, the combined effects of factors such as 
warming and fertilization on soil organisms can vary sub-
stantially from their individual effects (Sjursen et al. 2005). 
Evidence from microcosm experiments suggests that 
decomposition responses to global change treatments, such 
as warming and increased CO2 concentration, can be influ-
enced strongly by detritivore effects (Coûteaux et al. 1991; 
Rouifed et al. 2010). Nevertheless, many studies examining 
global change effects on decomposition often exclude soil 
fauna, and macrofauna in particular, which could not only 
result in an underestimate of litter turnover, but the effects 
of the latter could interact with the global change factors 
(see Wall et al. 2008).

The time scale of responses may further complicate 
the relationship between abiotic and biotic controls over 
decomposition. For example, positive responses of C turn-
over to warming can occur shortly after litter incubation 
(Xu et al. 2012b), yet changes in C pools, microbial bio-
mass and C use efficiency can negate the effect of warm-
ing over longer time scales (Bradford et al. 2008; Allison 
et al. 2010). Likewise, despite short-term positive effects 
of N addition on the decomposition of newly senesced lit-
ter, the turnover of recalcitrant material that accumulates as 
decay progresses can be slowed by N addition (Fog 1988), 
possibly as a result of inhibition of ligninolytic enzyme 
activity (Carreiro et al. 2000). The role of soil fauna in lit-
ter processing can vary by season (Wu et al. 2009) or stage 
of decay (Tian et al. 1998; Xin et al. 2012), and owing to 
evidence of low functional redundancy (Ayres et al. 2009a), 
these observations may reflect temporal shifts in detriti-
vore community composition (Levings and Windsor 1996; 
Zhu et al. 2010). The consequences of this temporal varia-
tion may be further exacerbated by interspecific variation 
in detritivore sensitivity to factors such as warming and 
drought (Kardol et al. 2011).

The objective of this study was to examine the effects 
of warming, N addition and detritivore access on litter 
mass loss, both after 6 weeks and 1 year, in a temperate old 

field. In particular, we were interested in identifying inter-
actions between the global change treatments and detriti-
vore access, because these interactions would indicate 
that global change factors can affect litter decomposition 
indirectly by affecting detritivore activity. Furthermore, 
these interactions would suggest there are biases in global 
change decomposition experiments employing mesh lit-
ter bags, where detritivore access to litter is restricted. In 
addition to returning litter collected from the global change 
experiment to the respective treatment plots, we performed 
two alternative transplant experiments to further explore 
the mechanisms explaining mass-loss responses in the 
global change experiment; we transplanted litter collected 
from the treatment plots into a common, untreated environ-
ment (i.e. to isolate the effects of litter treatment origin), 
and also transplanted untreated litter from the field into the 
treatment plots (i.e. to isolate the direct effects of warming 
and N addition on mass loss).

Materials and methods

Study site

The experiment was conducted at an old field site in Lon-
don, ON, Canada (43°1′46″N, 81°12′52″W) between 
October 2010 and October 2011. The site is a former agri-
cultural field that has not been plowed or mowed in over 
25 years. Dominant vegetation at the site includes two 
grass species, Kentucky bluegrass (Poa pratensis L.) and 
smooth brome (Bromus inermis Leyss.), with the forb Can-
ada thistle (Cirsium arvense L.) and legume bird’s-foot tre-
foil (Lotus corniculatus L.) present in patches. The mean 
annual temperature for the site is 7.5 °C (8.1 °C over the 
experimental period), with a low monthly mean of −6.3 °C 
(January) and a high monthly mean of 20.5 °C (July), and 
mean annual precipitation of 981 mm (1,100 mm over the 
experimental period), with a low monthly total of 61 mm 
(February) and a high monthly total of 97 mm (December) 
(Canadian Climate Normals 1971–2000, Environment Can-
ada, National Climate Data and Information Archive). The 
soil is classified as silt loam glacial till (Hagerty and King-
ston 2011), with pH 7.6 and is composed of approximately 
50 % sand, 41 % silt, and 9 % clay (Bell et al. 2010).

