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Abstract

Question—What is the impact of simulated historical tree litter removal on understorey plants 

and soil properties in a temperate deciduous forest? What is the role of seasonal timing of tree 

litter removal on understorey plants?

Location—Podyjí National Park, Czech Republic.

Methods—We conducted an experiment in a randomized complete block design of 45 plots (5 × 

5 m). Each block (N = 15) consisted of one plot for each of the three treatments. Treatments 

consisted of (i) tree litter removal during spring, (ii) tree litter removal during autumn, or (iii) no 

litter removal as control treatment. These treatments were repeated for a duration of four years. In 

each plot we recorded the understorey plant species composition and collected soil samples prior 

to treatment (year 0) and in each subsequent year (years 1–4). Temporal trends in species richness 

were analysed using repeated measures ANOVAs. The impact of the treatments on vegetation 

composition over time was analysed using Principal Response Curves.

Results—Total species richness per plot significantly changed over time, but this was not related 

to treatment. Annual species richness increased significantly, but only for the autumn treatment. 

Annual species also showed the highest inter-annual variation. Endangered species were not 

affected. When compared to the control treatment, the effect of autumn raking on species 

composition was stronger than the effect of spring raking. Although the amount of removed 

nutrients substantially exceeded ambient nitrogen input, no changes in soil conditions were 

detected.
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Conclusions—The season in which tree litter removal took place had a small but significant 

impact on the understorey vegetation, in particular affecting the germination and establishment of 

annual species. The large inter-annual variation in species richness calls for a long-term field 

experiment. The removal of nutrients via litter raking greatly exceeds atmospheric nutrient 

deposition, warranting a further investigation of litter raking as a potential tool for forest 

conservation.
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Introduction

Litter raking is a form of land use whereby large quantities of dead leaf biomass are 

collected from the forest ground using rakes, resulting in the removal of large quantities of 

nutrients from the forest and a mechanical disturbance of the top soil (Glatzel 1991; Gimmi 

et al. 2013). Subsistence litter raking was once a widespread activity in the woodlands of 

central Europe (Ebermayer 1876; Bürgi 1999). Leaf litter was primarily applied as bedding 

for farm animals and, after mixing with animal excrements, used as a fertiliser on arable 

land (Glatzel 1991). Already by the 1850s environmental consequences of litter raking such 

as severe nutrient depletion of forest soil and adverse impacts on soil conditions were widely 

known (Ebermayer 1876). At the time these impacts were deemed undesired as negatively 

affecting the production of main forest commodities such as fuel and timber. The practice of 

litter raking gradually diminished during the 19th century until it was largely abandoned by 

the beginning of the 20th century (Bürgi 1999; Glatzel 1999). To this day, litter raking 

persists in a few areas of southeast Europe, but is gradually disappearing (Čarni et al. 2007; 

Šilc et al. 2008). Since subsistence litter raking was largely abandoned more than a century 

ago, little is known about the ecological impact of this type of historical land use on the 

forest understorey vegetation.

The litter layer has many functions in a woodland ecosystem (Facelli & Pickett 1991). For 

example, it forms a mechanical barrier buffering temperature and humidity fluctuations 

between the outer environment and the soil. In addition, the litter layer maintains a 

microclimate favouring the decomposition and mineralisation of dead organic matter (Xu et 

al. 2013). Due to litter removal, fewer nutrients enter the decomposition cycle. Indeed, long-

term studies show a strong reduction of, amongst others, nitrogen, phosphorus and 

potassium (Sayer 2005). Therefore the soil environment gradually becomes less favourable 

for decomposition processes (Facelli & Pickett 1991). Mechanical soil disturbance increases 

the nitrogen mineralisation rate (Tamm 1991). Litter raking disturbs the underlying soil, 

albeit unintentionally, and could therefore result in an increase of the nitrogen mineralisation 

rate. In addition, erosion and compaction increase due to the direct impact of raindrops on 

soil (Benkobi et al. 1993; Li et al. 2014). As a result, abiotic conditions and biotic linkages 

between the soil and understorey may change considerably.
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Vascular plants are a neglected subject of litter removal experiments. The most-detailed 

long-term field experiment (16 years), conducted in a mixed oak-pine woodland in Poland, 

showed that a decrease in soil nutrient availability resulted in a change in species 

composition (Dzwonko & Gawroński 2002a; Dzwonko & Gawroński 2002b). In this 

experiment litter removal prevented a further spread of the competitive sedge species Carex 
brizoides, while conserving threatened acidophilous woodland species (Dzwonko & 

