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Abstract 

Aims 

Plant-soil feedbacks are important drivers of ecosystem dynamics, and have been 

hypothesized to affect  woody encroachment in savannas. Woody encroachment is 

expected to increase savanna soil fertility through increased deposition of dead organic 

matter which, once decomposed, release immobilized nutrients, favoring further 

establishment and growth of woody individuals. In this context, we tested if litter deposition 

promotes forest seedling growth in dystrophic savanna soils, and if this was parallel by an 

increase in microbial activity. 

Methods 

In a greenhouse, we planted woody seedlings of three forest species in savanna soils 

either mixed or not (control) with litter from closely related  savanna or forest species (10 

species in total). We evaluated woody seedlings growth as well as the response of the soil 

microbiota, in terms of activity and biomass, to litter addition. 

Results 

We found that litter addition had either none or negative effects on seedling growth rates, 

and that different seedling species responded differently to litter addition. However, we did 

found microbial activity to increase in response to litter addition , especially if phosphorus 

(P) and carbon (C) are also mixed in the soil. 

Conclusions 

Litter addition stimulated soil microbial activity. However, seedling response was not 

consistent with an effect associated with increased soil mineralization. Instead, plant 

responses to seedling addition was species-specific, depending both on litter and on 
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seedling species, and their interactions, but was never positive.  Moreover, while the 

effects of litter input in seedlings growth was potentially mediated by soil microorganism 

activity, the specific effect was more consistent with a negative or neutral response. Thus, 

our results did not support the hypothesis that litter deposition trigger positive feedbacks 

with woody encroachment.  

 

 

Introduction  

 In the Brazilian Cerrado, savannas and forests dynamically coexist under similar 

climatic and edaphic conditions (Hirota et al. 2011; Staver et al. 2011; Bueno et al. 2018). 

The encroachment of open ecosystems by forests (and vice versa) in savanna-forest 

mosaics is regulated by fire, resource availability and their feedbacks (Hoffmann et al. 

2012; Dantas et al. 2016; Bueno et al. 2018), and  dependent on forest species 

colonization and growth rates, and how it promotes grass exclusion and fire inhibition (i.e. 

the fire suppression threshold; Hoffmann et al. 2012). The time required to achieve this 

threshold is dependent on tree community productivity, which is influenced by soil nutrient 

availability (Hoffmann et al. 2012; Murphy and Bowman 2012). Therefore, by controlling 

the rate at which forest tree grow and inhibit fire, soil fertility is a key factor influencing the 

dynamics of forest encroachment in open ecosystems. 

It was recently suggested that woody encroachment could be triggered or hindered by 

feedback mechanisms related to  increased litter deposition with woody encroachment and 

increased soil nutrient mineralization. This would positively affect forest tree growth, 

accelerating the replacement of savanna by forest  (Hoffmann et al. 2012; Dantas et al. 

2016; Bueno et al. 2018.. It is well-known that the vegetation influences soil fertility 

through litter input (Schimel and Bennett 2004; Freschet et al. 2013; Hobbie 2015). Yet, in 

many cases, the exact mechanism is unclear. Litter input affects soil abiotic conditions 
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influencing both soil physical structure or chemical composition (Facelli and Pickett 1991; 

Veen et al. 2019). Litter chemical composition can both positively or negatively affect 

nutrient availability to plants, depending on the availability of both nutrients (which 

increases nutrient availability for plant uptake), and secondary metabolites (which is 

related to the immobilization of nutrients and inhibition of root growth; Meier and Bowman 

2008; Lopez-Iglesias et al. 2014; Veen et al. 2019). Moreover, litter physical structure 

affects seed germination, since it filters the amount of radiation that reaches the soil and 

increases soil humidity and temperature; it may also act as a mechanical barrier for 

seedlings emergence (Facelli and Pickett 1991; Hovstad and Ohlson 2008; Veen et al. 

2019). Therefore, depending on litter traits and how they influence soil physical structure 

and chemical composition litter accumulation can have both positive, negative or even 

neutral effects.  

 Litter accumulation have also biological effects in the soil, affecting decomposer 

community composition, activity and biomass (Veen et al. 2019). Litter is the main 

substrate used by saprophytic microorganism growth whose activity is directly related to 

litter chemical composition (Zechmeister-Boltenstern et al. 2015; Bani et al. 2018; Veen et 

al. 2019). Litter addition stimulates soil microbiota growth and activity through the addition 

of limiting resources (Zechmeister-Boltenstern et al. 2015). Overall, soil microbiota is 

nutrient-limited, mainly by nitrogen (N) and phosphorus (P), and its activity is usually 

positively related to litter nutrients concentration (Zechmeister-Boltenstern et al. 2015). 

However, in specific areas, such as in tropical regions, soil microbiota has been reported 

to be energy limited, whose activity is positively related to the litter concentration of easily-

degradable carbon (C) compounds (Hättenschwiler and Jørgensen 2010; Whitaker et al. 

2014; Fanin et al. 2014). On the other hand, the concentration of recalcitrant molecules in 

litter, such as lignin, is negatively related to soil microbial activity, since recalcitrant 

molecules are energetically costly to degrade and demands specific enzymes that are 
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produced by a limited range of microorganism species (Bani et al. 2018). Therefore, 

whether litter addition has a positive, neutral or negative effect in plant growth will depend 

both: 1) on the total amount of nutrients available in the litter and that can be readily 

decomposed; and 2) on the balance between these nutrients and the fraction that is 

retained in the microbial biomass and is also not available for plants.  