Warming and N-addition experiment

Warming and N-addition treatments were applied to 1-m2 
circular plots set up in a factorial block design, including 
two levels of warming (ambient and heated) crossed with 
two N treatments (control and N fertilized). All four treat-
ment combinations were replicated across ten different 
blocks for a total of 40 plots; see Turner and Henry (2009) 
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for full details of the experiment. Increased temperature 
of approximately 2–3 °C at the soil surface was achieved 
using 150-W ceramic infrared heaters (Zoo-Med Labora-
tories, San Luis Obispo, CA) which mimic solar heating 
without the production of photosynthetically active radia-
tion (Shen and Harte 2000). The plots were warmed con-
tinuously since the initiation of the experiment in late 2006. 
Soil temperature and moisture data were collected hourly 
using 107-BAM-L temperature probes at 2-cm depth and 
CS-616 time domain reflectometers at 0- to 15-cm depth, 
respectively (Campbell Scientific). N treatments began 
in early 2007 and were added annually in two forms: a 
20 kg N ha−1 pulse of aqueous NH4NO3 added at snow 
melt in early spring, and 40 kg N ha−1 of slow-release 
NH4NO3 pellets added in early summer. Application rate 
was based on estimates of increased N deposition expected 
for this area by 2050 (Galloway et al. 2004). Previous 
observations from this experiment indicate that this site is 
N limited, with N-fertilized and non-fertilized plots dif-
fering in aboveground productivity (1,150 vs. 900 g m−2), 
foliar N concentration (1.65 vs. 1.45 %), and soil N content 
(18.2 vs. 13.2 g kg−1; Turner and Henry 2009; Hutchison 
and Henry 2010). Likewise, aboveground productivity has 
increased by as much as 20 % in response to heating in 
some years (Hutchison and Henry 2010).

Sample collection and litter bag design

In early September 2010, senesced grass tissue was col-
lected from the global change treatment plots, as well as 
from similar areas in the same field outside of the plots. 
Only standing dead material was collected in order to avoid 
including loose surface litter from previous years’ growth. 
The litter was air dried for 3 days at room temperature. A 
sub-set of control samples were dried at 65 °C for 3 days in 
order to estimate initial sample dry weights prior to place-
ment in the field. Litter subsamples prepared for the decom-
position experiment were pooled, with a consistent 3:1:1 
ratio of B. inermis stems to B. inermis leaves to P. pratensis 
tillers (approximately 500 mg air-dried mass, total) in order 
to standardize litter content among subsamples. Two differ-
ent types of litter containment techniques were employed 
in order to manipulate detritivore access to the material. A 
detritivore-restriction treatment was achieved using stand-
ard nylon mesh litter bags (10 × 5 cm bag size, 100-µm 
mesh size, hereafter referred to as ‘mesh’ samples), which 
allowed for the exclusion of both meso- and macro-soil 
fauna. In order to allow free access to litter by detritivores, 
a second set of samples was constructed without the use 
of mesh by securing both ends of each litter sample using 
spring-loaded paper clamps (hereafter referred to as ‘open’ 
samples). The method of using bags with larger mesh sizes 
in order to allow detritivore access was not appropriate for 

our purposes because individual grass pieces were thin, and 
larger holes would have resulted in the loss of material, 
whereas the open samples kept the ends of each litter seg-
ment clamped in place. Litter pieces used for open samples 
were approximately 9 cm in length, similar to the length of 
pieces used in the mesh bags.