Gawroński 2002a). Litter removal hampered natural succession: plots subjected to litter 

removal remained unchanged while control plots became more eutrophic. Increased nitrogen 

deposition has become one of the major threats to global biodiversity (Bobbink et al. 1998; 

Bobbink et al. 2010). The potential of litter removal to counteract this effect gave rise to 

ideas to use litter raking as a tool for forest ecosystem restoration and conservation of 

declining ecosystems and species (Prietzel & Kaiser 2005; Bürgi & Gimmi 2007). Litter 

raking also increases the colonization rate of vascular plants and bryophytes. For example, a 

3-year experiment on litter removal from treefall pits in a deciduous forest in central New 

York showed that species richness increased due to increased germination and seedling 

establishment (Beatty & Sholes 1988). In addition, a 6-month experiment in a Swedish 

deciduous forest fragment reported an inhibitory effect of litter on seedling recruitment 

(Eriksson 1995). However, Dzwonko & Gawroński (2002b) observed large inter-annual 

variability in seedling recruitment. The authors attributed this variability to inter-annual 

differences in climatic conditions, especially in late winter and early spring. These results 

suggest that the seasonality of litter raking, whether this takes place before or after the 

winter season, is likely to have an effect on vascular plants.

Timing of litter raking has the potential to affect soil chemistry and species composition via 

multiple pathways. Autumn raking removes litter in an early decomposition phase and, thus, 

removes carbon, nitrogen and other nutrients from the system that would otherwise 

gradually become available. On the other hand, if not removed until spring, organic material 

is available for decomposition during winter. Mainly polyphenols and soluble carbohydrates 

are used by decomposers in the first months, unlike other litter constituents like lignin and 

holocellulose (Bocock 1964). However, another mechanism involves enrichment of the 

forest floor by nutrients from animal excrements during winter. If litter is removed in 

autumn, these nutrients are added directly to the soil and are readily available during the 

growing season. Under a regime of spring raking, however, animal excrements — mixed in 

with litter during the winter period — are removed from the system (Bocock 1964; Osono & 

Takeda 2001). Therefore it is not clear if more nutrients are removed when litter is removed 

in autumn or in spring, and during which season leaf litter removal has the strongest impact 

on soil conditions. Due to the ability of soil to buffer chemistry fluctuations, plants may fail 

to respond to initial changes in nutrient conditions (Sayer 2005). Mechanical soil 

disturbance and physical absence of the litter layer, on the other hand, are likely to have an 

immediate effect on species composition.

At the start of the growing season, a litter-free soil will warm up faster and receive more 

light, stimulating seed germination and advancing the start of the growing season. Easily 

dispersing annual species are well adapted to rapidly colonise such disturbed soils (Grime 

2001; Wilson & Tilman 2002). The short life cycle of annuals enables the colonisation of 

regularly disturbed plots by litter raking. However, this can make seedlings vulnerable to 
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early-spring frost spells (Facelli & Pickett 1991). It is therefore likely that some species will 

perform better when litter is removed in autumn while others will thrive if the forest floor 

remains covered until spring.

The response of a forest ecosystem to litter raking timing can have significant implications 

for the interpretation of historical practice. Although historical sources fail to mention 

during which season litter raking occurred, it is widely assumed that litter raking primarily 

took place during autumn, because bedding material for cattle was needed in stables during 

winter (Gimmi et al. 2007). Moreover, in areas where tree litter is still used, litter is 

collected during the autumn season (U. Šilc, Institute of Biology ZRC SAZU, Slovenia, 

pers. comm.). Therefore, field litter removal experiments generally study the impact of litter 

raking in autumn only (e.g., Dzwonko and Gawrónski 2002a, b).