 The effects of litter addition in seedlings and soil microbiota growth are related to 

litter decomposition rates (Freschet et al. 2013). Litter decay rates are determined by 

decay agent activity, which is responsible for the physical degradation of litter and the 

release of molecules and elements immobilized in dead tissues (Cotrufo et al. 2013; Bani 

et al. 2018). Since the activity of saprophytic soil microbiota is influenced by litter traits, 

litter decay rates are best predicted by litter chemical composition (Zhang et al. 2008; 

Cornwell et al. 2008; Makkonen et al. 2012). Overall, litter with higher concentration of 

limiting elements to soil microbial activity and lower concentration of recalcitrant 

compounds – i.e. high-quality litter – decomposes faster than litter with lower concentration 

of limiting elements and higher concentration of recalcitrant compounds – i.e. low-quality 

litter (Zhang et al. 2008; Cornwell et al. 2008; Hättenschwiler and Jørgensen 2010). On the 

other hand, it is expected that litter decay rates influence the response of plants to litter 

addition, since the physical and chemical effects of litter on plant growth and development 

are dependent on the maintenance of its physical structure or on the degradation of 

molecules and release of elements immobilized in dead plant tissue (Freschet et al. 2013). 

 The amount and the characteristics of litter produced by an ecosystem are closely 

related to plant species’ resource-use strategy (Freschet et al. 2013). In the Cerrados, 

resource-acquisitive woody species predominantly occurs in seasonally dry forests and 

gallery forests (hereafter forest species; Dantas et al. 2013; Viani et al. 2014; Miatto and 

Batalha 2016; Maracahipes et al. 2018). Resource-acquisitive species produce litter of 

high nutrient concentration and low carbon and phytotoxic compounds concentration 
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(Freschet et al. 2013). On the other hand, resource-conservative woody species 

predominantly occurs in savannas (hereafter savanna species; Dantas et al. 2013; Viani et 

al. 2014; Miatto and Batalha 2016; Maracahipes et al. 2018) and produces litter of low 

nutrient concentration and high carbon and phytotoxic concentration (Freschet et al. 

2013). The differences in litter production and characteristics of forests and savannas 

woody species leads to differences in patterns of nutrient cycling between these 

ecosystems. For instance, there is a higher input of nutrients and organic matter through 

litter in forests than in savannas, which is expected to have consequences in the dynamics 

and distribution of the dominant vegetation type (Silva et al. 2008, 2013; Paiva et al. 

2015). It has been hypothesized that the high input of nutrients and organic matter through 

litter by woody forest species increases soil fertility and favors the further development and 

expansion of forests into savanna areas (Silva et al. 2008, 2013; Paiva et al. 2015). 

 Therefore, in this study, we evaluated how litter addition is related to the activity and 

biomass of savanna soil microbiota, and how litter addition influences the response of 

forest seedlings growing in savanna soils. Specifically, we tested if: (1) litter addition 

increases soil microbiota activity and biomass through the addition of limiting resources, 

either energy or nutrients; (2) litter addition affects seedlings growth either positively, 

through the release of nutrients in soil, or negatively, through the release of secondary 

metabolites; (3) savanna and forest species litter differ in its effects in seedlings growth 

rates and soil microbiota activity and biomass, due to its differences in resource-use 

strategies. 

 

Material and Methods 

Study area 

 Litter collection was carried out at two Cerrado reserves located in the State of São 

Paulo, Southeastern Brazil: one at the Municipality of São Carlos (21° 58' S and 47° 52' 
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W) and the other at a reserve comprising the Municipalities of Itirapina and Brotas 

(Experimental and Ecological Station of Itirapina at 22° 00’ S and 47° 45’ W). The 

decomposition experiment was set in the later reserve. The Cerrado is an ecoregion of the 

tropical savanna biome consisting of savanna-dominated landscapes scattered with 

grasslands, closed-canopy woodlands and strips of riparian forests along river courses. 

The first reserve has approximately 125 ha and the second has approximately 2,300 ha, 

and are formed by gallery forest, typical savanna (locally called ‘cerrado sensu stricto’), 

wooded grassland (known as ‘campos sujos’) and short closed-canopy woodland (dense 

cerrados or ‘cerrado denso’, consisting of short statured trees and lacking a typical 

continuous grass cover). The regional climate of both areas is Cwa, according to the 

Köppen classification system, with mean annual precipitation of 1450 mm, with well-

defined wet (October to March) and dry (April to September) seasons, and mean annual 

temperature of 20.8 ºC. 

 Litter was collected in dense cerrado sites, a transitional vegetation of forest and 

savanna, which harbors a mixed woody flora containing typical shade-intolerant savanna, 

shade-tolerant forest, as well as more generalist shade-tolerant plant species (Bueno et al. 

2018) all growing in the same environment (e.g., soil, microclimate). We collected litter 

from 10 woody species: five shade-intolerant savanna species and five shade-tolerant 

species (three forest and two generalist species, hereafter called “forest species” for 

simplicity), classified according to occurrence records in Sano et al. (2008; see Table 1). 

We chose pairs of shade tolerant and intolerant species from the same genus or family to 

minimize phylogenetic influences. This approach allowed the inclusion of leaves spanning 

a large range of light niches, and was directed at maximizing differences in litter traits. 

We measured litter traits from freshly-senesced leaves (litter) collected from at least 

20 individuals of each species. Individuals were selected systematically along a trail as the 

first visualized individuals, but respecting a distance of at least 10 m between individuals of 
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the same species. The litter collection was performed at the end of the dry season 

(August, September and October, 2014), after the placement of collection bags in the 

branches of the selected plants. We also used litter fallen from the plant (when we could 

unambiguously assign the litter to the selected plant) to complete the sample. We sampled 

the litter at the end of the dry season in order to collect freshly-senesced leaves and avoid 

the sampling of litter in late stages of decomposition. The collected material was dried at 

25ºC for 72 hours, and stored in sealed paper bags until use. 