The accuracy of litter bag decomposition results can be 
biased by artifacts arising from changes to litter microclimate 
(Suffling and Smith 1974; Kampichler and Bruckner 2009; 
Bokhorst and Wardle 2013), and in our study there was a risk 
that such artifacts could be confounded with differences in 
detritivore access between open and mesh-enclosed samples. 
As a control to identify potential differences in the direct 
effects of the mesh bags vs. clamps on litter decomposition, 
the mass loss of mesh vs. open samples in the absence of 
soil fauna (through the use of plastic exclosures) was com-
pared in the field, both over 6 weeks (n = 5) and over 1 year 
(n = 5). These controls were based on an approach suggested 
by Bradford et al. (2002) for testing for the effects of dif-
ferent mesh sizes on mass loss in the absence of soil fauna. 
There was a lack of a difference in mass loss between open 
and mesh sample controls after both 6 weeks [P = 0.289; 
open = 24.46 % (±0.02 %); bag = 27.29 (±0.02 %)] 
and 1 year [P = 0.667; open = 55.11 % (±0.03 %); 
bag = 57.29 % (±0.03 %)], which suggests that the differ-
ences we observed between open and mesh-enclosed sam-
ples in the main experiment were caused primarily by detri-
tivore access. However, in the case of the open samples, 
affixing the material at the ends resulted in approximately 
5 % of the material being obstructed by the clamp contact 
points and hence restricted from detritivore access. Likewise, 
because microfauna have a body size <100 µm (Swift et al. 
1979), this size class would not have been restricted from 
the mesh-enclosed samples. Therefore, the detritivore-access 
effects we observed were likely a conservative estimate of 
actual soil faunal effects. Lastly, although litter fragmenta-
tion could have potentially caused an overestimate of litter 
turnover in the open samples, upon retrieval these samples 
were intact (i.e. the litter bundles spanned the length of the 
opening between clamps), suggesting that mass loss due to 
breakage was minimal.

Litter mass-loss experiments

Litter samples (both mesh and open) removed from the 
experimental plots were subsequently returned to their cor-
responding treatment plots (e.g. litter from N-addition plots 
was returned to the N-addition plots; n = 10 each for both 
mesh and open samples for each treatment combination 
and sampling period; Fig. 1). In order to clarify the mecha-
nisms (i.e. litter origin vs. environmental conditions) under-
lying the treatment effects on litter mass loss, in addition to 
the aforementioned non-transplanted ‘integrated response’ 
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samples, litter transplants were used for two alternative 
experiments: a litter-origin experiment, which involved 
the transplantation of litter from global change treatment 
plots into a common garden in the field, and a microenvi-
ronment experiment, which involved the transplantation 
of control litter from the surrounding field into the global 
change plots (n = 10 each for both mesh and open sam-
ples for each treatment combination, sampling period and 
transplant experiment; Fig. 1). The common garden was a 
4 × 1.5-m patch placed in amongst the experimental blocks 
at the field site. It featured an intact plant community and 
litter layer, and thus the environmental conditions experi-
enced by the transplanted litter would have been consist-
ent with those of the control plots in the warming and 
N-addition experiment. All litter samples were placed in 
direct contact with the soil surface and then covered using 
the loose litter that had been displaced to insert them. Lit-
ter samples were placed in the field on 16 October 2010 
and were subsequently recovered at two different time peri-
ods; one following 6 weeks and another after 1 year. A total 
of ten replicate litter samples (one per block) was used for 
each treatment combination for each of the two sampling 
dates, resulting in 480 total litter samples for the entire 
study. Following each collection period, litter samples were 
oven-dried at 65 °C for 3 days and then weighed. Final dry 
weights were compared with the water mass-corrected ini-
tial air dry weights in order to determine  % mass loss.

Data analyses

For each of the six combinations of the two sampling dates 
and the three transplant configurations, we used three-way 

fixed-effects ANOVAs to test for the effects on mass loss 
of the fixed factors (N addition, warming, and detritivore 
access) as well as their interaction terms, with plot iden-
tity, nested in warming and N addition, added as a random 
factor to account for the placement of the mesh and open 
samples in the same plots. We used  % mass loss as the 
dependent variable which was calculated as 1-(final dry 
mass/initial dry mass). All mass-loss data were normalized 
by square root transformation prior to analysis. For soil 
temperature and moisture we used two-way fixed-effects 
ANOVAs to test for the effects of warming and N addition, 
followed by Tukey’s tests to determine significantly differ-
ent treatment combinations. Our analyses were conducted 
using the Fit model platform in JMP 4.0 (SAS Institute, 
Cary, NC).

