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Summary

1. Plant litter is a key component in terrestrial ecosystems. It plays a major role in nutrient cycles
and community organization. Land use and climate change may change the accumulation of litter in
herbaceous ecosystems and affect plant community dynamics. Additionally, the transfer of seeds
containing plant material (i.e. litter) is a widespread technique in grassland restoration.
2. Ecosystem responses to litter represent the outcome of interactions, whose sign and strength will
depend on many variables (e.g. litter amount, seed size). A previous meta-analysis (from 1999)
reported that litter had an overall negative effect on seed germination and seedling establishment in
different ecosystems. However, recent studies indicated that this might not be the case in grassland
ecosystems.
3. We used 914 data from 46 independent studies to analyse the effects of litter on seedling (i)
emergence, (ii) survival and (iii) biomass, employing meta-analytical techniques. Each data set was
stratified according to methodology, grassland type, irrigation conditions, litter amount and seed
size.
4. We found an overall neutral effect of litter presence on seedling emergence and survival and a
positive effect on seedling biomass. However, whereas for field experiments the response remained
neutral, it was positive for common garden studies. In glasshouse experiments, litter effects were
negative for emergence and positive for biomass.
5. Litter may have a positive effect on seedling recruitment in dry grasslands or under water-limited
conditions, or in the presence of low to medium litter amounts (< 500 g m�2). However, high litter
amounts (> 500 g m�2) will inhibit seedling recruitment. Large seeds showed a more positive
response to litter presence with respect to seedling emergence and survival, but not concerning
biomass.
6. Synthesis. Under dry conditions (e.g. dry grasslands or dry periods) or with low to medium litter
amounts, litter presence has a positive effect on seedling establishment. However, climate and land
use change may promote litter accumulation and reduce seedling establishment, affecting grasslands
composition and ecosystem functions.

Key-words: after-death interactions, facilitation, grassland restoration, Hedges’ d, plant recruit-
ment, plant–plant interactions, seedling biomass, seedling emergence, seedling survival, stress-
gradient hypothesis

Introduction

Grasslands are areas dominated by herbaceous vegetation with
little or no tree cover. While natural grasslands occur in
regions where climatic or soil conditions, or a combination of
both, prevent tree growth, semi-natural grasslands are main-
tained by continuous anthropogenic use (Veen et al. 2009).

Both types are among the most common and largest ecosys-
tems in the world, with an estimated area of 52.5 million
square kilometres (Suttie, Reynolds & Batello 2005). They
also support plant communities of high diversity and conser-
vation value (Hansson & Fogelfors 2000; Critchley, Burke &
Stevens 2004; Hodgson et al. 2005). Land use changes (i.e.
the lack of regular mowing or grazing after abandonment,
Moog et al. 2002; Qu�etier et al. 2007; Galv�anek & Lep�s
2012) but also climate change (i.e. increasing biomass pro-
duction, Parton et al. 1995; Owensby et al. 1999; Díaz et al.
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2007) may result in the accumulation of litter (i.e. dead plant
tissues) especially in grassland ecosystems (Parry et al.
2007). This in turn may hamper recruitment and affect the
structure, diversity and dynamics of plant communities
(Fowler 1986; Bergelson 1990; Facelli & Pickett 1991a;
�Spa�ckov�a & Lep�s 2004; Sayer 2006; Rasran, Vogt & Jensen
2007; Ruprecht et al. 2010a; Eckstein et al. 2011). Analo-
gously, these effects of litter are of interest for the restoration
of grassland communities through the transfer of plant mate-
rial (Donath et al. 2007; Kiehl et al. 2010; T€or€ok et al. 2010;
Schmiede, Otte & Donath 2012).
Plant litter supplies large amounts of substrate for decom-

position (Ajtay, Ketner & Duvigneaud 1979; Aber & Melillo
1991) and thus plays an important role in biogeochemical
nutrient cycles (Aerts & Chapin 1999). Litter decomposition
may influence ecosystem productivity and community compo-
sition (Aerts & Chapin 1999; Quested et al. 2005). However,
the accumulation of a litter layer may also have important
effects on vegetation (Facelli & Pickett 1991a). These after-
death interactions of vegetation may carry over from one
generation to the next (Bergelson 1990; Facelli & Facelli
1993), indicating the role of litter as a temporal (i.e. the effect
of litter on recruitment of future cohorts) and a spatial (i.e. the
effect of heterogeneous accumulation of litter) factor in com-
munity organization (Facelli & Facelli 1993).
Litter acts through different mechanisms. It can act as a

mechanical barrier to seedling emergence, interfering with
seedling development and growth (Facelli & Pickett 1991b;
Donath & Eckstein 2008; Ruprecht & Szabo 2012) or change
physical conditions such as soil temperature and moisture
regime and light quantity and quality (Holmgren, Scheffer &
Huston 1997). Litter can also release allelochemicals (Bosy &
Reader 1995; Ruprecht et al. 2008, 2010b), which may be
toxic or act through reduction in the soil water potential
(Barritt & Facelli 2001; Ruprecht et al. 2008), diminishing
seed germination.
In a meta-analysis concerning the effect of litter on seed