In this study we focus on the impact of repeated litter raking in a temperate forest in central 

Europe. We were specifically interested if the seasonal timing of litter raking affected 

vegetation diversity and composition and if it changed soil conditions. We used a field 

experiment simulating the historical removal of leaf litter biomass during autumn and spring. 

We tested the hypotheses that: (1) repeated litter removal has an impact on understorey 

species richness and composition, specifically annual species, perennial species and 

endangered species, (2) the season in which litter removal takes place matters: litter removal 

in autumn has a different impact on the ecosystem than litter removal in spring. In addition, 

we aimed to establish a soil chemistry baseline in anticipation for long-term research on the 

impact of repeated litter removal. We do not expect any short-term effects of litter removal 

on soil conditions. Finally, we discuss our results in the context of litter raking as a potential 

conservation tool.

Methods

Study area

We selected a 4-ha forest stand in the Podyjí National Park, Czech Republic (Fig. 1a; 48°48' 

N, 15°57' E). Climate in this region is subcontinental, with an average temperature of 

-1.5 °C in January and 18.5 °C in July. Average precipitation is 313 mm during the growing 

season (April–September), and 163 mm outside the growing season (October–March). 

Average annual snow cover duration is 45 days (Tolasz et al. 2007). The selected forest stand 

was relatively homogeneous in terms of environmental conditions, vegetation structure and 

composition. Soil type was oligotrophic cambisol with a pH (H2O) of 4.0–5.5. The 

dominating bedrock was granite. The forest stand relief was homogenous against an 

insignificant slope with an elevation range of 365–375 m a.s.l. This area was used as pasture 

until the 19th century, after which it was converted to woodland. At present, this forest stand 

is dominated by 10–12 m high Quercus petraea agg. with occasional Pinus sylvestris and 

Carpinus betulus.

Experimental design

A total of 45 plots of 5 × 5 m were selected in a randomized complete block design. Each 

block (N = 15) consisted of one plot for each of the three treatments. To ensure that an 
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experimental treatment affected the respective plot only, a minimum distance between plots 

was set at 6.0 m (Fig. 1b). Experimental treatment was applied as follows: (i) autumn litter 

raking annually in November, (ii) spring litter raking annually in March, and (iii) no litter 

raking as control. Our observations indicated that the area was not subjected to strong winds, 

suggesting that fencing or other means to prevent post-treatment litter accumulation was 

unnecessary. Litter raking consisted of collecting and weighing all leaf litter from a plot 

using a standard leaf rake (Fiskars, Large Leaf Rake, Helsinki, Finland), including the 

removal of litter from the adjacent 1.0-m buffer zone. A sample of the collected biomass 

from each plot was air-dried at 60 °C, weighted and the water ratio subsequently used to 

calculate the total amount of dry litter removed per plot.

Data collection

To determine the pre-treatment state of vegetation and soil, all plots were sampled in July or 

August 2010 (year 0). To quantify how treatment affected species composition and diversity 

over time, abundance of all vascular plant species was assessed for each plot in each of the 

four consecutive growing seasons of 2011–2014 (year 1–4). All herb layer species were 

recorded and their cover-abundance estimated using the nine-level Braun-Blanquet scale 

(Dengler et al. 2008).

Soil samples were taken at the same time as the vegetation recording. In each plot we 

collected four subsamples with a 4-cm diameter core and to a maximum depth of 15 cm 

(Fig. 1c). The organic layer was removed from the core samples. Organic-mineral (horizon 

A) and mineral (horizon B) layers were separated while sampling and analysed separately. 

Subsamples were compiled within plot and dried at room temperature. Dry samples were 

sieved through a 2-mm mesh prior analysis. For analysis of total C and N, the 2-mm fraction 

was sieved to a 0.1-mm fraction and measured using a CHN Carlo Erba NC 2500 analyzer. 

Available phosphorus was determined colorimetrically using a Unicam UV-400 

spectrometer at 630 nm in mixed samples prepared with a 1 M solution of sodium 

bicarbonate with a pH of 8.5 (Olsen 1982). Contents of cations were determined in Mehlich 

II extraction of soil prepared by shaking and filtering. Ca2+ and Mg2+ contents were 

determined with atomic absorption spectroscopy, K+ content with emission absorption 

spectroscopy. An AAS 9200X Unicam spectrometer was used for both types of analyses. 

