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Summary

1. There is substantial evidence that the rate of litter decomposition is affected by the match
between the litter substrate and the soil matrix (decomposer community). We introduce and test the
phenology–substrate-match hypothesis, which predicts that both litter composition and soil matrix
will change over the course of the year and that a lagged match between litter type and soil matrix
will result in an optimal decomposition environment.
2. We conducted a decomposition experiment in a Mediterranean mixed deciduous–evergreen oak
savanna in California. We initiated litter decomposition of both a deciduous oak (whose leaves fall
in autumn) and an evergreen oak (whose leaves fall in spring) in both autumn and spring.
3. Consistent with the phenology–substrate-match hypothesis, we found that decomposition of
deciduous oak litter was accelerated compared to evergreen oak litter when decomposition was initi-
ated in spring, while evergreen litter was accelerated compared to deciduous litter when decomposi-
tion was initiated in autumn.
4. We also found a small effect of microsite on leaf decomposition, where both evergreen and
deciduous oak leaves decomposed faster under the canopy of a conspecific.
5. Synthesis. Our study extends theory of litter quality and the decomposer community into a tem-
poral context, which may be an important source of variation in decomposition rates when species
with different litterfall phenologies co-occur.

Key-words: climate change, decomposer community, home–field advantage, leaf longevity, litter
decomposition, plant–soil (below-ground) interactions, Quercus, substrate quality matrix quality
interaction hypothesis

Introduction

Litter decomposition accounts for the energetic fate of the
majority of biomass in temperate forests and other terrestrial
systems (Cebrian 1999), making decomposition an even more
important factor in the cycling of carbon and nutrients than
the actions of herbivores and higher trophic levels. Decompo-
sition at a global scale is largely a function of substrate qual-
ity (plant chemistry) and climate (Meentemeyer 1978; Berg
et al. 1993). However, there is substantial variation in decom-
position rates that cannot be described by substrate or climate
alone, but is critical to understanding and predicting the
dynamics of this process at smaller spatial scales (Hunt et al.
1988; Freschet, Aerts & Cornelissen 2012). Ecosystems are
heterogeneous, and a nuanced understanding of function is
needed to forecast how a critical process such as decomposi-

tion will change with shifts in composition of floral and fau-
nal communities as well as climate (Eviner & Chapin 2003;
O’Neill et al. 2003).
Functionally, decomposition as a process is mediated by

the actions of a diverse guild of decomposer organisms and
their surrounding abiotic environments. Several hypotheses
seek to explain differences in rates of decomposition based on
differences in decomposer communities and their interactions
with particular litter substrates. Most prominently, the home–
field advantage (HFA) hypothesis suggests that decomposer
communities are locally adapted and will more efficiently
decompose litter from a local source (Hunt et al. 1988; Gholz
et al. 2000; Ayres et al. 2009). For example, the decomposi-
tion of litter from a broad-leaf deciduous species was acceler-
ated in deciduous forests as compared to conifer-dominated
forests, and conifer litter decomposition was accelerated in
conifer-dominated forests (Gholz et al. 2000). However, per-
formance of the HFA is variable and has been shown to bet-*Correspondence author. E-mail: ianspearse@gmail.com
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ter explain site-specific rates of litter decomposition when
comparing between species with low-quality litter (recalcitrant
litter) than species with high-quality litter (Hunt et al. 1988;
Ayres et al. 2009). Similarly, recent studies that compared
site-specific rates of litter decomposition within a particular
site found little evidence for the HFA (Ayres, Dromph &
Bardgett 2006; Chapman & Koch 2007; Freschet, Aerts &
Cornelissen 2012). The observation that the HFA is context
dependent has led to the substrate quality–matrix quality
interaction hypothesis (SMI), a generalization of the HFA
hypothesis (Freschet, Aerts & Cornelissen 2012). The SMI
states that the match between a substrate (litter) and the sur-
rounding matrix (i.e. the decomposer community and environ-
ment) will affect the rate of litter decomposition. The SMI
hypothesis recognizes that the match between substrate and
matrix is determined by litter quality and the decomposer
community. Unlike the HFA, it recognizes that there may be
better matches between substrate and matrix than the home
site. As theory and field study of litter decomposition have
improved, it is clear that the relationship between litter chem-
istry and the biotic and abiotic environment are important
drivers of this critical ecosystem process.
Phenology of leaf senescence is a poorly studied, but