germination and seedling establishment in different ecosys-
tems, Xiong & Nilsson (1999) reported an overall negative
effect of litter. However, in grasslands and with grass litter,
the effects ranged from strongly negative to slightly positive.
Similarly, recent studies showed that litter may also exert
facilitative effects on germination and survival (Quested &
Eriksson 2006; Donath & Eckstein 2008). Litter has been
reported as the primary factor controlling species richness
and evenness in a dry fescue grassland (Lamb 2008), and
Hovstad & Ohlson (2008) showed that litter effects are also
species- and habitat-specific.
The effect of litter depends on environmental conditions.

Its effect may vary across gradients of physical stress
(Bertness & Callaway 1994) and, as proposed by the stress-
gradient hypothesis (SGH), will be more important under
extreme environmental conditions (Maestre et al. 2009). The
SGH predicts that facilitative effects are more frequent and
more intense under high-stress conditions (Brooker et al.
2005; Lortie & Callaway 2006), whereas competitive interac-
tions prevail under favourable environmental conditions. In

dry environments, or during droughts, the presence of a litter
layer may maintain soil moisture, reduce the intensity of des-
iccation (Fowler 1986; Boeken & Orenstein 2001) and thus
facilitate seedling establishment. This may change the struc-
ture and dynamics of plant communities due to differential
species-specific recruitment during these periods (Facelli &
Pickett 1991a).
However, effects of litter also depend on litter amount

(Gross 1984; Wilsey & Polley 2003). Moderate litter
amounts may support vegetation development by improving
microsite conditions, that is, attenuating extremes in moisture
and temperature (Fowler 1986; Jensen & Gutekunst 2003;
Eckstein & Donath 2005; Deutsch, Bork & Willms 2010;
Eckstein et al. 2012), and thus facilitating the performance
of living vegetation (Brooker et al. 2008). However, facilita-
tive effects are reduced, or even cease, when litter amounts
are too high (Goldberg & Werner 1983; Tilman 1993;
Foster & Gross 1997, 1998; Wardle, Bonner & Nicholson
1997; Xiong & Nilsson 1999). A thick litter layer may
reduce light quantity and quality to conditions representing
deep shade or darkness (Jensen & Gutekunst 2003; Eckstein
& Donath 2005). Additionally, it can also prevent seeds
from reaching the soil (Rotundo & Aguiar 2005; Donath &
Eckstein 2010) and may create an impenetrable physical
barrier for seedlings (Facelli & Pickett 1991b). However,
during dry periods, the presence of a thicker litter layer may
have more positive effects than that of a thinner litter layer
(Eckstein & Donath 2005; Ruprecht et al. 2010b) by reduc-
ing air temperatures and creating a barrier to water diffusion
(Facelli & Pickett 1991a).
Plant species responses to litter depend on seed traits

(Fenner & Thompson 2005). Seedling performance is related
to seed size (Leishman et al. 2000; Moles et al. 2006), which
in turn influences seeds’ mobility (Bekker et al. 1998; Burme-
ier et al. 2010; Donath & Eckstein 2010). Large seeds are
caught more persistently within a litter cover, while small-
seeded species can percolate through it (Donath & Eckstein
2010) and may potentially be incorporated in the permanent
seed bank (Funes et al. 1999; Schmiede, Donath & Otte
2009). Additionally, large-seeded species are more likely to
germinate and establish from beneath a dense litter layer and
rapidly escape low-light conditions (Everham, Myster & Van
De Genachte 1996; K�renov�a & Lep�s 1996). This suggests
that large-seeded species may better cope with a thicker litter
layer.
The large amount of information gathered in recent years

made it necessary to summarize these findings, with the aim
to identify general global patterns in the response of grassland
vegetation to the presence of litter. A deeper understanding of
litter effects on the structure of grassland communities is
crucial to predict possible consequences of land use change
and climate change on plant diversity and composition in
these ecosystems. Additionally, studying the effects of
litter presence in grasslands and possible factors affecting
their response will allow decision making for a correct
management of these areas and also their biodiversity conser-
vation and restoration.
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In this work, we present the results of a meta-analysis test-
ing the response of grassland plant species to litter accumula-
tion. Three main questions were addressed:

1 Are there general patterns in the response of seedling (i) emer-

gence, (ii) growth and (iii) survival of species to the presence of

litter under different moisture conditions (i.e. different grassland

types, different irrigation levels)?

2 Is there a tipping point with respect to the amount of litter where

the sign of the litter effect changes?