Sulphuric acid and lanthanum chloride were added to the extraction to eliminate potential 

influence of sulphides and metals. Soil acidity (pH) was measured using a glass electrode 

from a suspension of 20 g dried soil and 50 ml distilled water. Soil analyses were conducted 

prior the litter raking treatment (year 0) and for the first two years of the experiment (year 1 

and 2) to establish a baseline of soil nutrient composition.

Data analysis

To test if species richness was affected by the season in which litter removal took place, 

repeated measures ANOVAs were fitted using time, i.e. the year in which plots were 

sampled, as the within-subject variable and treatment as the between-subjects factor. For all 

models we initially included block of plots as random variable. This random variable was 

subsequently omitted from further analysis because it never contributed significantly to 

overall variation. Four categories of response variable were analysed: (i) all vascular plant 
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species, (ii) annual species only, (iii) perennial species only, and (iv) red-listed species as 

endangered plants (Klotz & Kühn 2002; Grulich 2012). Annual species were not a 

characteristic group of species for this forest type (Chytrý & Tichý 2003), but this life form 

sporadically occurs here nevertheless. The number of Red List plant species was used to 

evaluate the conservation potential of litter raking. Each response variable displayed a 

normal distribution of residuals., We adopted a Huynh-Feldt correction for ε > 0.75 and a 

Greenhouse-Geisser correction for ε < 0.75 where Mauchly's test of sphericity showed that 

the assumption of sphericity was not met (Quinn & Keough 2002). We used Tukey HSD 

post-hoc tests to assess the effect of each particular treatment. The impact of litter raking on 

soil properties was analysed using the same method. All repeated measures ANOVAs were 

fitted using SPSS 20.0 (SPSS, Chicago, IL, USA). Since species richness can vary 

considerably between years due to variation in climatic conditions, we also analysed the 

relationship between species richness and regional weather conditions. We calculated 

generalized least squares models (GLS) of the relationship between mean species richness 

per plot as response variable against the environmental variables precipitation and 

temperature for each of the three treatments (autumn litter raking, spring litter raking, and 

control). These models are based on a restricted maximum likelihood estimation using a 

first-order autoregressive correlation structure to adjust for temporal autocorrelation (Piepho 

et al. 2004). We acquired regional precipitation and temperature measurements from the 

Czech Hydrometeorological Institute (CHMI 2014). Cumulative precipitation and mean 

monthly temperature were used from the period December–March prior to plot sampling.

To assess the impact of litter raking over time on species composition and response of 

selected species, we used Principal Response Curves (PRC; Van den Brink & Ter Braak 

1999). This method is a special case of a Redundancy Analysis in which treatments are 

compared against a control while time is used as a covariate. Therefore, variability between 

years caused by an external variable such as weather fluctuations is accounted for. Species 

cover data were standardised using Wisconsin double standardisation. The significance of 

treatments over time was compared using a permutation test for the first constrained 

eigenvalue with 9999 runs. The PRCs cover standardisation and statistical tests were 

calculated using the vegan package (Oksanen et al. 2014; functions prc and permutest) in an 

R environment (version 2.14.1; R Development Core Team, 2014).

Results

The biomass removed during the experimental treatments followed a negative exponential 

relationship over time (Fig. 2). Removed amounts of litter were similar for spring and 

autumn treatment.

Species richness

Plot species richness varied considerably between years but was also influenced by the 

season in which litter raking treatment took place (Fig. 3). The effects of year and the season 

in which litter raking treatment took place were significant for all examined species groups, 

except for the endangered species (Table 1). Autumn litter raking resulted in higher species 

richness for annual species only. Richness of annual species varied strongly between years, 
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with a peak in year 3. Richness of perennial species showed a similar pattern, but had 

considerably lower variation. Endangered species showed stable species richness and were 

least prone to inter-annual changes. We recorded higher species richness in years 

characterised by high precipitation and low temperatures. Litter raking treatment resulted in 

higher variability among years with different climatic conditions, while the control treatment 

showed significant relationships between species richness and the two weather variables 

(Table 2; Fig. 4).