 

Litter effects on seedling growth 

 In order to evaluate the effects of litter accumulation on seedling growth rates, we 

performed a greenhouse experiment at the Biology Institute of the State University of 

Campinas (UNICAMP), Brazil. We used 15 L pots of 45 cm height, filled with soil collected 

in dense cerrado area at the Experimental and Ecological Station of Itirapina (see 

Appendix Table S1 for soil features). For this, we prepared a plot of 9 m² of which we 

discarded the top layer of soil (0 – 20 cm) to avoid the collection of the organic layer. Then, 

we collected the soil from deep layer (20 – 50 cm) and used it for pot preparation. 

We prepared pots for 10 treatments (with litter of each species) and a control 

(without the addition of litter). For each treatment, we prepared 5 pots in which we mixed 

the top 10 cm soil with 100 g of litter, whose litter specie varied according to the treatment. 

Since our aim was to investigate whether woody encroachment can specifically influence 

seedling growth by affecting soil fertility, the litter material was manually fragmented prior 

to mixing in order to simulate a more advanced stage of physical fragmentation. At the 

center of each pot we planted a seedling of one of three fast growing forest species also 

found in dense cerrado: Croton floribundus Spreng. (Euphorbiaceae), Tapirira guianensis 

Aubl. (Anacardiaceae) and Inga vera Willd. (Fabaceae). We obtained the plants from a 

seedling nursery, and all the plants had a similar time since germination. We did not use 
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savanna species because we were particularly interested in the consequences of litter 

accumulation in the encroachment of savanna by forest trees and because savanna 

species are less responsive to differences in soil nutrient availability (Viani et al. 2011). 

The experiment consisted of 10 treatments (10 litter species) and one control (no litter 

added), for each of the three seedling species. We used five replicates per group 

(combinations of litter and seedling species, including control), resulting in 165 pots, set in 

a complete randomized and balanced design. Plants were grown for approximately six 

months and were watered daily, simulating an entire growth season. During the 

experiment, temperature and relative air humidity were monitored using a HOBO® U23 

temperature and humidity data logger, protected inside a solar radiation shield. The mean 

greenhouse air temperature was 23.7ºC ± 5.5, and the mean relative air humidity was 68% 

± 19.4. Every two weeks we measured seedling stem height (from the surface to the apical 

meristem) and diameter at soil height (DSH) on each individual. We subsequently used 

this information to estimate seedling biomass and seedling growth rate during the study 

period based on DSH, height and dry total biomass from the seedlings harvested at the 

end of the experiment. We calculated biomass by building allometric equations and 

selecting the best fitted model for each species using Akaike’s Information Criterion (AIC; 

Fig. S1 and Table S2).  

 

Mechanisms of seedling responses 

To study potential mechanisms explaining seedling responses to the litter addition, 

we measured litter traits related to species nutrient acquisition strategy  

and degradability (litter phenol, lignin, carbon and nutrient concentrations). For this, we 

ground 200 g of dried litter collected from five individuals of each plant species using a ball 

mill (Geno/Grinder 2010 SPEX SamplePrep). The samples were sieved through 5 mm 

meshes, and stored. Phenol concentration was determined using the Folin-Ciocalteu 
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extraction method (Graça et al. 2007). Lignin concentration was determined using Acid-

Detergent method, obtaining the Klason lignin values following Graça et al. (2007). Carbon 

concentration was determined colorimetrically after oxidation with potassium dichromate 

(K2Cr2O7; Nelson and Sommers 1996). Nutrient analyses were based on subsamples of 10 

g. Nitrogen concentration was determined colorimetrically after Kjeldahl digestion 

(Bremner and Mulvaney 1982). Phosphorus concentration was determined by 

spectrophotometry after nitric percloric acid digestion (Motomizu and Oshima 1987). 

Manganese, K and Ca concentrations were determined by atomic absorption 

spectrophotometry (Malavolta et al. 1997). The means of the five samples per species 

analyzed were determined and are shown in Table S3. 

 We also measured the decomposition rates of litter of each species, since 

decomposition rates are related to the release of nutrients immobilized in dead tissue. To 

determine the litter decomposition rates of each species, we placed litterbags in dense 

cerrado sites at the Experimental and Ecological Station of Itirapina in December 2014, 

following Graça et al. (2007). For each species, we added approximately 5 g of senesced 

leaves from different individuals into 10 x 10 cm litterbags of 5 mm mesh. This mesh size 

allowed the access of litter by microorganisms, as well as meso and macro fauna 

(Makkonen et al. 2012). To maximize environmental heterogeneity, the bags were laid out 

in a randomized block design, setting five blocks with 50 litterbags (five replicates per 

species), in a total of 250 litterbags. We collected a bag in each block from each species 

after approximately 3, 4, 6, 8 and 10 months from the beginning of the decomposition 

experiment. After the collection of the litterbags, their contents were washed and dried at 

70 ºC for 48 h to constant mass, and the dry mass recorded. We determined the 

decomposition rates for each species by applying the Olson (1963) model: Xt = X0 * e(-k * t); 

to the data, in which Xt is the predicted mass at time t; X0 is the initial mass converted to 
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equivalent dried mass at 70ºC; and k is the Olson decomposition rate constant, a 

dimensionless parameter (Fig. S2).  