3 Does the effect of litter vary in relation to seed size?

Materials and methods

DATA BASE AND SUITAB IL ITY CRITERIA

We focused on published studies in grassland ecosystems or on grass-
land species, which explicitly manipulated litter cover and assessed
the response of at least one of the following variables: seedling emer-
gence, seedling survival or seedling above-ground biomass (hereafter
denoted as emergence, survival and biomass). The available literature
was screened using a search (search terms: ‘plant litter’ AND ‘seed*’
AND ‘grassland’) in the data base ISI Web of Science (© Thomson
Reuters) for the period 1945–2012 (last search date: 01/08/2012).
Additional studies were found using the reference lists of the sampled
studies and in a previous meta-analysis on litter effects (Xiong &
Nilsson 1999).

This primary search resulted in 387 papers. After carefully scan-
ning through abstract, methods, figures and tables to decide whether
these provided useful information, a total of 73 studies were retained.
These were carefully read and selected for the present meta-analysis
if they fulfilled the following criteria:

1 Plant litter was manipulated in herbaceous communities or under

controlled conditions.

2 The response as compared to a control treatment without litter was

reported in terms of at least one of the following stages of recruit-

ment: (i) seedling emergence, (ii) seedling survival or (iii) seedling

biomass.

Suitable studies should include mean values with some measure of
dispersion and sample size, or include the raw data from which these
could be calculated. In cases where not all information was available
(e.g. lack of measure of dispersion), we contacted the authors of
papers published within the last 15 years (i.e. from 1997 onwards)
and asked for missing information or raw data. The same was done
to gather additional information on covariates (see below). Studies
that used artificial litter or simulated its presence through applying lit-
ter leachates or shade cloth were not included. As only one paper
was conducted in germination chambers, it was discarded. If repeated
measures over time were taken within a study, only a single measure-
ment was included into the meta-analysis to assure independence of
data (Gurevitch & Hedges 2001). In these cases, we used cumulated
emergence or survival when available. Otherwise, the longer available
period since the beginning of the study was used. If more than one
publication presented results from the same experiment, the most
recent paper was considered. For seedling survival and biomass, we
also included data from seedlings transplants (i.e. individuals with 3–
5 developed leaf). Finally, data from 46 studies were included into
the present meta-analysis (see Appendix S1 in Supporting Information
for details).

When available, we included multiple results from the same study.
Although this may reduce overall heterogeneity, on the other hand
exclusion of multiple results may underestimate effect size (Gurevitch
& Hedges 1999). In cases where several species or litter types were
used, or where the same experiment was carried out in different field
sites, we treated these as separated data points. Likewise, when the
litter manipulation was crossed with other treatments (e.g. irrigation
levels, litter amount), each combination was treated as a separate data
point. We included data where the only difference between control
and treatment is the manipulation of litter. Several of these control vs.
treatment comparisons shared the same control, which might increase
data interdependence. However, not including this information may
lead to a loss of information that would lead to more serious distor-
tions of the effect size results (Gurevitch et al. 1992). A total of 914
data points were gathered: 66% on emergence, 8% on survival and
26% on biomass response.

In cases where data were only reported in graphical form, we used
the software IMAGEJ (Abramoff, Magalhaes & Ram 2004) to extract
the necessary information. To test the accuracy of the program, we
performed a regression analysis between raw data from two of our
own published papers (Donath & Eckstein 2008, 2010) and data
extracted from these papers through IMAGEJ. A regression slope of
1.0013 (R2 = 0.9999) demonstrates that extracting some data from
graphs using IMAGEJ is a valid and accurate approach.

META-ANALYSIS PROCEDURE

We used Hedges’ d (Rosenberg, Adams & Gurevitch 2000) as a mea-
sure of effect size. This index is calculated as the difference between
means of treatment and control group, divided by the pooled standard
deviation (SD) of the means and corrected for small sample size. If
standard errors were reported, these were transformed to SDs. We
considered samples without litter as control and samples with litter as
treatment. Therefore, negative values of Hedges’ d denote a negative
effect of litter, whereas positive values indicate a positive effect. Coe
(2002) pointed out that Hedges’ g index, closely similar to Hedges’ d
used here (Rosenberg, Adams & Gurevitch 2000), is equivalent to a
Z-score of a standard normal distribution. According to this work, an
effect size of 2.5 corresponds to a probability of < 5% that a score
sampled at random from the treatment group will be smaller than a
score sampled from the control group (i.e. control and treatment are
statistically different). Hedges’ d was chosen to be able to compare
our values with those of Xiong & Nilsson (1999). Hedges’ d has
some limitations (G�omez-Aparicio 2009), and another index, the
response ratio, is considered to better estimate the difference in mean
performance among treatments than Hedges’ d. Consequently, we
also calculated effect sizes for the complete data set (i.e. without co-
variates) using the natural log of response ratio index (lnRR) to test
whether conclusions based on different indices deviate (see Appendix
S2, Fig. S2).