potentially important, driver of litter decomposition. Across
biomes, leaves may senesce synchronously in autumn (decid-
uous), continuously (continuous evergreen) or synchronously
at the time of new leaf expansion (vernal evergreen) (Axelrod
1966; Reich 1995). Even within temperate deciduous forests,
which are characterized by a synchronous autumnal leaf drop,
there is substantial interspecific variation in the exact timing
of leaf drop, and thus timing of peak litter input (Augspurger,
Cheeseman & Salk 2005). Rates of litter decomposition also
vary with the seasonality of abiotic factors such as tempera-
ture, rainfall or nutrient inputs (Berg et al. 1993; Rayment &
Jarvis 2000) as well as biotic factors such as the phenology
of decomposer organisms (Verhoef & Brussaard 1990;
Benstead & Huryn 2011), root activity (Bader & Cheng
2007) or the activity of catabolic enzymes (Criquet et al.
2000). Given that the decomposition environment and the lit-
ter substrate both vary throughout the year, it is likely that
the match between litter type and season-specific soil matrix
will affect decomposition rates analogously to the site-specific
expectations of litter decomposition presented in the HFA and
SMI hypotheses. Here, we introduce and test the phenology–
substrate-match hypothesis, a temporal extension of the SMI
hypothesis, to explain season-specific decomposition of two
Mediterranean oak species.

THE PHENOLOGY–SUBSTRATE-MATCH HYPOTHESIS

While hypotheses that use the ‘match’ between litter substrate
and soil matrix were initially conceived to explain variation
in litter decomposition between sites, a similar concept could
be used to explain litter decomposition initiated at different
times. The interaction between the litter substrate and soil
matrix explains variation in litter decomposition as suggested
by the SMI hypothesis (Freschet, Aerts & Cornelissen 2012).

However, there is likely a lag between initial litterfall and
optimal decomposition matrix because populations of decom-
posers increase over time when litter substrate is available
and abiotic conditions are appropriate. Many lagged soil–
substrate interactions have been documented including
increased laboratory-measured decomposition rates following
inoculation with litter-specific microbial communities (Keiser
et al. 2011), delayed peaks between gross primary productiv-
ity and soil respiration in mixed evergreen (Vargas et al.
2010) and oak forests (DeForest et al. 2006), and increased
abundance of litter-layer nematodes and microarthropods with
advancement of decay in deciduous broad-leaved, evergreen
broad-leaved and evergreen needle-leaved species (Reynolds,
Crossley & Hunter 2003; Garcia-Pausas, Casals & Romanya
2004). These patterns may be even more pronounced when
species with very different phenologies occur in close proxim-
ity because of temporal dependence of the substrate–matrix
interaction. In this case, we expect each litter type would
decompose most rapidly when introduced after (not during)
the peak litter input because decomposer populations will
have been given time to build-up on an abundant substrate.
This may be a common scenario in many Mediterranean and
other ecosystems where species vary dramatically in their leaf
phenologies, and evergreen leaves are often of poorer quality
than deciduous leaves (Klemmedson 1992; Aerts 1995;
Chapman, Schweitzer & Whitham 2006). While the phenol-
ogy–substrate-match hypothesis is a type of substrate–matrix
interaction, for simplicity, we refer to the SMI hypothesis
below with reference to geographic differences in matrix,
while we refer to the phenology–substrate-match hypothesis
with reference to seasonal differences in matrix.