Species composition

The season in which litter raking took place did not affect species composition (Fig. 5; 

permutation test; pseudo-F = 4.34, P = 0.294). Variation in species composition was high for 

both treatments, especially for autumn litter raking, but neither treatment resulted in a 

change in species composition. Many species were positively associated with litter raking, 

such as annual species indicative of disturbed grounds (Moehringia trinervia, Galeopsis 
tetrahit, Fallopia convolvulus) or of clearings (Hypericum perforatum, Poa angustifolia). 

Species associated with the control treatment were mostly graminoids (Agrostis capillaris, 

Melica nutans) or woodland perennials (Hieracium sabaudum, Viola odorata).

Soil analysis

Most soil elements (Ca, Mg, N, P, K, Na) including pH showed a high variability among 

years. However, none of these soil element concentrations changed over time, nor were they 

affected by the season in which litter raking took place (all P-values > 0.05; Appendix S1)

Discussion

Our field experiment showed that repeated litter raking and the seasonal timing of raking 

both affected species richness and overall species composition, while there was no short-

term effect on soil conditions. A delay in the response in soil nutrient composition is in 

agreement with most litter removal experiments (Sayer 2005). The exponential decrease in 

removed litter was likely the result of a proportion of the dead organic matter being removal 

in concurrence with litter removal. In the initial four years of the litter raking experiment, the 

impact on species richness and composition could not be attributed to changed content of 

chemical elements. Other mechanisms therefore determine these changes.

Species performance

Autumn litter raking, unlike spring litter raking, resulted in an increase of annual species 

richness. The life strategy of annual species likely played a key role in their response to litter 

raking. Annuals are mainly ruderals — which have a short life cycle and invest a large 

amount of energy in seed production (Grime 2001) — whereas most indigenous oak forest 

species are perennials. Litter raking created conditions suitable for the seed germination of 

ruderal species, notably by increased fluctuation of temperature, and increased nitrogen and 

light availability to seeds in the organic matter layer (Vincent & Roberts 1977). Moreover, 

annuals were able to take advantage of the absence of competition on a litter-free soil 

surface (Monk & Gabrielson 1985). Seed germination of some species (e.g., Moehringia 
trinervia, Geranium robertianum or Fallopia convolvulus) can be initiated by mechanical 
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disturbances (Baskin & Baskin 2014). Since soil was rich in coarse-grained mineral 

particles, it is possible that seeds were scarified during raking; breaking the outer seed coat, 

initiating water intake and starting germination (Baskin & Baskin 2014). In contrast to our 

results, such increase in annual species richness was not observed in a comparable 

experiment conducted in Poland (Dzwonko & Gawroński 2002a). Many ruderal species are 

nutrient demanding (Grime 2001). In our study area, the nitrogen content was more than 

three times higher and the phosphorus content more than five times higher than the values 

observed by Dzwonko & Gawroński (2002a). Therefore, a difference in soil nutrient 

composition between the study areas could be responsible for this discrepancy. The strong 

inter-annual variation in annual species richness indicates that other factors are involved too, 

such as variation in temperature and precipitation (Dzwonko & Gawroński 2002b). Year 3, 

for example, was characterized by high precipitation, low temperature and a high species 

richness, while in the year 4 the opposite was observed. If winter temperatures are high, and 

seeds are not cold stratified, the probability of spring germination decreases (Baskin & 

Baskin 2014). Indeed, we found significant relationships between species richness and 

precipitation, and temperatures in late winter and early spring (Fig. 4; Table 2; Appendix 

S2). We are, however, cautious to draw conclusions from these relationships due to the short 

time-span over which these climate data were collected.

Our results indicate that seasonality of litter raking matters. These results are in accordance 

with a review on the effect of litter on plants by Xiong & Nilsson (1999). The authors 

concluded that litter removal has a stronger effect on seedling germination than on 

establishment. Therefore mechanical disturbance during the early onset of the growing 

season has a stronger impact than disturbance after the growing season. This finding is 

further supported by experiments carried out in grasslands and crop fields reporting higher 

establishment rates when the soil was mechanically disturbed during autumn (Calado et al. 