We performed a random effect meta-analysis for each of the three
data sets: (i) emergence, (ii) survival and (iii) biomass. In a random
effect meta-analysis, for the calculation of the effect size, each data
point effect size used is weighted according to their relative sampling
error (i.e. variance) plus an estimate of the between-study variance
(Rosenberg, Adams & Gurevitch 2000). In a first step, an overall
effect size was calculated for each data set. Secondly, data sets were
stratified according to three methodologies, that is, pot experiments,
conducted either in glasshouse or in common gardens, or field
experiments (except for survival data which only came from field
studies). Analysis was performed when n � 3 data points. Finally,
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data were further stratified according to four categorical grouping
variables to address the specific questions outlined above. These cate-
gorical grouping variables were as follows:

1 grassland types (only field studies)

2 irrigation conditions (only common garden studies)

3 litter amount (all methodologies)

4 seed size (all methodologies)

Additionally, for litter amount and seed size, we performed meta-
analysis without grouping according to the different methodologies
employed (see Appendix S3, Figs S3-1 and S3-2) to compare the
general response pattern with the pattern obtained for the different
methodologies. Field studies were stratified according to the following
grassland types: dry grassland, mesic grassland, flooded grassland and
wetland. For common garden studies, irrigation conditions were strati-
fied as low (pots were watered infrequently and fell intermittently
dry) or high water availability (watered frequently to field capacity).
Grassland type and irrigation treatment were used as proxies for mois-
ture conditions. For litter amount, we only considered litter mass.
Thus, studies reporting litter depth were omitted in this part of the
analyses (e.g. Gross 1984). However, in some cases, we contacted the
authors to be able to transform litter depth into litter mass (e.g.
Donath, H€olzel & Otte 2006; Rasran, Vogt & Jensen 2007). Due to
the nature of the information obtained, we considered litter amount as
a categorical variable and not as quantitative. Consequently, we clas-
sified litter mass as low (� 250 g m�2), medium (250–500 g m�2)
and high (> 500 g m�2), which corresponds to the amount of litter
found in different grassland types (Tallowin 1999; Donath et al.
2004). Seed mass was stratified into species with small (< 1 mg) and
large seeds (> 1 mg), which corresponds to mean seed size in differ-
ent grassland types (Leishman, Westoby & Jurado 1995; Moles et al.
2006). We considered this a categorical variable, instead of continu-
ous one, because the available information does not cover a continu-
ous range of seed masses. Instead, > 80% of seed masses are below
3 mg and only very few species have larger seeds (3–15 mg), which
will result in very poor meta-regression analyses (Cooper, Hedges &
Valentine 2009). Information concerning all these covariates was
extracted from the methods section of the respective studies. How-
ever, authors were contacted in case of doubt. If it was not reported,
information about seed size was taken from the Seed Information
Database (Royal Botanic Gardens Kew 2008). We also analysed the
combinations of litter amount with grassland type or irrigation condi-
tions. Unfortunately, further grouping with different covariates was
not possible due to the lack or scarcity of data, which would make
the results of such an analysis unreliable.

All meta-analyses were conducted using META-WIN 2.0 (Rosenberg,
Adams & Gurevitch 2000). Differences in mean effect size among
groups were calculated using random effect models (Borenstein et al.
2009). Confidence intervals (CI) for each effect size were calculated.
If 95% CI do not overlap with zero, or the CI of other groups, differ-
ences between means are significant at P < 0.05. For every analysis,
we calculated total heterogeneity of the analysis (QT) to test whether
the variance in effect size is greater than expected by chance. QT is a
weighted sum of squares (equivalent to total sum of squares in analy-
sis of variance). The variance explained by the model (QM) was used
to test differences among groups (equivalent to between-study vari-
ance in analysis of variance). Both are tested against a chi-square dis-
tributions with n�1 or k�1 degrees of freedom, respectively, where n
is total number of data points and k is number of covariate groups.
Information on heterogeneity, variance explained and statistical signif-

icance is reported in Appendix S3. The percentage of variation
explained by covariates was estimated as QM/QT (Xiong & Nilsson
1999; G�omez-Aparicio 2009) and reported also in the main text.

PUBLICAT ION BIAS

We tested publication bias (i.e. higher possibility of publishing highly
positive or negative results or not reporting non-significant effects)
through graphical methods (shown in Appendix S4), such as weighted
histograms and funnel plots (Rosenberg, Adams & Gurevitch 2000).
Weighted histograms consist of the distribution of combined weight
of data (weights = 1/effect size variance), rather than frequency, for
different effect size categories. Funnel plots are scatter plots of effect
size against sample size. It should show larger distributions of the
effect size at smaller variance or sample size. Other publications bias
tests (e.g. Rosenthal’s fail-safe number) were not employed since their
usefulness has been challenged (Borenstein et al. 2009). Weighted
histogram for the complete data set of the three studied variables
showed an approximately normal shape, indicating that there is no
important bias in the data sets or missing values in the non-effect area
(i.e. not published works with non-significant results; Fig. S4-1).
However, there were some minor biases. While survival showed a
slightly bias towards positive effect size, emergence and biomass
showed a minor bias towards negative effect size. The same pattern
can be observed in funnel plots (see Fig. S4-2).