EXPERIMENTAL TESTS OF THE SMI HYPOTHESIS AND

THE PHENOLOGY–SUBSTRATE-MATCH HYPOTHESIS

We tested the phenology–substrate-match hypothesis and SMI
hypothesis by measuring litter decomposition of Quercus
wislizeni (vernal evergreen) and Q. douglasii (deciduous) at a
site where these species co-occur in close proximity. In this
system, peak litterfall of Q. douglasii occurs in autumn, and
the litter layer is dominated by partially decomposed
Q. douglasii litter through early spring (Fig. 1). Peak litterfall
of Q. wislizeni occurs in spring, and the litter layer is domi-
nated by Q. wislizeni litter through early autumn (Fig. 1). We
initiated decomposition of each litter in the autumn and spring
under the canopies of Q. douglasii and Q. wislizeni. We use
this factorial design to address four research questions: (i)
Does the season of initiation of decomposition affect the
overall rate of decomposition? (ii) Are there inherent differ-
ences in the rate of decomposition of each substrate indepen-
dent of phenology? (iii) Is the rate of decomposition of each
substrate accelerated when decomposition is initiated at a time
when the litter layer is dominated by its own partially decom-
posed litter (phenology–substrate interaction hypothesis)? (iv)
Is the rate of decomposition of each substrate accelerated
when decomposition takes place at a home site, that is, under
the canopy of a conspecific (SMI/HFA hypothesis).
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Materials and methods

STUDY SITE AND CLIMATE

We conducted our study at Quail Ridge Biological Reserve (UTM
Zone: 10; Easting: 574326; Northing: 4260037) near Winters, Califor-
nia. Our study site was a mixed oak forest, whose overstorey was
dominated by the white oak Quercus douglasii and the red oak
Q. wislizeni. Both species are native to the west coast of North Amer-
ica where they are restricted to low- to mid-elevation ecosystems
where they can co-occur or respectively dominate the overstorey.
Q. douglasii senesces and drops most of its leaves in autumn, and its
litter dominates the litter layer until the following spring (Fig. 1).
Quercus wislizeni, like many evergreen oaks (Pearse & Karban
2013), drops most of its leaves in early spring, as the new flush of
leaves is developing, and its litter dominates the litter layer until the
following autumn (Fig. 1). This type of vernal evergreen litterfall is
distinct from continuous leaf senescence in other Mediterranean oaks
(e.g. Q. ilex) or tropical plants where senescence is more evenly dis-
tributed over the year (e.g. Aide 1993). Ground cover and understorey
plants at our study site are characterized by the woody shrubs manza-
nita (Arctostaphylos sp.) and poison oak (Toxicodendron diversilo-
bum), non-native grasses and mixed-species litter. Grass cover was
greater under deciduous Q. douglasii canopies (microsites), and shrub
cover was greater under Q. wislizeni canopies.

We used publicly accessible daily weather information collected
two kilometres from our study site to estimate daily actual evapo-
transpiration (AET) for the duration of the study (NOAA Markeley
Cove station). AET was estimated for a 5-year span including the
3 years prior to deployment of our litter bags. We calculated potential
evapotranspiration with the Penman–Monteith equation and modified
the Thornthwaite water-balance AET model according to Pastor &
Post (1984). Soil field capacity was parameterized to 13.97 cm3 in
accordance with characteristics of the Bressa–Dibble complex soils
that dominate our study site. We report the cumulative precipitation
and AET throughout our two experimental time periods.

FIELD METHODOLOGY AND EXPERIMENTAL DESIGN

In spring 2010, we collected recently senesced Q. wislizeni litter from
our study site. These leaves were air-dried to a constant mass and
then stored at room temperature until the following autumn. In the
following autumn (2010), this procedure was repeated for Q. dougl-
asii litter. We filled 20 9 20 cm litter bags made of 1-mm2 plastic

mesh with either 3 g of Q. douglasii (n = 120) or Q. wislizeni
(n = 120) litter. Subsamples of initial litter (three 3-g samples per
species) were dried at 60 °C to a constant mass (~48 h) to correct for
initial moisture content (5.3% and 4.8% for Q. douglasii and Q. wis-
lizeni respectively). Initial litter chemistry was assayed on 5 L sam-
ples of each species. We assessed lignin content (ash-free ADF) using
a concentrated sulphuric acid extraction of acid detergent fibre and
total carbon and nitrogen with a LECO� TruSpec CN Analyzer
(LECO, St. Joseph, Michigan, USA). All chemical analyses were con-
ducted by the UC Davis Analytical Laboratory.