 We also measured the effects of litter addition in the soil microbiota activity and 

biomass. We used soil respiration rates as a proxy of soil microbiota activity, which is also 

related to the rate of C mineralization (Singh and Gupta 1977). For this, we prepared pots 

adopting the same experimental design as described in text (see Litter effects on seedling 

growth), but without planting the seedlings, to estimate soil respiration as a function of the 

addition of litter for each of the 10 litter species. Soil respiration was estimated based on 

CO2 evolution (Singh and Gupta 1977) by inserting PVC tubes at the center of each pot to 

a depth of 5 cm and measuring CO2 efflux every three weeks using an infra-red gas 

analyzer EGM-4 (PP Systems®). Soil temperature in each pot was measured using the 

temperature probe of EGM-4 (PP Sytems®). Since soil moisture was kept high under 

constant and controlled greenhouse conditions, and was similar among pots, we did not 

monitor this variable. All measurements were performed between mid-day and 3:00 pm. 

We adjusted a Non-Linear Mixed Effect Model (NLME) on soil respiration rates against 

time for each litter species using a negative exponential model (Rt = Ri * exp (-R * T). In 

this model, Ri was the initial soil respiration rate, Rt was the soil respiration rate in day t, R 

was the soil respiration rate through time, and T was the incubation time. We then 

calculated the total CO2 - referred now on as total C respired - that evolved from soil during 

the experiment, by plotting the soil respiration rate by time and calculating the area under 

the adjusted NLME model curve (Meier and Bowman 2008b; Fig. S3). 

 To determine the effects of the litter deposition on soil microbial biomass, we 

collected, at the end of the experiment, the top 10 cm soil and sieved it, separating the soil 

from the remaining litter. Sieved soil was used to quantify C and N in the microbial 

biomass by the fumigation-extraction method (Vance et al. 1987). The microbial C 
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biomass was determined by potassium sulfate extraction (Vance et al. 1987), and 

microbial N biomass by the ninhydrin method (Joergensen and Brookes 1990). 

 

Statistical analyses 

 To evaluate the effects of litter addition in seedlings biomass and whether these 

effects were dependent on litter and seedling species identity, we estimated the biomass 

relative growth rate of each individual. Since relative growth rate was non-linear and did 

not reach a plateau, we fitted the exponential model:  Xt = X0 * e (t*r) (Paine et al. 2012) to 

the data, in which Xt is the estimated biomass of the seedlings at time t, X0 is the initial 

seedling estimated biomass, t is time in days and r is the relative growth rate. Then, we 

performed an Analysis of Variance (ANOVA), considering the seedling biomass relative 

growth rate as response variable, and litter identity and seedling specie as predictive 

variables. For the ANOVAs in which we have found significant influence of the predictive 

variables over the response variables, we performed a post-hoc Tukey’s honestly 

significant test (Tukey HSD) in order to identify which litter significantly affected seedlings 

growth rate in relation to control seedlings. To evaluate the effects of litter addition on soil 

microbial activity, we also performed an ANOVA, considering the total C respired as 

response variable and litter identity as predictive variable. Then we performed a Tukey 

HSD to identity which litter significantly affected the microbial biomass in relation to the 

control soil. Similar analyses were performed in order to evaluate the effects of litter 

addition in soil microbial C and N biomass. We also performed a principal component 

analysis (PCA) to evaluate differences in litter trait among litter species and if litter from 

forest and savanna were significantly different. 

 To identify potential mechanisms of litter addition on plants growth and soil 

microbiota, we evaluated the relations between seedlings growth rate, soil microbiota 

activity – i.e. soil respiration and litter decay rates – with litter traits. For this, we initially 
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performed a hierarchical partitioning analysis (Chevan and Sutherland 1991), to quantify 

the average independent contribution of each litter trait in either plant growth or soil 

microbiota activity. Then, we performed linear regressions between the litter traits with the 

highest contribution with plant growth rate, the total C respired from soil and litter decay 

rates. We did not consider the control seedlings in these analyses. 

 The analyses were performed in R v.4.0.0 (R Core Team 2020), using the 

packages ‘nlme’ (Pinheiro et al. 2020), ‘hier.part’ (Nally and Walsh 2004), ‘emmeans’ 

(Lenth 2020) and ‘ggplot2’ (Wickham 2016). 

 

Results 

 The addition of litter to the soil either had no effects in seedlings growth or affected 

it negatively in comparison with the control seedlings (i.e. no litter addition; Table 2, Fig. 1), 

depending on seedling species. I. vera seedlings were negatively affected by the addition 

of litter from six of eight litter species, while the seedlings of C. floribundus and T. 

guianensis were not affected by litter addition, that is,no seedling species were positively 

affected by litter addition. Despite of these effects in seedlings growth rate, litter addition 

also affected soil microbial activity (but not soil microbial biomass; Table 3, Fig. 2). The 

addition of litter increased the total C respired from soil for all litter species and the 

strongest effect was observed after the addition of T. formosa litter (Table 3, Fig. 2). The 

effects of litter addition on seedlings growth and soil microbial activity were not related to 

litter species habitat (i.e. forest vs. savanna species; Fig. 1-3). 

  Seedlings response to litter addition were mainly related to litter initial N 

concentration (Fig. 4a), but this relation was dependent on the seedling species 

considered (Table 4, Fig. 5). We observed that the growth of I. vera seedlings was 

positively related to litter initial N concentration (Table 4; Fig. 5b). However, the growth of 

control plants was still higher than the growth of plants grown with N-rich litter( (i.e. litter 
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with high initial concentration of N had less intense negative effect on I. vera seedlings 

growth). On the other hand, the growth of C. floribundus and T. guianensis seedlings was 

not related to litter initial concentration of N (Fig. 5a, c). 