For emergence data, we also performed a meta-analysis considering
publications as a grouping variable, trying to find possible bias in
results coming from the same paper (i.e. interdependence of data).
This meta-analysis showed that there is a tendency towards narrower
confidence interval when number of data increased (Fig. S4-3). None-
theless, mean effect size for every study followed the same pattern as
the results found for different methodologies (see Results section).
This analysis explained 28% of the total variance. Unfortunately, for
survival or biomass data, the data base was too small to perform such
analyses.

Results

A total of 42 studies met the selection criteria for emergence
data, yielding 602 suitable cases (Table S1). This data set
includes field (30 studies), glasshouse (eight studies) and
common garden (seven studies) experiments. Across all stud-
ies, litter had no effect on seedling emergence. However,
when stratified according to different methodologies, field
studies showed a non-significant effect of litter, whereas
glasshouse studies showed a negative effect and common gar-
den studies a positive effect of litter (Fig. 1a). These covari-
ates explained 22% of the total variance. For survival, we
obtained nine studies with 70 data, all under field condi-
tions. The overall effect of litter was non-significant (Fig. 1b).
Thirteen studies reported biomass across all considered meth-
odologies. We found an overall positive mean effect size of
litter on biomass. However, in field studies, there was no sig-
nificant effect of litter on biomass, whereas glasshouse and
common garden studies showed a positive effect of litter
(Fig. 1c). These grouping variables explained 21% of the total
variance. Calculations made with the lnRR index showed very
similar results (see Fig. S2).
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EFFECT OF L ITTER ON SEEDLING EMERGENCE

Considering the effect of litter under different conditions with
respect to water availabilities, only dry grasslands showed a
positive response to the presence of a litter layer (Fig. 2),
explaining only 2% of the total variance. For common garden
experiments, litter had a more positive effect under low water
availability than under high water availability (Fig. 3), which
explained 12% of the total variance. In general, high litter
amounts (> 500 g m�2) had more negative effects on seed-
ling emergence than low and medium quantities (Fig. 4),
although the analysis performed across methodologies sug-
gested that medium litter amounts had more positive effects
than low quantities (Fig. S3-1). In particular, dry grasslands
showed a significant positive response to medium litter
amounts [results not shown, Hedge’s d (mean � 95%
CI) = 0.57 � 0.36, based on 47 data points from eight inde-
pendent studies]. Litter amount explained 8%, 1% and 5% of
the total variance for glasshouse, common garden and field
studies, respectively. In common garden experiments, medium
litter amounts showed higher effect sizes in low water avail-
ability treatments, while for high water availability pots, litter
had a positive effect only with low litter amounts (Fig. 3).
Both variables together explained 22% of the total variance.
In general, seedling emergence of large-seeded species
(> 1 mg) was significantly less affected through the presence
of a litter cover than that of small-seeded species (< 1 mg;
Fig. 4), with small seeds showing a significantly negative
response to litter presence, while large-seeded species

exhibited a significant positive effect (Fig. S3-1). Seed size
explained 8%, 6% and 1% of the total variance for glass-
house, pot and field studies, respectively.

EFFECT OF LITTER ON SEEDLING SURVIVAL

The presence of litter was positive in mesic grasslands and
neutral in wetlands, while flooded grassland showed a nega-
tive effect of litter on survival (Fig. 5). Information for dry
grasslands is lacking (n < 3). Litter amounting to
< 250 g m�2 also showed positive effects on survival
(Fig. 5). Effect size did not vary between different seed size
classes (Fig. 5). Grassland type explained 31% of the total

(a)

(b)

(c)

Fig. 1. Mean effect size for emergence (a), survival (b) and biomass
(c) from field, glasshouse and common garden experiments. The num-
ber of cases is shown in the right inner part of the graph with number
of studies in brackets. An effect size > 0 indicates a positive effect of
the presence of litter, while values < 0 indicate negative effect. Error
bars are 95% confidence intervals (CI). CIs that do not include 0 and
do not overlap indicate a significant effect of litter and significant
differences among groups, respectively. Additional details in Table
S3-1.

Fig. 2. Mean effect size for seedling emergence in different grassland
types. The number of cases is shown in the right inner part of the
graph. Number of studies is indicated in brackets. For details on
effect size interpretation, refer to Fig. 1. Additional details in Table
S3-2.

Fig. 3. Mean effect size for seedling emergence under different litter
amounts and water availabilities for common garden studies. The num-
ber of cases is shown in the right inner part of the graph. Number of
studies is indicated in brackets. For details on effect size interpretation,
refer to Fig. 1. Additional details in Table S3-2.
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variance and litter amount explained 6%, while seed size
explained only 1% of the variance.