We designed a three-way, full factorial experiment to test the inter-
active effects of litter species (Q. douglasii or Q. wislizeni), time of
initiation of decomposition (either autumn or spring) and microsite
(under the canopy of either Q. douglasii or Q. wislizeni) on rates of
litter decomposition. We identified sites under 20 individual trees
located at least 10 m apart and within a 100 m of all other trees, 10
Q. douglasii and 10 Q. wislizeni (microsite); trees were selected such
that litterbags could be deployed under the canopy of an individual
species. In December 2010, we deployed three litter bags of each oak
species under each tree. In April 2011, we deployed another three litter
bags of each oak species under the same trees. The bags were
retrieved according to the following schedule: fall-deployed bags were
collected in April 2011, June 2011 and November 2011; spring-
deployed bags were collected in June 2011, November 2011 and April
2012. At each collection, we manually sorted contaminant material
from litter and dried the sorted litter at 60 °C to a constant mass
(within 48 h) to determine mass loss by decomposition.

DATA ANALYSIS

Decomposition constants, k, were calculated according to Adair,
Hobbie & Hobbie (2010): ln[X(t)] = ln[X(0)] –kt = 0�kt, where X
(t) is the proportion of mass remaining at time t (days) given the
initial mass, and X(0) is the proportion remaining at t = 0 (X
(0) = 1). This formulation of exponential litter decay reduces bias
in estimates of k when fit with nonlinear regression procedures
(Adair, Hobbie & Hobbie 2010). We analysed variation in k con-
verted to annual values with a mixed model parameterized with site
(tree) as a random factor and season of initiation (spring/fall), litter
species (Q. douglasii or Q. wislizeni) and microsite (under
Q. douglasii or Q. wislizeni) as fixed factors. We analysed this
three-way factorial design in order to distinguish between main
effects of species, phenology of litterfall and microsite, as well as
interactive effects that correspond to the phenology–substrate-match
hypothesis and the SMI/HFA hypothesis. Specifically, significant
season 9 species interactions are indicative of phenology–substrate-
match while significant microsite 9 litter interactions with more
rapid decomposition under a respective species canopy were consid-
ered evidence of SMI/HFA effects. Our initial model included all
possible interactions between fixed effects. We removed the three-
way interaction from the final model because it was not significant
and did not correspond to a specific initial hypothesis. This did not
qualitatively affect any of the model results. Because the two inter-
mediate sampling periods were unevenly spaced between phenologi-
cal treatments, we conducted an initial analysis using only the final
sampling period (mass lost after 12 months) as a response. Results
of this analysis were qualitatively identical to analyses of k values,
and therefore, we report k values based on the entire data set
throughout the manuscript. For each model, assumptions of normal
error distribution and homoscedastic variance were evaluated with a
goodness-of-fit of the residuals to a normal error distribution and
visual examination of heteroscedasticity; data transformations were

Fig. 1. Leaf and litter phenology in a Californian mixed oak forest.
Leaves from deciduous oaks such as Quercus douglasii senesce and
drop in autumn and begin to decompose in the litter layer over the
following winter. Leaves from evergreen oaks such as Quercus wisliz-
eni drop (mostly) in early spring and form the litter layer over the
following spring and summer.
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not necessary to meet these assumptions. The coefficient of determi-
nation (r2) of each factor was calculated by a comparison of log-
likelihood values between models differing only in the presence of
that factor (Kramer 2005). Effect sizes were calculated by compar-
ing least-square means of treatments. All graphs display actual val-
ues as opposed to least-square estimates. All statistics were
calculated in R using package nlme (R Core Development Team
2008; Pinheiro et al. 2009).

Results

OVERALL SPECIES DIFFERENCES

Initial litter chemistry differed significantly between our two
oak species. Quercus wislizeni litter (vernal evergreen) had a
lower nitrogen concentration, higher C:N ratio and higher lig-
nin concentration relative to Q. douglasii (deciduous;
Table 1). Lignin:N ratios were also lower in Q. douglasii rel-
ative to Q. wislizeni. As a whole, these foliar chemistry data
are consistent with studies in closely related Quercus species
(Pearse 2011; Pearse & Hipp 2012). Following lignin-based
models of decomposition, the results suggest that Q. wislizeni
litter is likely of lower chemical quality in regards to decom-
posability than Q. douglasii litter (e.g. Meentemeyer 1978;
Aerts 1997). However, in contrast to our initial expectations,
the species factor in our mixed model was not a significant
source of variation in rates of decomposition (F1,55 = 0.01,
P = 0.91, Table 2). Without regard to the season in which lit-
ter decomposition was initiated, Q. douglasii and Q. wislizeni
decomposition was not significantly different despite signifi-
cant differences in initial litter chemistry.