Results

Integrated response experiment

For the litter samples collected from and returned to the 
plots of the warming and N-addition experiment, after 
6 weeks of decomposition, mass loss varied on average 
from 13 to 23 % (Fig. 2a). There was 4 % greater mass 
loss in N-fertilized plots than in control plots (P = 0.002; 
Table 1; Fig. 2a; all percent treatment effects are reported 
as absolute changes in  % mass loss). Additionally, there 
was a significant interaction between warming and detri-
tivore access (P = 0.002; Table 1), with open samples 
experiencing 5 % greater mass loss than mesh samples 
in ambient temperature plots, but not in heated plots 
(Fig. 2a). Open samples in ambient temperature plots 
experienced 5 % higher mass loss than open samples in 
heated plots, but this did not occur for the mesh samples 
(Fig. 2a). After 1 year, mass loss varied on average from 
47 to 75 % (Fig. 2b). There were significant increases 
in mass loss of 4, 16, and 20 % with warming, N addi-
tion and detritivore access, respectively (P = 0.016, 
P = 0.003 and P < 0.001; Table 1; Fig. 2b), although 
these main effects were not completely additive; there 
was a significant three-way interaction (P = 0.045; 
Table 1), whereby warming and N addition individually 
increased litter mass loss in the presence of detritivores, 
but their combined application had no additional effect 
(Fig. 2b).

Litter-origin experiment

For the samples collected from the warming and N addi-
tion plots that decomposed in the common garden, after 
6 weeks there was a significant interaction between N 
addition and detritivore access (P = 0.019; Table 1), with 

control

warming 
only

N +
warming

N
only

a b integrated response

microenvironment

litter origin

Fig. 1  Schematic diagram (not to scale) of a the four treatment com-
binations in the warming and N-addition experiment and b the trans-
fer of both open and mesh-enclosed samples (each arrow) between 
the warming and N-addition plots (circles) and the untreated field 
(area outside the circles) for the integrated response, litter-origin and 
microenvironment experiments. There were 40 plots in total (n = 10 
each for both mesh and open samples for each treatment combina-
tion, sampling period and transplant experiment)
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material obtained from N-fertilized plots experiencing 
10 % greater mass loss than material from non-fertilized 
plots when samples were open to detritivores, but not 
when detritivores were restricted (Fig. 3a). There was also 
increased mass loss of 4 % in litter from warmed plots and 
increased mass loss of 5 % in litter from N-addition plots 
(P = 0.039 and P = 0.014, respectively; Table 1; Fig. 3a). 
After 1 year, detritivore access increased mass loss by 6 % 
(P = 0.015; Table 1; Fig. 3b), but none of the other treat-
ment effects were significant.

Microenvironment experiment

For the untreated litter samples decomposed in the 
plots of the warming and N-addition experiment, after 
6 weeks there was a significant interaction between N 
addition and detritivore access (P = 0.014; Table 1), 
with the mass loss of open samples double that of mesh 
samples in non-fertilized plots, but not in N-fertilized 
plots (Fig. 4a). Heated plots experienced a significant 
increase in soil temperature and a significant decrease in 
soil moisture over this time (Table 2), and aboveground 
plant biomass had increased significantly by 44 % in 
response to N addition the prior summer (Henry et al. 
2014). After 1 year, detritivore access increased mass 
loss by 21 % (P < 0.001; Table 1; Fig. 4b), but there were 
no other significant treatment effects. There was no sig-
nificant effect of heating on mean soil temperature over 
1 year (Table 2) because with increased melting of snow 
cover, the heated plots were exposed to cold air tem-
peratures and were often colder than the ambient plots 
over winter. However, soil temperature was significantly 
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Fig. 2  Interactive effects of N addition (N), warming (W), and detri-
tivore (D) access on litter mass loss (%) in the integrated response 
experiment after a 6 weeks and b 1 year. Bars represent mean ± SE, 
with significant three-way ANOVA results presented in the upper-left 
corners

Table 1  Summary of ANOVA P-values for the effects of the warming (W), N-addition (N) and detritivore-access (D) treatments on litter mass 
loss after 6 weeks and 1 year

df in parentheses
a Integrated samples were both collected from and decomposed in the treatments plots
b Litter-origin samples were collected in the plots but decomposed in a common garden
c Microenvironment samples were untreated litter decomposed in the treatment plots