 The total C respired from soil was positively related to both litter initial P and C 

concentration (Table 4, Fig. 6a, b) ), showing a distinct pattern from the observed for 

seedlings response. A similar pattern was observed for litter decay rate, which was mainly 

related to the litter initial C concentration (but not P; Fig. 4c). Overall, litter decay rate was 

positively related to litter initial C concentration (Table 4, Fig. 6c). 

 

Discussion 

The effects of litter addition in soil microbial activity and biomass 

 Litter addition significantly increased soil respiration in relation to pots in which litter 

was not added – control pots (Fig. 2). During the experiment, the respiration rates of the 

control pots was close to zero, consistent with resource limitation of the microbial activity 

(Fig. 2, Fig S3). The same was not observed when litter was added, consistent with 

previous studies showing that litter is an important source of resources to soil microbiota, 

stimulating microbial activity and soil respiration (Wang et al. 2013; Fang et al. 2015; Peng 

et al. 2020). Therefore, the negative and neutral effect of litter addition in seedling growth 

was not mediated by a potential inhibition of microbial activity.  

 The stimulation of soil respiration by litter addition was correlated to litter chemical 

composition (Fig. 4b, Fig. 6a, b). Overall, soil respiration was positively related to litter 

initial C and P concentration (Fig. 6a, b). Soil microbial activity is stimulated by the addition 

of limiting resources by litter (Zechmeister-Boltenstern et al. 2015). The correlation 

between soil respiration and litter C and P concentration might be related to two main 

mechanisms: (1) soil microbial community is energetically limited and activity is stimulated 

by the input of C-rich organic matter. The stimulated soil microbial activity increases the 
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turnover of organic matter, increasing the C mineralization and soil respiration (Whitaker et 

al. 2014; Zechmeister-Boltenstern et al. 2015); (2) soil microbial community is P-limited, 

and the addition of P-rich litter increases the turnover of organic matter, also increasing the 

C mineralization and soil respiration (Manzoni et al. 2010; Zechmeister-Boltenstern et al. 

2015). Both energetic and P limitation of Cerrado soil microbiota is consistent with 

previous evidence. The energetic limitation of soil microbiota is consistent with findings 

from other tropical forest? regions, in which the addition of litter with high concentration of 

labile C increased soil heterotroph respiration and litter decay rates (Hättenschwiler and 

Jørgensen 2010; Makkonen et al. 2012; Whitaker et al. 2014). Also, soil microbiota P-

limitation was expected, since communities occurring in old and highly weathered soils are 

expected to be P limited (Reich and Oleksyn 2004), which is the case of several Cerrado 

sites (Kozovits et al. 2007; Jacobson et al. 2011; Bustamante et al. 2012; Dionizio et al. 

2018; Abrahão et al. 2019). Therefore, our results indicate a key role of C and P on soil 

microbiota activity in Cerrado soils. 

 Litter chemical traits were also related to litter decomposition rates (Fig. 4c, Fig. 6c). 

Litter chemical composition plays a key role in litter decay dynamics, since litter rich in 

limiting resources stimulates soil microbiota activity and the litter degradation process 

(Zhang et al. 2008; Cornwell et al. 2008; Makkonen et al. 2012; Bani et al. 2018). We 

found that the relation between litter decay rates and litter chemical traits had a similar 

pattern to that of the relationship between soil respiration and litter chemical traits 

(positively related to C and P and negatively to Phenol concentration; Fig. 4b, c). This 

similarity suggests that the observed increase in soil microbiota activity was directly 

associated to the decomposition process. Combined, these results suggest that litter 

addition to pots in our experiment did promote litter degradation during the studied period. 

Moreover, these results highlight the key role of litter traits in regulating carbon cycling in 
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savanna ecosystems, especially under the low fire conditions found once a savanna 

crosses the fire suppression threshold (i.e. the conditions simulated by our experiment).  

 Despite stimulating soil microbial activity, we did not observe a higher microbial C 

and N biomass in soil in which litter was added in relation to control pots (Fig. 2a, b). The 

similarity in soil microbial biomass observed among treatments and control could be 

related to the remineralization, which is the mineralization of elements in microbial 

biomass (Bengtson and Bengtsson 2005). The addition of substrate stimulates microbial 

activity and growth, increasing the immobilization of elements in microbial biomass. 

However, the depletion of substrate due its consumption could lead to microbial death by 

starvation and the remineralization of its biomass (Bengtson and Bengtsson 2005). In our 

experiment, the addition of litter at the beginning of the experiment stimulated microbial 

activity (Fig. S3) and, potentially, stimulated its growth. However, since no substrate was 

added further, the resources could have been depleted by the end of the experiment, 

reducing microbial activity (Fig. S3) and microbial biomass, resulting in the observed 

pattern. 

 

The effects of litter addition in growth rates of woody seedlings  

Litter addition had either no or negative effect in seedlings growth rates (Table 2, 

Fig. 1), which is in accordance with previous short-term studies (Xiong and Nilsson 1999; 

Meier and Bowman 2008; Lopez-Iglesias et al. 2014; Gavinet et al. 2018). The neutral 

effects of litter addition on seedlings growth can be related to the small liberation of 

nutrients and secondary metabolites during decomposition caused by a short-term 

decomposition of litter, which is insufficient to cause significative modifications in soil 

properties. Alternatively, it could be related to a neutralizing balance between the litter 

negative and positive effects in plants’ growth, caused by the release of secondary 
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metabolites and the liberations of nutrients, respectively (Lopez-Iglesias et al. 2014; 

Gavinet et al. 2018).  