EFFECT OF L ITTER ON SEEDLING BIOMASS

There was no effect for any of the studied methodologies on
seedling biomass stratified according to litter amount (Fig. 6),
except for common garden studies where litter amount
between 250 and 500 g m�2 leads to a significantly higher

seedling biomass (Fig. 6b). This variable explained 1%, 20%
and 2% of the variance for glasshouse, common garden and
field studies, respectively. When analysed across all method-
ologies, medium litter amounts also showed a positive effect
on seedling biomass (Fig. S3-2). There were no differences in
seedling biomass between small- and large-seeded species
(Figs 6 and S3-2).

Discussion

Litter is an important factor influencing community struc-
ture (Grime 2001) and nutrient cycles (Wardle, Bonner &
Nicholson 1997). As a form of an after-death, plant–plant
interaction, it may affect the establishment of new individuals
(Facelli & Pickett 1991a). According to Xiong & Nilsson
(1999), negative effects of litter generally outweigh positive
effects. However, these negative effects, which were supported
by empirical studies in different ecosystems (Goldberg &
Werner 1983; Bosy & Reader 1995; Tozer & Bradstock 1997;
Scariot 2000; Barritt & Facelli 2001; Alexander & Schrag
2003), seem not to be as widespread as believed before. In the
current meta-analysis, litter generally has a neutral or a slightly
positive effect on recruitment in grasslands. However, a higher
seedling emergence in the presence of litter with decreasing
water availability (e.g. from wet to dry grasslands) generates
interesting response patterns, which may have serious implica-
tions for plant community composition and diversity under
ongoing land use and climate change but also for plant
community restoration.

INDIRECT AND DIRECT EFFECTS OF WATER

AVAILABIL ITY

We believe that indirect, often unintended, differences in soil
moisture conditions caused strong variation in litter effects
between the three methodologies. For seedling emergence,
field studies showed neutral effects of litter presence,
while glasshouse and common garden experiments showed

(a) (b) (c)

Fig. 4. Mean effect size for seedling emergence in relation to different litter amounts and seed sizes. (a) Glasshouse, (b) common garden and (c)
field studies. The number of cases is shown in the right inner part of the graphs. Number of studies is indicated in brackets. For details on effect
size interpretation, refer to Fig. 1. Additional details in Table S3-2.

Fig. 5. Mean effect size for seedling survival on field studies under
different litter amounts, grassland types and seed size. The number of
cases is shown in the right inner part of the graph. Number of studies
is indicated in brackets. For details on effect size interpretation, refer
to Fig. 1. Additional details in Table S3-3.
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diametrical negative and positive effects, respectively. Glass-
house experiments are conducted with optimal moisture and
temperature conditions. Since positive effects of litter are
more likely to be found under dry conditions, ample water
availability in glasshouse studies may hide potential positive
effects of litter (Gross 1984; but see Fowler 1986). However,
in glasshouse studies, there were positive effects of litter on
biomass. We suggest that this is probably related to density-
dependent effects with lower plant density in litter-treated
pots due to the lower emergence. However, Koorem, Price &
Moora (2011), using woodland litter on forest species, found
similar patterns even with equal seedling density per pot, sug-
gesting that, additionally, nutrient release from litter may sup-
port seedling growth after emergence. On the other hand, the
limited space for seedling development in pots (with < 2 L
volume) will increase the probability of desiccation in control
pots under outdoor conditions in a common garden at least in
the upper layer of the substrate where germination and initial
seedling growth take place (even when pots are frequently
watered). Since litter reduces evaporation and thus desiccation
of the substrate, the chance to detect positive litter effects
increases in common garden pot studies.
However, the influence of plant litter may also vary directly

with differences in moisture conditions, whether related to
different ecosystem types or different experimentally manipu-
lated irrigation levels. Thus, one of the most important effects
of litter seems to be the maintenance of soil moisture and air
humidity beneath the litter layer and the reduction in tempera-
ture fluctuations (Eckstein & Donath 2005; Deutsch, Bork &
Willms 2010). This type of after-death interaction mediated
by litter not only changes resource availability (i.e. water) but
also non-resource conditions (i.e. temperature). Maestre et al.
(2009) emphasized that when both resource and non-resource
attributes are changed simultaneously, facilitation is expected
to increase. Water limitations or high temperatures might
affect seedling establishment (Boeken & Orenstein 2001;
Noy-Meir & Briske 2002; Eckstein & Donath 2005; Ruprecht
et al. 2010b; Wellstein 2012) and the positive effects of litter
on soil moisture, air humidity and thermal amplitude may
overcome its negative effects, such as mechanical impediment