2008; Hellström et al. 2009). Moreover, if litter is removed by the end of the growing 

season, weather extremes affecting the topsoil during winter are more likely to break seed 

dormancy and stimulate germination (Baskin & Baskin 2014). This mechanism could 

explain our observation of increased abundance of Moehringia trinervia, Galeopsis tetrahit, 
Hypericum perforatum and Poa angustifolia (Fig. 5). Lower richness of annual plants in 

spring raking plots can also be attributed to leaching of seedling emergence inhibiting 

chemicals from leaves during the winter period (Koorem et al. 2011).

The impact of litter raking on endangered species is particularly important if litter raking 

were to be considered as a conservation measure. Endangered species richness was not 

affected by litter raking and showed little inter-annual variation. However, the small 

contribution of this species group to overall species composition calls for a careful 

interpretation of results (Appendix S3). If nutrients are consistently removed from the 

system, nutrient demanding species will decrease, providing space for species such as 

endangered species of nutrient-poor soils (Gabrielová et al. 2013). Therefore, we cannot rule 

out the possibility that litter raking may have a long-term effect on endangered species, but 

this needs to be studied over a longer period of time.
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Soil properties

Soil buffer capacity is crucial for an ecosystem’s ability to maintain nutrient and cation 

availability. The impact of litter raking therefore strongly depends on bedrock type and soil 

conditions. Basic substrates have a higher buffer of basic cations, as compared to acidic 

substrates, and are less susceptible to cation loss. Similarly, nutrient-poor soils are rapidly 

depleted from nitrogen and phosphorus when subjected to litter raking (Hofmeister et al. 

2008; Leff et al. 2012; Ito et al. 2014). However, most of previous studies showed no 

immediate impact of litter raking on soil chemistry (Sayer 2005). Our baseline data, on the 

first years of soil nutrient composition following litter raking, confirmed no short-term effect 

on soil conditions. This was expected as cation and nutrient content in the topsoil were 

relatively high. However, once the storage buffer is depleted, a fast decrease can be expected 

(Sayer 2005). Nitrogen depletion can therefore be expected in the long term, but the timing 

thereof depends on the soil’s nutrient reserves and amount of decomposed organic matter.

Conservation implications

For centuries, tree litter removal was a wide-spread type of forest land use, affecting soil 

nutrients and tree species composition (Hüttl & Schaaf 1995; Sayer 2005; Gimmi & 

Wohlgemuth 2010). Historical litter raking was predominantly practiced in the pasture 

woodlands of mountainous regions (Gimmi & Bürgi 2007; Gimmi et al. 2013). These 

woodlands have, therefore, been impoverished of nutrients for centuries (Bergmeier et al. 

2010). However, with the cessation of litter raking in the 19th century and increasing 

atmospheric nitrogen deposition in the 20th century, many oligotrophic species became 

endangered, especially in high-pollution areas such as the Czech Republic (Kopáček et al. 

2001; Hédl et al. 2010).

The amount of nutrients that we removed during the first years of treatment exceeded annual 

atmospheric nutrient deposition by more than 17-fold. This is a rough estimate based on 

nitrogen content in litter of Quercus petraea (0.94 %, Carlisle et al. 1967) and nitrogen 

deposition in the Czech Republic (CHMI 2010). A regime of sporadic litter removal would 

therefore already compensate for the impact of atmospheric nutrient deposition, as 

documented from an experimental study in a mixed pine-oak wood (Dzwonko & Gawroński 

2002a). Such practice might be particularly beneficial to biodiversity in oligotrophic oak 

woodlands, if it were implemented in a present-day situation. Due to high labour costs, 

however, it would be very expensive to implement as a practical conservation means. An 

economic use of this litter removal may at least partially compensate for such costs. For 

example, if an adequate logistic management system is in place, removed litter could serve 

as a source of biofuel or landscaping mulch (Loqué et al. 2011; Dickens et al. 2012). The 

potential of litter raking for conservation purposes needs to be investigated further.

Conclusion

Repeated litter raking had a significant effect on species richness of herbaceous vegetation. 