In addition, the effects of litter addition in seedlings growth is dependent on the 

seedling sensitivity to variations in soil characteristics, which is related to seedling 

characteristics (Bonanomi et al. 2017; Gavinet et al. 2018). For instance, experimental 

evidence suggest that slow growing savanna species respond less to variation in nutrient 

availability compared to fast growing forest species (Viani et al. 2011). For this reason, we 

avoided including savanna species as seedling and because we wanted to simulate the 

conditions experienced by a forest species that colonize a savanna under fire suppression. 

Yet, even forest species can differ in resource strategy, and evidence suggest that I. Vera 

is a faster growing species compared to T. guianensis and C. floribundus (references). We 

observed that slow-growing seedlings of T. guianensis and C. floribundus were not 

affected by litter addition, while fast-growing seedlings of I. vera were negatively affected 

by the addition of litter from six of litter species in relation to control seedlings (Fig. 1). 

Indeed, fast-growing plants are more responsive to variations in resource availability than 

slow-growing plants (Aerts and Chapin 1999; Viani et al. 2011). Additionally, positive 

effects of litter addition in seedlings growth are usually related to litter physical structure 

(Hovstad and Ohlson 2008; Gavinet et al. 2018), which was not evaluated in our 

experiment. Therefore, short-term litter chemical composition has overall no effect or 

negative effect in seedlings growth, and the negative effects seems to be related to 

seedlings characteristics. 

The growth rate of I. vera seedlings were positively related to litter initial N 

concentration, however the growth rate of control seedlings was still higher than the 

seedlings in which litter was added (Fig. 4). This result indicates that higher litter N only 

alleviates the negative effects of litter in I. vera seedlings growth rate.  
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The negative effects of litter input in plant growth is usually related to the litter 

concentration of secondary metabolites, which inhibits root growth and immobilizes 

nutrient in soil (Meier and Bowman 2008; Bonanomi et al. 2011; Lopez-Iglesias et al. 

2014). However, while we found evidence that Phenolic compounds limited 

decomposition, a low leaf Phenolics was not associated with faster seedling growth rate, 

even in the most fast-growing most sensitive species, suggesting that something else was 

responsible for the lack of a positive effect after litter addition.  

The negative effects of litter input in plant growth is related to the stimulus of litter 

addition on microbial activity and growth, which have been reported to increase the 

immobilization of limiting nutrients in microbial biomass, which are able to outcompete the 

plants in nutrients uptake, at least in the short term (Čapek et al. 2018). On the other hand, 

litter nutrient concentration is usually positively related to plant growth (Veen et al. 2019) 

and no effect was observed in relation of litter of different quality. Even-though I. vera 

seedlings growth rate was positively related to litter N concentration, the effects of litter 

addition was not positive in relation to control seedlings. In this case, we hypothesize that 

the negative effects of litter input in I. vera seedlings growth rate were related to the 

immobilization of nutrients in microbial biomass. The immobilization of nutrients in 

microbial biomass is more intense when the concentration of these nutrients in the 

substrate is low, while when the concentration of limiting nutrients in substrate is high, the 

resource requirements by decomposers is rapidly achieved and the release of nutrients in 

soil solution occurs (Manzoni et al. 2010; Zechmeister-Boltenstern et al. 2015). This 

mechanism can be related to the observed positive relation between litter initial N 

concentration with seedlings growth rates. Further investigation should be conducted to 

evaluate this hypothesis. 

 

Differences in litter traits and effects between forest and savanna species 
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 Despite the structural and environmental differences between savanna and forests, 

which select for plants with contrasting resource-use strategies (Dantas et al. 2013; 

Maracahipes et al. 2018; Abrahão et al. 2019), we did not find significant differences 

between the litter chemical traits of  

 

Implications for forest encroachment in dystrophic savannas 

Our results showed that, while decomposition is clearly stimulated by the addition of litter 

to the soil, this did not result in faster forest seedling growth. This should not be observed 

if seedling growth was controlled by a positive feedback mechanism relating litter 

deposition, decomposition and increased nutrient release. Thus, other process must be 

operating (candidate hypotheses were already addressed in previous paragraphs). 

Importantly, while some of these effects were affected by litter traits, they did not depend 

on litter species habitat preferences and their related adaptations at the leaf level (no litter 

trait differences could be detected). Thus, whether the canopy is dominated by forest or 

savanna species do not seem to influence how the litter is decomposed by microbes (in 

the absence of fire) and forest seedling success. While previous studies have suggested 

greater forest seedling success under a forest canopy in the Cerrado region (Hoffmann et 

al. 2004), many alternative mechanisms could underlie these previous results. A forest 

canopy buffers microclimatic conditions against climatic fluctuations outside the forest.  

Moreover, humus accumulation is a potential alternative fertilizing mechanism which 

depends on the amounts of undecomposable litter mass. Further studies should address 

these alternative mechanisms in order to provide a more comprehensive understanding of 

the role of vegetation-soil feedbacks in regulating biome dynamics in the tropics. In 

addition, considering that these systems are dynamic and regulated by tipping points, 

longer term studies should address if the patterns reported here persist through longer 

time periods until the transition to the sapling stage or are temporary.  
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Conclusions 

In regions in which forest and savanna coexist, forming moisaics, forests have been 

shown to produce higher amounts of litter than savannas and with higher concentration of 

nutrients (Silva et al. 2008, 2013; Paiva et al. 2015). This high input of nutrients and 

organic matter through litter by forests has been suggested to increase soil fertility, which 

could favor woody encroachment in savannas areas (Silva et al. 2008, 2013; Paiva et al. 