PHENOLOGICAL TRENDS

We observed twofold greater decomposition rates (k) when
litter was distributed in the fall compared to litter distributed

in the spring (Fig. 2; Table 2). Fall-initiated decomposition
resulted in greater overall amounts and rates of mass loss rel-
ative to spring-initiated decomposition for both species. These
patterns occurred despite equal temporal duration of decom-
position and the same seasonal environments, but with a dif-
ferent order of seasons over a full year (Table 2 and Fig. 3).
Fall-initiated decomposition began rapidly over the peak per-
iod of precipitation during the winter season, slowed during
low-precipitation spring and slowed to an even greater degree
during the summer drought typical of a Mediterranean climate
(Figs 2 and 3). In contrast, spring-initiated decomposition
began slowly and remained constant even during the wet win-
ter months at the end of the season (Fig. 2).
The climate at the site was typical of Mediterranean habi-

tats (Fig. 3). Precipitation and actual evapotranspiration
(AET), two important climatic factors that drive rates of
decomposition (Meentemeyer 1978; Berg et al. 1993; Aerts
1997; Yahdjian, Sala & Austin 2006), were both low in the
summer and autumn months and were higher in winter and
spring (Fig. 3). Differences between rates of rainfall between
winter 2011 and winter 2012 resulted in lower cumulative
precipitation for litter deployed in spring 2011 compared to
litter deployed in autumn 2010. However, estimates of overall
cumulative AET were similar for both treatments (Fig. 3).

PHENOLOGY–SUBSTRATE INTERACTIONS

(PHENOLOGY–SUBSTRATE-MATCH HYPOTHESIS)

We tested whether the decomposition rate for a particular spe-
cies of litter was higher when decomposition was initiated at
a time of year when the litter layer, not necessarily litterfall,
is dominated by the respective species’ litter (i.e. the phenol-

Table 1. Initial litter chemistry of Quercus douglasii, a deciduous
oak, and Quercus wislizeni, a co-occurring evergreen oak (n = 5)

Species
Leaf
phenology N (%) C:N Lignin (%)

Q. douglasii Deciduous 0.866 � 0.36 51.2 � 1.9 9.38 � 0.97
Q. wislizeni Evergreen 0.721 � 0.019 65.5 � 1.5 11.84 � 0.34

P <0.001 <0.001 <0.001

Table 2. GLM results describing the interactive effects of season, lit-
ter species and microsite (canopy) on leaf litter decomposition
(decomposition constant – k). Tree was included in the model as a
random effect

Factor d.f. F-value r2 P

Microsite 1,18 0.521 0.01 0.479
Species 1,55 0.014 0.00 0.908
Season 1,55 651.021 0.82 <0.0001
Species*Season 1,55 48.698 0.38 <0.0001
Species*Microsite 1,55 6.279 0.08 0.015
Season*Microsite 1,55 8.281 0.10 0.006

Fig. 2. Proportion of mass lost from evergreen (Quercus wislizeni –
solid squares) and deciduous (Quercus douglasii – empty circles) oak
leaves over time. A set of litter bags for each species was distributed
during spring (solid lines) and fall (dashed lines) into the litter of a
mixed oak woodland. Data are means (n = 20) with one standard error.
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ogy–substrate-match hypothesis). In support of the phenol-
ogy–substrate-match hypothesis, we found that the rate of
decomposition was accelerated when litter was distributed
several months following peak litterfall as compared to when
litter was distributed at the time of peak litterfall
(F1,55 = 48.70, P < 0.0001, Fig. 4). Specifically, Q. douglasii
litter decomposed faster than Q. wislizeni litter when decom-
position was initiated in the spring (F1,18 = 24.99,
P = 0.0001), when the litter layer was dominated by partially
decomposed Q. douglasii leaves (Fig. 2). Quercus wislizeni
litter decomposed faster than Q. douglasii litter, when decom-
position was initiated in the fall (F1,18 = 37.15, P < 0.0001;
Figs 2 and 4), when the litter layer was dominated by par-
tially decomposed Q. wislizeni leaves.