of emergence (Amatangelo, Dukes & Field 2008) or libera-
tion of allelochemicals on germination (Barritt & Facelli
2001; Hovstad & Ohlson 2008; Ruprecht et al. 2008). Usu-
ally, seed germination and seedling establishment occur when
soil moisture is high, that is, above a certain threshold value
(Welling, Pederson & Van der Valk 1988; Fenner &
Thompson 2005; Padilla & Pugnaire 2007). Litter may main-
tain high soil moisture levels for longer periods of time,
reduce soil evaporation and thus play a positive role for seed
germination but also extend favourable conditions for seedling
establishment under field conditions. However, if these condi-
tions extend for a prolonged period, litter might also promote
the development of pathogens, which may increase seedling
mortality (Facelli et al. 1999).
Our results showed positive effect sizes for studies from

different dry grasslands (e.g. temperate European dry grass-
lands, Israeli desert, Patagonian steppes, see Fig. S4-3). Litter
in dry grasslands has higher lignin concentration than litter
from mesic or wet areas and persists for longer periods (Díaz
et al. 2004; Fortunel et al. 2009). Its composition also varies
within a dry grassland type (e.g. temperate grasslands with
shallow soils, semi-arid steppes or Mediterranean grasslands).
Thus, positive effect size suggests that climatic conditions are
one of the main drivers involved in the response of vegetation
to litter accumulation. Thereby, the effect of litter on vegeta-
tion seems to depend more strongly on differences in climatic
conditions than on different litter species composition, at least
in several dry grassland types. In mesic and flooded grass-
lands, the effects of litter were neutral or even negative. How-
ever, these habitats may also benefit from the accumulation of
a thin litter layer, since they are subject to recurrent drought
periods (Tilman & Haddi 1992; Ros�en 1995; Easterling et al.
2000; Sch€ar et al. 2004; Loydi, Zalba & Distel 2012). The
duration and frequency of dry periods, during which facilita-
tive interactions are important (G�omez-Aparicio et al. 2004;
Eckstein 2005), is predicted to increase in the present global
change scenarios (Ciais et al. 2005; Parry et al. 2007). In
these dry periods, the presence of a litter layer in herba-
ceous communities may play an important role for species
establishment and biodiversity conservation (Tilman & Haddi

(a) (b) (c)

Fig. 6. Mean effect size for seedling biomass under different litter amounts and seed sizes. (a) Glasshouse, (b) common garden and (c) field stud-
ies. The number of cases is shown in the right inner part of the graph. Number of studies is indicated in brackets. For details on effect size inter-
pretation, refer to Fig. 1. Additional details in Table S3-4.
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1992; Thuiller et al. 2005). Thus, litter acts as a modulator of
the response of seeds and seedlings to different water avail-
abilities. Idiosyncratic response of species to the presence of a
litter layer may lead to a differential species establishment
and thus changing community composition, structure, diver-
sity and functionality, especially under conditions of increas-
ing litter accumulation and changing environmental
conditions in the course of global change.

L ITTER AMOUNT

Litter amount is mentioned as one of the key drivers of litter
effects (Hamrick & Lee 1987; Nash Suding & Goldberg
1999; Fenner & Thompson 2005). Xiong & Nilsson (1999)
found positive effects of litter with amounts below
200 g m�2 and litter depths of 1.5 cm, meaning that the pres-
ence of litter promoted germination. Our meta-analysis
showed positive effects of low and medium litter amount
(< 500 g m�2) on emergence in grassland ecosystems, while
seedling survival increased with a low litter layer
(< 250 g m�2). This may have important implications for the
establishment of individuals as a thin litter layer may provide
better microclimatic conditions (Eckstein & Donath 2005;
Deutsch, Bork & Willms 2010) that allow seedlings to sur-
vive for a longer period. On the other hand, when amounts
increase above 500 g m�2, litter has a negative effect on
emergence. The latter litter amount corresponds to a litter
layer of at least 4 cm thickness (Bosy & Reader 1995;
Ruprecht & Szabo 2012), causing difficulties for seedling
emergence simply because the limited seed reserves may be
(almost) depleted while penetrating this mechanical barrier.
Additionally, many studies (Goldberg & Werner 1983; Xiong
et al. 2003; Schmiede et al. in press) showed that very high
litter amounts (> 1000 g m�2) completely inhibit seedling
emergence. Unfortunately, it is not possible to incorporate
this complete failure of emergence in a meta-analysis. Thus,
a thin litter layer may facilitate seedling establishment,
whereas the strength of the positive effect decreases with
increasing litter amount (Nash Suding & Goldberg 1999).
However, under dry experimental conditions, or in dry habi-
tats, even high litter amounts seem to have a neutral (but no
negative) effect on establishment (Hovstad & Ohlson 2009;
Ruprecht et al. 2010a,b).