6 Weeks 1 Year

Integrateda Litter originb Microenvironmentc Integrateda Litter originb Microenvironmentc

W(1,36) 0.297 0.039 0.534 0.016 0.412 0.882

N(1,36) 0.002 0.014 0.601 0.003 0.352 0.986

D(1,36) 0.254 0.716 <0.001 <0.001 0.015 <0.001

W × N(1,36) 0.280 0.936 0.473 0.165 0.850 0.088

W × D(1,36) 0.002 0.995 0.770 0.999 0.822 0.352

N × D(1,36) 0.819 0.019 0.014 0.711 0.253 0.794

W × N × D(1,36) 0.128 0.353 0.953 0.045 0.427 0.969
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higher in the warmed plots than in the ambient plots 
by 0.7 °C on average following snow melt through to 
the end of the experiment. Aboveground plant biomass 
increased significantly by 14 % in response to N addi-
tion and decreased significantly by 26 % in response to 
warming over the summer of the decomposition experi-
ment (Henry et al. 2014). 

Discussion

Overall, our results indicated a substantial role of detri-
tivores in promoting litter mass loss in our system, and 
they revealed important interactions between litter origin, 
microclimate and detritivores in determining decomposi-
tion responses to warming and N addition. After 6 weeks, 
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Fig. 3  Interactive effects of N, W, and D on litter mass loss (%) in 
the litter-origin experiment after a 6 weeks and b 1 year. Bars repre-
sent mean ± SE, with significant three-way ANOVA results presented 
in the upper-left corners. For abbreviations, see Fig. 2
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Fig. 4  Interactive effects of N, W, and D on litter mass loss (%) in 
the microenvironment experiment after a 6 weeks and b 1 year. Bars 
represent mean ± SE, with significant three-way ANOVA results pre-
sented in the upper-left corners. For abbreviations, see Fig. 2

Table 2  Summary of W and N effects on mean (±SE) soil temperature (2-cm depth) and moisture (0–15 cm) measurements recorded after 
6 weeks and 1 year of litter incubation

Significant differences within a sampling period are denoted by different letter combinations for each soil variable (Tukey’s honest significant 
difference tests). For abbreviations, see Table 1

Soil temperature (°C) Soil moisture (vol/vol)

6 weeks 1 year 6 weeks 1 year

Control 6.5 (±0.1)a 10.0 (±0.1) 0.305 (±0.007)a 0.316 (±0.006)a

W 7.5 (±0.2)b 10.3 (±0.2) 0.286 (±0.005)b 0.301 (±0.005)b

N 6.9 (±0.1)a,b 10.1 (±0.1) 0.304 (±0.004)a 0.316 (±0.005)a

W × N 7.1 (±0.2)b 10.3 (±0.1) 0.284 (±0.007)b 0.298 (±0.006)b
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open litter samples experienced greater mass loss than 
mesh samples in ambient temperature plots, but not in 
heated plots, suggesting that detritivores played an impor-
tant role in litter turnover in the ambient temperature 
plots, but their activities were reduced by warming. Warm-
ing and associated decreases in soil moisture can impose 
climatic stress on the detritivore community (Pritchard 
2011), decreasing soil faunal abundance, biomass, and 
diversity (Briones et al. 1997; Blankinship et al. 2011; 
Xu et al. 2012a). Although we were unable to separate the 
direct effects of increased temperature from those of pos-
sible desiccation stress, a direct negative warming effect 
was unlikely, given that there was a relatively small tem-
perature difference between warmed and ambient tempera-
ture plots (<1 °C; Table 2), and such a small temperature 
increase might instead be expected to increase metabolic 
function and consumer activity in invertebrates (Dangles 
et al. 2013), thus increasing the effect of detritivore access, 
rather than decreasing it. As for soil moisture, it is often a 
key regulator of litter processing by detritivores in grass-
dominated systems (O’Lear and Blair 1999; Wall et al. 
2008), and meta-analysis results reveal that precipitation 
has a significant influence on the activity of faunal detriti-
vores at a global scale (García-Palacios et al. 2013). In our 
study, soil moisture from 0- to 15-cm depth was approxi-
mately 7 % lower in warmed plots than in ambient tem-
perature plots during the first 6 weeks of decomposition 
(Table 2). More extreme differences would have been pre-
sent at the soil surface, enhancing desiccation stress for the 
detritivores. Nevertheless, the warming effects observed for 
the integrated response samples after 6 weeks were not also 
observed for the microenvironment samples, and the latter 
would have been expected to exhibit the same response if 
desiccation alone was responsible for the warming effect. 
Warming can also influence plant tissue quality (Peñue-
las et al. 2008), but there was not a significant interaction 
between warming and detritivore access for the litter-origin 
samples. Therefore, in comparing the results of the trans-
plant experiments as a whole, the treatment responses of 
the integrated response samples were not simply an addi-
tive function of the responses of the microenvironment and 
litter-origin samples. This result suggests that simple mech-
anistic explanations of litter responses in global change 
experiments based on plant quality and microclimate 
may be inadequate, and there may be important synergies 
between the latter two factors in terms of defining the inte-
grated response of litter mass loss.