INTERACTIONS WITH MICROSITE (SMI HYPOTHESIS)

The overall rate of decomposition did not vary between micro-
sites, that is, whether litterbags were placed under Q. douglasii
or Q. wislizeni (Table 2). However, in support of the SMI
hypothesis, we found that there was an effect of microsite that
depended on the species identity of the substrate (Table 2,
Fig. 5). Specifically, Quercus douglasii litter decomposed 7%
faster when it was under its own canopy than when it was under
the canopy of Q. wislizeni (F1,18 = 3.61, P = 0.07). Quercus
wislizeni decomposed at a similar rate under its own canopy as
when under the canopy of Q. douglasii (F1,18 = 1.07, P = 0.32).
We also found that the effect of microsite depended on the sea-
son of initiation of litter decomposition (F1,55 = 8.28,
P = 0.006, Table 2). Specifically, for both species, litter decom-
position that was initiated in the spring progressed 10% faster,
when that litter was underneath the canopy of Q. douglasii,
whose leaves dominate the spring litter layer (F1,18 = 10.05,

P = 0.005). In contrast, microsite did not affect decomposition
of litter distributed in autumn (F1,18 = 0.68, P = 0.42).

Discussion

SUPPORT FOR THE PHENOLOGY–SUBSTRATE-MATCH

HYPOTHESIS

We found strong support for the phenology–substrate-match
hypothesis in a Mediterranean mixed evergreen–deciduous
oak woodland. The phenology–substrate-match hypothesis is
an extension of the matrix quality–substrate quality (SMI)
hypothesis (Freschet, Aerts & Cornelissen 2012), and it pre-
dicts that rates of decomposition reflect phenological dynam-
ics of both decomposer communities and periods of peak
litterfall. Specifically, it predicts that there will be a substrate–

Fig. 3. Cumulative actual evapotranspiration (AET) and precipitation
during autumn and spring distributed litter bags. Incubation periods
overlapped during the last 8 months of autumn and the first 8 months
of spring are identical, thus data from this time period are identical.

Fig. 4. Box–whisker plots of phenological effects on exponential
decomposition constants (k) for blue oak and interior live oak senes-
cent litter. Litter bags were distributed during the fall and spring for
each species. The thick line represents the median (n = 20) value.

Fig. 5. Box–whisker plots of least-square means of the effect of
microsite on litter decomposition of fall-deciduous Quercus douglasii
and vernal evergreen Quercus wislizeni. Least-squares means were
calculated with our mixed model integrating seasonal, species and
microsite effects (Table 2). The thick line represents the median
(n = 20) value.
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matrix interaction between litter and seasonal soil microbial
or faunal decomposer communities, where the optimal condi-
tions for decomposition occur after the peak litterfall of a par-
ticular species. These types of interactions may be common
in plant communities where co-occurring species reach peak
litterfall at times of year that are also marked by substantially
different climate, such as the Mediterranean conditions of our
study site. In our field test of this hypothesis, seasonal effects
were sufficient to overwhelm differences in litter quality
(Fig. 2), typically a principal driver of decomposition rates
across species (Meentemeyer 1978; c.f. Cobb 2010; Freschet,
Aerts & Cornelissen 2012). In both fall and in spring, the lit-
ter that decomposed the fastest was from the oak species that
senesced several months prior to the initiation of the decom-
position experiment (Fig. 2). Based on litter chemistry alone,
decomposition rates of Q. douglasii should have been more
rapid than Q. wislizeni (Table 1; Meentemeyer 1978), but
phenological differences had greater effects than variation in
litter chemistry.
Our experimental support for the phenology–substrate-

match hypothesis was consistent with trends observed in other
studies (Criquet et al. 2000; Steffen et al. 2007; Strickland
et al. 2009; Keiser et al. 2011) although ours, and many
others, did not quantify our hypothesized mechanistic driver of
a shifting decomposer community. In general, the decomposi-
tion of evergreen and deciduous leaves differs across many
ecosystems, likely due to differences in chemical composition
of these litters (Schlesinger & Hasey 1981; Aerts 1995). While
decomposer communities of evergreen and deciduous species
are poorly described, some specialization of decomposer com-
munities to each litter type is likely. In our case, the decom-
poser communities of Q. douglasii and Q. wislizeni litter are
poorly known. More generally, many specialist taxa are
known to be important components of decomposer communi-
ties in oak savannas; saprophytic fungi in the genus Marasmi-
us are highly species-specific in their litter preference and
decomposition efficiency, and they are some of the first fungal
colonists of oak leaves (Steffen et al. 2007). A range of other
endophytic fungi have been shown to be effective in decom-
posing soluble and structural leaf compounds (Koide, Osono
& Takeda 2005; Osono 2006), and the host range of these
organisms includes many apparently host-specific ascomycetes
(Arnold & Lutzoni 2007), suggesting that effects caused by
phenology–substrate-matches may occur in many ecosystems.
Fungal phenology and enzymatic activity are strongly linked
with climate (Kauserud et al. 2012) and seasonal dynamics
(Criquet et al. 2000), suggesting that seasonal changes in
fungal colonization and enzymatic activity may be important
drivers of decomposition rates within ecosystems.
One of the most striking features of our study was that the