SEED SIZE EFFECTS

Seed size is a particularly good predictor for the effects of lit-
ter. We consistently found a stronger negative effect of litter
on emergence of species with smaller seeds. Small-seeded
species usually require light for germination (Hodkinson et al.
1998; Milberg, Andersson & Thompson 2000; Baskin &
Baskin 2001; Burmeier et al. 2010), which explains in part
the lower effect size found in these species. Additionally,
Westoby et al. (1996) proposed other mechanisms that may
partially help to explain this response: the reserve effect, the
seedling size effect and the metabolic effect. The reserve
effect determines survival in case of a carbon deficit. Small

seeds contain less reserve tissue to support this deficit, dimin-
ishing emergence below a litter layer (Westoby et al. 1996;
Leishman et al. 2000; Grime 2001; Fenner & Thompson
2005). In addition, species with smaller seeds produce smaller
seedlings (seedling size effect) that have more difficulties to
penetrate the litter layer (Carson & Peterson 1990; Everham,
Myster & Van De Genachte 1996; K�renov�a & Lep�s 1996).
The metabolic effect, that is, large-seeded species tend to
have slower RGR, will determine seedling size (Leishman
et al. 2000). Thus, species with smaller seeds may compen-
sate lower germination rates or survival by increased
growth rates after the initial phase of seedling establishment
(Westoby et al. 1996; Fenner & Thompson 2005), which is
manifested in the positive effect size found for seedling
biomass (Gross 1984).
Unfortunately, for grassland ecosystems, most works deal

with seedling emergence or establishment and not with the
process of seed germination per se (but see Ruprecht et al.
2008). Therefore, it is unknown whether the mechanism
behind the negative effect of litter under field conditions is
the reduction in germination percentages (Bosy & Reader
1995; Ruprecht et al. 2008) or an increase in seedling mortal-
ity before emergence through the depletion of seed reserves
(Fenner & Thompson 2005) or through pathogens (Facelli
et al. 1999). Depending on the specific mechanism involved,
seed size may have a differential bearing on this negative
interaction. For example, if litter exerts negative effects by
increasing seedling mortality before emergence, it may be
expected that the response of species will depend on seed
size, whereas negative effects of litter on the process of ger-
mination per se may be largely unrelated to seed size. More
attention should be paid to this particular phase to assess a
complete picture of the mechanisms involved.

META-ANALYSIS L IM ITAT IONS AND IMPLICATIONS FOR

FUTURE RESEARCH

In order to find general patterns mediated through litter
accumulation in plant communities, the present meta-analysis
synthesizes research on the after-death effects of litter on
recruitment in grassland ecosystems. Our review shows that
there are still significant gaps in the published literature. The
low number of independent studies for some estimators (e.g.
Figs 5 and 6) may limit the strength of some of our find-
ings. Data availability is high for some estimators (e.g.
emergence), but not for others (e.g. survival, biomass). This
also affects conclusions about different covariates by restrict-
ing statistical inference and power. Additionally, some
effects of litter could not at all be assessed due to the lack
of published studies, for example effects of different litter
types (Boeken & Orenstein 2001; Quested & Eriksson 2006;
Donath & Eckstein 2008), effect of litter on native vs. non-
native species (Minchinton, Simpson & Bertness 2006;
Brandt & Seabloom 2012), effects of conspecific vs. hetero-
specific litter (Jong & Klinkhamer 1985; Hovstad & Ohlson
2009) or response to litter in the presence of competitors
(Lenz, Moyle-Croft & Facelli 2003; Donath, H€olzel & Otte
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2006; Viard-Cretat et al. 2010), herbivores (Facelli 1994;
Wilsey & Polley 2003; Donath & Eckstein 2012) or mow-
ing (Nash Suding & Goldberg 1999; Stammel, Kiehl &
Pfadenhauer 2006). Moreover, there is a bias of published
papers in favour of North American and European grasslands
and temperate biomes, whereas response patterns in African,
Asian, Australian or South American regions or tropical and
subtropical areas are poorly studied. The latter areas hold
many of the most important natural and large grassland
ecosystems in the world (Suttie, Reynolds & Batello 2005).
More efforts should be undertaken to study the effects of
litter in these ecosystems.

Conclusions

Climate change will increase net primary productivity, thereby
potentially boosting litter accumulation (Smith et al. 2000)
and change the dynamics of grasslands (Grime et al. 2000;
Novick et al. 2004; Parry et al. 2007), whereas higher tem-
perature will reduce soil moisture (Melillo et al. 1993). Addi-
tionally, the frequency and length of dry periods and fire
frequency will increase (Parry et al. 2007). As soon as litter
accumulation exceeds 500 g m�2, changes in species compo-
sition and reduced species establishment can be anticipated
since beyond this threshold litter reduces emergence and sur-
vival of seedlings. Consequently, through changes in species
number and composition, ecosystem functions may be
affected (Hooper & Vitousek 1997). However, quantities of
< 500 g m�2 litter might help to mitigate the effects of
droughts by reducing evaporation and temperature extremes
and may represent a threshold value for the amount of plant
material transferred in grassland restoration projects. A better
understanding of the relationships between litter accumula-
tion, plant diversity and climatic conditions, and a more com-
plete comprehension of the mechanisms involved in this
response, will allow us to incorporate litter-mediated mecha-
nisms and processes in future scenarios of global change, land
degradation and restoration ecology.
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