After 1 year of litter decomposition, the significant inter-
action between detritivore access and warming was no 
longer present. Acclimation or recovery by the detritivore 
community may explain such transient effects of warming 
or moisture limitation on C turnover (Balser et al. 2006; 
Holmstrup et al. 2012). Alternatively, warming effects on 

C dynamics can vary seasonally (Templer and Reinmann 
2011), and the lack of an interaction between warming and 
detritivore access may have reflected an absence of water 
stress over the spring and summer during the decomposi-
tion period (precipitation over this time was ~20 % above 
normal). Regardless of the mechanism, mass loss from 
the open samples after 1 year was 20 % greater than from 
the mesh samples, whereas the interaction between warm-
ing and detritivore access after 6 weeks only accounted for 
a difference of 2 %, and this disparity in effect sizes also 
may explain why no residual effects of the 6-week response 
could be detected after 1 year.

The overall positive effect of warming on litter mass loss 
we observed after 1 year was consistent with the general 
trend of increased decomposition with increased tempera-
ture in the absence of drought (Aerts 2006; Butenschoen 
et al. 2011). In addition to the possible recovery by the 
detritivore community noted above, the observation that the 
warming effect increased over 1 year may also be attributed 
to shifts in litter quality, because the temperature sensitiv-
ity of organic matter decomposition can increase over time 
in response to declining C quality (Conant et al. 2008). 
Although warming over winter can increase the frequency 
and intensity of freeze–thaw cycles at the soil surface (by 
reducing snow cover), which can disrupt the physical struc-
ture of litter and ultimately accelerate decomposition (Tay-
lor and Parkinson 1988; Melick and Seppelt 2004), in the 
year we conducted our decomposition study, soil freeze–
thaw cycles did not occur. However, standing litter in grass-
dominated fields would likely be exposed to freeze–thaw 
cycles over winter, and such effects are not accounted for 
in decomposition experiments, such as the present study, 
where litter bags are placed on the soil surface.

Our observation that samples in N-addition plots expe-
rienced greater mass loss than samples in non-fertilized 
plots was consistent with other studies of the effects of 
N addition on litter turnover in grass-dominated systems 
(Hunt et al. 1988). However, both the direction and mag-
nitude of N effects on litter decomposition often depend on 
site-specific factors (Hobbie 2005), with the trend of posi-
tive responses in systems exposed to low levels of back-
ground N deposition (<5 kg N ha−1 year−1; Knorr et al. 
2005). This value is similar to the N deposition rate of 
6 kg N ha−1 year−1 recorded for the region of our study 
(total inorganic N deposition, National Atmospheric Depo-
sition Program 2006). For the litter-origin and microenvi-
ronment experiments there were interactions between detri-
tivore access and N addition after 6 weeks. With respect to 
litter origin, N-fertilized plants often exhibit high N content 
in their senesced tissues (Johnson 1992; Henry et al. 2005), 
and N-rich material is often targeted by soil fauna (Tian 
et al. 1993; Bastow 2011; Wickings and Grandy 2013), 
which is consistent with our results from the integrated and 
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litter-origin experiments. N addition also increased mass 
loss to some extent in the mesh-enclosed samples, which is 
consistent with the stimulation of microbial decomposition 
by N addition (Coûteaux et al. 1995; Aerts 1997). How-
ever, for the control litter transplanted into N-addition plots 
in the microenvironment experiment detritivore-access 
effects were reduced, suggesting that the added mineral N 
had a direct negative effect on detritivores. These opposing 
effects of litter origin and microenvironment on detritivore-
access effects may explain why no interactions between N 
addition and detritivore access occurred for the integrated 
response experiment.