relative differences in decomposition rates between
Q. wislizenii and Q. douglasii were maintained after
12 months of incubation for both seasons (Fig. 2). This pat-
tern is suggestive of seasonal differences in assembly history
of the decomposer community, and assembly history has been
shown to influence rates of wood decomposition when antag-
onistic fungi are the first colonizers (Fukami et al. 2010). The

next step in demonstrating the phenology–substrate-match
hypothesis will be to show that species-specific decomposer
communities change over the season, increase following peak
litter fall and that mechanistic factors such as specific enzy-
matic activities are associated with seasonal variation in
decomposition rates among species. Questions of decomposer
community structure and function are becoming increasingly
tractable with modern molecular techniques (Zak, Blackwood
& Waldrop 2006), and recent studies of mixed litter decom-
position have demonstrated sensitivity of microbial communi-
ties to the diversity and identity of litter types in mixture
(Chapman & Newman 2010; Chapman et al. 2013). While
our proposed mechanistic link between litterfall phenology
and seasonality of decomposer communities requires further
evaluation, the phenology–substrate-match hypothesis implies
that integrating the temporal dynamics of litterfall may be
necessary to understand the non-additive interactions
addressed in field studies of mixed litter decomposition
(Chapman & Newman 2010; Cobb 2010; Chapman et al.
2013). Most studies of mixed litter decomposition have
focused on species with approximately synchronous patterns
of litterfall or implicitly assume that phenological differences
among species are not important. However, ecosystems domi-
nated by species with pronounced phenological differences in
litterfall are certain to produce litter mixes of different species
at different levels of decomposition.
In what situations is the phenology–substrate-match hypothe-

sis likely to be an important driver of decomposition rates?
The phenology–substrate-match hypothesis requires variable lit-
ter qualities, litter phenologies and interannual climate that
would favour season-specific optimization of the decomposer
communities. Each of these requirements is met in many Medi-
terranean habitats where temperature generally does not limit
decomposition (Hart, Firestone & Paul 1992; Garcia-Pausas,
Casals & Romanya 2004), and overstorey species with vernal,
autumnal or continuous patterns of leaf senescence can occur
in close proximity (Dallman 1998; Allen-Diaz, Standiford &
Jackson 2007). In particular, vernal evergreen species often co-
occur with fall-deciduous and drought-deciduous species in
Mediterranean climates (Allen-Diaz, Standiford & Jackson
2007). Seasonal lags in optimal decomposition rates may also
occur in tropical habitats with even greater diversity of oversto-
rey species and patterns of leaf senescence. In temperate decid-
uous forests characterized by a pulse fall leaf drop, some
species such as Aesculus glabra drop their leaves months
before peak autumn leaf drop (Augspurger, Cheeseman & Salk
2005), while other ‘marcescent’ species such as Fagus sylvati-
ca retain a substantial proportion of dead leaves in the canopy
until the following spring (Otto & Nilsson 1981). One expecta-
tion of the phenology–substrate-match hypothesis, as well as
the SMI hypothesis, is that natural mismatches between litter
type and decomposer communities should not occur in forests
with one dominant litter type. Regardless of biome or ecosys-
tem type, our hypothesis predicts that decomposition rates
could be slower when two species with phenologically sepa-
rated decomposers co-occur compared to stands where any one
species dominates the litterfall.