2015). Our study is the first to test this mechanism experimentally and contributes to a 

better understanding of the effects of litter accumulation in the dynamics of nutrients. 

Overall, our results show a key role of C and P in nutrient cycling dynamics in the 

Brazilian Cerrado. The positive relation between litter C and P with soil microbial activity, 

either measured as soil respiration or litter decay rates, indicates a potential energetic or 

P-limitation of soil microbial community. Furthermore, our results show that litter addition 

alone does not represent a direct input of nutrients for plant uptake, and that litter addition 

does not benefit woody seedlings growth, at least in the short term. Instead litter addition 

has neutral or hinders the growth of seedlings. In this case, woody seedlings remain 

vulnerable or could even become more vulnerable to top-kill by fire (Hoffmann et al. 2012). 

In this scenario, our study indicates that litter accumulation leads to a complex set of 

interaction involving soil microbial community, which influences in the mineralization rate of 

litter and also resource competition, and also the characteristics of woody individuals.  

 

Acknowledgements 

This study was financed in part by the Coordenação de Aperfeiçoamento de Pessoal de 

Nível Superior - Brasil (CAPES) - Finance Code 001. We are grateful for AL Mansur, R 

Pereira and L Quimbayo for the help in the fieldwork and in the preparation of the 



 

20 

greenhouse experiment. We also thanks D Mescolotti and F Picollo for the help in the 

laboratory analysis. 

 

References 

Abrahão A, Costa P de B, Lambers H, et al (2019) Soil types filter for plants with matching 
nutrient-acquisition and -use traits in hyperdiverse and severely nutrient-
impoverished campos rupestres and cerrado in Central Brazil. Journal of Ecology 
107:1302–1316. https://doi.org/10.1111/1365-2745.13111 

Bani A, Pioli S, Ventura M, et al (2018) The role of microbial community in the 
decomposition of leaf litter and deadwood. Applied Soil Ecology 126:75–84. 
https://doi.org/10.1016/j.apsoil.2018.02.017 

Bonanomi G, Cesarano G, Lombardi N, et al (2017) Litter chemistry explains contrasting 
feeding preferences of bacteria, fungi, and higher plants. Scientific Reports 7:9208. 
https://doi.org/10.1038/s41598-017-09145-w 

Bonanomi G, Incerti G, Barile E, et al (2011) Phytotoxicity, not nitrogen immobilization, 
explains plant litter inhibitory effects: evidence from solid-state 13C NMR 
spectroscopy. New Phytologist 191:1018–1030. https://doi.org/10.1111/j.1469-
8137.2011.03765.x 

Bremner J. M. (1996). Nitrogen—Total. In: Sparks D. L., Page A. L., Helmke P. A., 
Loeppert R. H., Soltanpour P. N., Tabatai M. A., Johnston C. T., Sumner M. E., 
editors. Methods of soil analysis, Part 3— Chemical methods.  Soil Science Society 
of America, Wisconsin, pp 1085–1121. 

Bueno ML, Dexter KG, Pennington RT, et al (2018) The environmental triangle of the 
Cerrado Domain: Ecological factors driving shifts in tree species composition 
between forests and savannas. Journal of Ecology 106:2109–2120. 
https://doi.org/10.1111/1365-2745.12969 

Bustamante MMC, de Brito DQ, Kozovits AR, et al (2012) Effects of nutrient additions on 
plant biomass and diversity of the herbaceous-subshrub layer of a Brazilian 
savanna (Cerrado). Plant Ecology 213:795–808. https://doi.org/10.1007/s11258-
012-0042-4 

Čapek P, Manzoni S, Kaštovská E, et al (2018) A plant–microbe interaction framework 
explaining nutrient effects on primary production. Nature Ecology & Evolution 
2:1588–1596. https://doi.org/10.1038/s41559-018-0662-8 

Cássia-Silva C de, Cianciaruso MV, Maracahipes L, Collevatti RG (2017) When the same 
is not the same: phenotypic variation reveals different plant ecological strategies 
within species occurring in distinct Neotropical savanna habitats. Plant Ecology 
218:1221–1231. https://doi.org/10.1007/s11258-017-0765-3 

Chevan A, Sutherland M (1991) Hierarchical Partitioning. The American Statistician 45:90–
96. https://doi.org/10.1080/00031305.1991.10475776 



 

21 

Cornwell WK, Cornelissen JHC, Amatangelo K, et al (2008) Plant species traits are the 
predominant control on litter decomposition rates within biomes worldwide. Ecology 
Letters 11:1065–1071. https://doi.org/10.1111/j.1461-0248.2008.01219.x 

Cotrufo MF, Wallenstein MD, Boot CM, et al (2013) The Microbial Efficiency-Matrix 
Stabilization (MEMS) framework integrates plant litter decomposition with soil 
organic matter stabilization: do labile plant inputs form stable soil organic matter? 
Global Change Biology 19:988–995. https://doi.org/10.1111/gcb.12113 

Dantas, VL, Batalha, MA (2012) Can antiherbivory resistance explain the abundance of 

woody species in a Neotropical savanna? Botany 90: 93-99 

Dantas, VL, Batalha, MA, Pausas, JG (2013) Fire drives functional thresholds on the 

savanna forest transition. Ecology 94: 2454-2463 

Dionizio EA, Costa MH, Castanho AD de A, et al (2018) Influence of climate variability, fire 
and phosphorus limitation on vegetation structure and dynamics of the Amazon–
Cerrado border. Biogeosciences (Online) 15(3). https://doi.org/10.5194/bg-15-919-
2018 