Seasonality of litter raking affected which species benefitted most from altered 

environmental conditions: especially annual species increased under a regime of autumn 

litter raking. Soil nutrient composition, on the other hand, remained unaffected, suggesting 
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the presence of a significant soil buffer. A continuation of this litter raking experiment is 

warranted to establish the long-term response of plants to persistent soil impoverishment in 

more detail.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(a) Location of the study area in the south of the Czech Republic (▼), (b) Overview of the 

distribution of plots in a randomized complete block design with symbols depicting the 

respective treatments: litter removal during autumn (■), during spring (▲), and no litter 

removal as control (○). Each block (N = 15) consisted of one plot per treatment, and (c) 

schematic overview of the treatment and sampling protocol of each 5 × 5 m plot (grey 

square). Litter removal treatment also took place in a 1-m buffer around plots (dashed 

outline). Soil samples were taken from four places within the buffer zone (●).
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Fig. 2. 
Error plot illustrating the average amount of litter removed (kg dry matter m-2 ± s.e.) per 

year. Litter removal treatment consisted of annually repeated litter removal during autumn 

(■) or spring (▲) season prior to the vegetation recording.
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Fig. 3. 
Error plots illustrating how species richness (mean ± s.e.) in 5 × 5 m plots responded to the 

various repeated litter removal treatments in time for total species richness (a), endangered 

species (b), annual species (c) and perennial species (d). Litter removal treatments consisted 

of annually repeated litter removal during autumn (■), spring (▲) and without litter removal 

as control (○).
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Fig. 4. 
Scatterplots depicting the relationship between mean species richness per plot and per 

treatment (autumn litter raking (■), spring litter raking (▲), and control (○)) against the 

environmental variables precipitation (a, c, e) and temperature (b, d, f). Mean plot species 

richness was categorized into three groups: total species richness (a, b), number of annual 

species only (c, d), and number of perennial species only (e, f). To illustrate the general 

relationship between species richness and the environment variables, generalized least 

squares models with a P-value < 0.05 are indicated with a solid line (see also Table 2). Solid 
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lines indicate significant models for control treatment, whereas dashed lines indicate 

significant models for the spring treatments.
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Fig. 5. 
Principal Response Curves (PRC) showing treatment effect on species composition across 

time with year 0 indicating the pre-treatment situation. Spring litter raking treatment (▲) 

and autumn litter raking treatment (■) are compared against control (○). Species with the 

highest increase or decrease in response to treatment are displayed at the top and bottom of 

the right-hand side axis.
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Table 1

Results of repeated measures ANOVAs for plot-level total species richness, number annual species, number of 

perennial species and number of endangered species. The effect of time and the interaction between treatment 

and time were tested (for all models: df = 4). P values of Tukey’s post-hoc test are shown for spring and 

autumn treatments, respectively, against control.

Parameter Variable F P Spring Autumn

All species Time 30.038 <0.001

Time*Treatment 5.046 <0.001 0.51 0.102

Annual species Time 54.548 <0.001

Time*Treatment 5.803 <0.001 0.906 0.009

Perennial species Time 14.368 <0.001

Time*Treatment 2.912 0.005 0.598 0.334

Endangered species Time 0.291 0.884

Time*Treatment 0.995 0.442
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Table 2

Generalized least squares model details of the relationship between mean species richness per plot as response 

variable against the environmental variables precipitation and temperature for each of the three treatments 

(autumn litter raking, spring litter raking, and control). The response variable was modelled for three species 

groups: total species richness, number of annual species only, and number of perennial species only. Models 

with a P-value < 0.05 are indicated in bold (see also Fig. 4).

Species group Treatment Precipitation Temperature

t P t P

All species Autumn 2.795 0.068 -2.366 0.099

Control 7.806 0.004 -11.431 0.001

Spring 3.778 0.032 -1.215 0.311

Annuals Autumn 1.522 0.225 -1.741 0.18

Control 5.238 0.014 -3.456 0.041

Spring 2.25 0.11 -3.03 0.056

Perennials Autumn 2.943 0.06 -1.82 0.166

Control 2.853 0.065 -4.701 0.018

Spring 2.769 0.07 -3.72 0.034
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