© 2013 The Authors. Journal of Ecology © 2013 British Ecological Society, Journal of Ecology, 102, 28–35

Decomposition rates of oak leaves 33



EFFECTS OF PHENOLOGY ON ALL DECOMPOSING

SUBSTRATES

The season in which decomposition was initiated had a large
effect on the decomposition rates of all substrates at our site
(Fig. 2 and Table 2). Both precipitation and AET varied consid-
erably between seasons at our site (Fig. 3), and each set of litter
bags experienced these seasons in a different order. There are two
potential explanations, then, for accelerated rates of fall-initiated
decomposition. First, differences in aspects of climate that limit
the rate of decomposition varied between the seasonal treatments.
We found support for this in precipitation, which affects decom-
position in arid climates (Yahdjian, Sala & Austin 2006), and
was greater in the fall-initiated treatment, due to a wet 2011
winter (Fig. 3). Secondly, the order of climatic events could
affect the decomposition of litter due to climate having different
effects on early vs. late decomposition processes. While our study
cannot address this hypothesis, it has received little support from
experiments investigating the effects of timing of climatic events
on litter decomposition in other systems (O’Neill et al. 2003).

SMI AND HFA HYPOTHESES OVER MICROSITES

We found a small, but significant substrate-matrix interaction
that was consistent with the home–field advantage (HFA) and
substrate–matrix interaction (SMI) hypotheses (Gholz et al.
2000; Freschet, Aerts & Cornelissen 2012) in that Q. dougl-
asii and Q. wislizeni leaves decomposed faster under the can-
opy of a conspecific than under the canopy of the other
species (Fig. 5). The HFA hypothesis received mixed support
from studies that dealt with either litter of very different qual-
ity or in very different or geographically separate decomposi-
tion environments (Gholz et al. 2000; Ayres et al. 2009;
Makkonen et al. 2012). The HFA received little support from
studies that dealt with similar litters at nearby sites (Ayres,
Dromph & Bardgett 2006; Freschet, Aerts & Cornelissen
2012). In our study, we found marginal support for an HFA,
despite a close spatial proximity and taxonomic similarity of
litter sources. However, differences in decomposition rates,
due to phenology of deployment and due to phenology–sub-
strate interactions, were far greater than the effects expected
by the HFA hypothesis (Fig. 4). We suggest that seasonal
specificity in litter decomposition rates may reflect a more
general substrate-matrix match at a local scale than spatial
specificity in litter decomposition because the seasonal
changes are consistent. In contrast, microsite specificity may
be swamped by transport of litter from another location or
obscured by non-additive interactions of mixed-species litter
decomposition (e.g. Cobb 2010; Chapman et al. 2013). In
addition, there was a potential relationship between these two
hypotheses, as the importance of microsite on decomposition
rates varied marginally with season (Table 2).

Conclusion

Our study suggests climate-driven phenological changes could
have a significant impact on litter decomposition in addition

to the direct impacts of altered climate. Globally, plant phe-
nology is rapidly changing, mostly towards earlier leaf-out
and later leaf-drop dates (Gordo & Sanz 2009; Polgar & Pri-
mack 2011). Likewise, in Europe, the fruiting phenology of
fungal decomposers has shifted towards later dates over the
past 30 years (Kauserud et al. 2012). This suggests that phe-
nological ‘match’ between fungal community and type of lit-
ter input has the potential to shift with a changing climate.
However, our study suggests that this shift could be either in
the direction of increased or decreased decomposition rates,
as the optimal decomposition environment is lagged relative
to the period of peak litterfall (Fig. 2).
We showed that the phenological match between litter fall

and the soil matrix affects decomposition rates. There is a broad
consensus that to understand decomposition at a fine scale a bet-
ter understanding of litter quality and decomposer community
interactions are needed (Prescott 2002; Fukami et al. 2010;
Freschet, Aerts & Cornelissen 2012). Our study suggests that it
is also necessary to explore both the phenology of litter drop
and the phenology of decomposer communities. Such pheno-
logical dynamics and influences are likely to be of greater
importance when several dominant plant species have very dif-
ferent timing of leaf senescence, but occur in close enough
proximity that underlying soil decomposer communities and
substrates are influenced by multiple species. These types of
interactions may be common in Mediterranean-type environ-
ments with autumnal, vernal and drought-deciduous species.
However, many other ecosystems are notable for distinct wet or
dry seasons and corresponding differences in leaf senescence
that could lead to seasonal effects.
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