The positive effect of N addition on litter turnover 
observed after 6 weeks remained present after 1 year. Con-
trary to this observation, at later stages of decomposition, 
N fertilization can impede the decay of the lignin-dense, 
recalcitrant fraction of plant litter (Fog 1988) as a result of 
decreases in microbial ligninolytic enzyme activity (Car-
reiro et al. 2000). However, lignin content does not always 
predict long-term N fertilization effects on litter decompo-
sition, particularly in temperate grasslands (Hobbie 2008), 
possibly because the lignin content of grasses such as P. 
pratensis is relatively low (Holman et al. 2007).

In addition to their main effects, the combination of 
1 year of warming, N, and detritivore manipulation resulted 
in a significant three-way interaction. Warming and N addi-
tion individually increased litter mass loss in the presence 
of detritivores, but their combined application had no addi-
tional effect. The value at which mass loss plateaued for 
all treatments (~75 %) may have represented a threshold 
above which the soil fauna could no longer increase litter 
decay. This suggestion is consistent with previous observa-
tions of temporal variation in the influence of soil fauna on 
litter mass loss [i.e. the contribution of soil fauna to litter 
turnover can become limited by decreased plant quality at 
later stages of decay (Slade and Riutta 2012)]. A similar 
plateau was also observed after 1 year in the microenviron-
ment experiment, where despite significant increases in lit-
ter decomposition in the presence of detritivores, mass-loss 
values did not exceed 80 %.

Following 1 year of decomposition there were sig-
nificant increases in mass loss with detritivore access, but 
the effect size for the litter-origin samples was less than a 
third of that of the other samples, possibly as a result of 
low detritivore densities in the area of the field where the 
common garden plots were established. Alternatively, dif-
ferences in detritivore-access effects between the integrated 
and litter-origin samples may reflect the principles of the 
home field advantage hypothesis, whereby litter processing 
is maximized when both plant material and faunal detriti-
vores originate from the same environmental matrix (Ayres 
et al. 2009b). However, the relative abundances of the dom-
inant plant species were consistent throughout the field site, 

and in the absence of data regarding soil faunal composi-
tion and density, explanations regarding this result remain 
speculative.

Conclusion

Much of the current knowledge regarding the influence 
of environmental change on plant decomposition relies 
on evidence from mesh litter bag studies. However, soil 
fauna may also exert a significant influence over lit-
ter decay (García-Palacios et al. 2013). Therefore, fur-
ther quantification of detritivore responses is critical 
to the understanding of the interactive effects between 
biotic and abiotic controls on litter turnover (Butensch-
oen et al. 2011; A’Bear et al. 2012). The interactions 
between global change and detritivore-access treatments 
we observed after 6 weeks highlight important differ-
ences between soil faunal and microbial responses that 
may ultimately influence the dynamics of litter turnover 
under future environmental conditions. Nevertheless, our 
data suggest that acclimation of the detritivore commu-
nity to the negative effects of warming and N addition 
may occur over time. Contrary to our expectation, sub-
stantial differences between treatment responses in our 
integrated response experiment and those of the litter-ori-
gin and microenvironment experiments suggest that sim-
ple mechanistic explanations of litter responses in global 
change experiments (i.e. litter origin, plot microclimate) 
are inadequate. Moreover, at the later stages of decompo-
sition this synergistic relationship was further modulated 
by the presence of detritivores, which suggests that the 
omission of detritivore effects in global change decom-
position studies may underestimate the magnitude of 
mass loss substantially.
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