Facelli JM, Pickett STA (1991) Plant litter: Its dynamics and effects on plant community 
structure. Botanical Reviews 57:1–32. https://doi.org/10.1007/BF02858763 

Fang X, Zhao L, Zhou G, et al (2015) Increased litter input increases litter decomposition 
and soil respiration but has minor effects on soil organic carbon in subtropical 
forests. Plant Soil 392:139–153. https://doi.org/10.1007/s11104-015-2450-4 

Fanin N, Hättenschwiler S, Fromin N (2014) Litter fingerprint on microbial biomass, 
activity, and community structure in the underlying soil. Plant Soil 379:79–91. 
https://doi.org/10.1007/s11104-014-2051-7 

Freschet GT, Cornwell WK, Wardle DA, et al (2013) Linking litter decomposition of above- 
and below-ground organs to plant–soil feedbacks worldwide. Journal of Ecology 
101:943–952. https://doi.org/10.1111/1365-2745.12092 

Gavinet J, Prévosto B, Bousquet-Melou A, et al (2018) Do litter-mediated plant-soil 
feedbacks influence Mediterranean oak regeneration? A two-year pot experiment. 
Plant Soil 430:59–71. https://doi.org/10.1007/s11104-018-3711-9 

Graça MAS, Bärlocher F, Gessner MO (2007) Methods to study litter decomposition: A 
practical guide. Springer, Dordrecht  

Hättenschwiler S, Jørgensen HB (2010) Carbon quality rather than stoichiometry controls 
litter decomposition in a tropical rain forest. Journal of Ecology 98:754–763. 
https://doi.org/10.1111/j.1365-2745.2010.01671.x 

Hoffmann WA, Orthen B, Franco AC (2004) Constraints to seedling success of savanna 
and forest trees across the savanna-forest boundary. Oecologia 140:252–260. 
https://doi.org/10.1007/s00442-004-1595-2 

https://doi.org/10.1111/gcb.12113
https://www.nrcresearchpress.com/doi/abs/10.1139/b11-087
https://www.nrcresearchpress.com/doi/abs/10.1139/b11-087
https://doi.org/10.1111/j.1365-2745.2010.01671.x


 

22 

Hovstad KA, Ohlson M (2008) Physical and chemical effects of litter on plant 
establishment in semi-natural grasslands. Plant Ecology 196:251–260. 
https://doi.org/10.1007/s11258-007-9349-y 

Jacobson TKB, Bustamante MM da C, Kozovits AR (2011) Diversity of shrub tree layer, 
leaf litter decomposition and N release in a Brazilian Cerrado under N, P and N plus 
P additions. Environmental Pollution 159:2236–2242. 
https://doi.org/10.1016/j.envpol.2010.10.019 

Joergensen RG, Brookes PC (1990) Ninhydrin-reactive nitrogen measurements of 
microbial biomass in 0.5 m K2SO4 soil extracts. Soil Biology and Biochemistry 
22:1023–1027. https://doi.org/10.1016/0038-0717(90)90027-W 

Kozovits AR, Bustamante MMC, Garofalo CR, et al (2007) Nutrient resorption and patterns 
of litter production and decomposition in a Neotropical Savanna. Functional Ecology 
21:1034–1043. https://doi.org/10.1111/j.1365-2435.2007.01325.x 

Lenth L (2020). emmeans: Estimated Marginal Means, aka Least-Squares Means. R 
package version 1.4.8. https://CRAN.R-project.org/package=emmeans 

Lopez-Iglesias B, Olmo M, Gallardo A, Villar R (2014) Short-term effects of litter from 21 
woody species on plant growth and root development. Plant Soil 381:177–191. 
https://doi.org/10.1007/s11104-014-2109-6 

Makkonen M, Berg MP, Handa IT, et al (2012) Highly consistent effects of plant litter 
identity and functional traits on decomposition across a latitudinal gradient. Ecology 
Letters 15:1033–1041. https://doi.org/10.1111/j.1461-0248.2012.01826.x 

Manzoni S, Trofymow JA, Jackson RB, Porporato A (2010) Stoichiometric controls on 
carbon, nitrogen, and phosphorus dynamics in decomposing litter. Ecological 
Monographs 80:89–106. https://doi.org/10.1890/09-0179.1 

Maracahipes L, Carlucci MB, Lenza E, et al (2018) How to live in contrasting habitats? 
Acquisitive and conservative strategies emerge at inter- and intraspecific levels in 
savanna and forest woody plants. Perspectives in Plant Ecology, Evolution and 
Systematics 34:17–25. https://doi.org/10.1016/j.ppees.2018.07.006 

Meier CL, Bowman WD (2008a) Phenolic-rich leaf carbon fractions differentially influence 
microbial respiration and plant growth. Oecologia 158:95–107. 
https://doi.org/10.1007/s00442-008-1124-9 

Meier CL, Bowman WD (2008b) Links between plant litter chemistry, species diversity, and 
below-ground ecosystem function. Proceedings of National Academy of Sciences 
105:19780–19785. https://doi.org/10.1073/pnas.0805600105 

Motomizu S, Oshima M (1987) Spectrophotometric determination of phosphorus as 
orthophosphate based on solvent extraction of the ion associate of 
molybdophosphate with malachite green using flow injection. Analyst 112:295–300. 
https://doi.org/10.1039/AN9871200295 

Nally R, Walsh CJ (2004). Hierarchical partitioning public-domain software. Biodiversity 
and Conservation, 13, 659-660. URL 
https://search.proquest.com/openview/6f19c4d612b6cf75b106c479e7084a58/1. 



 

23 

Nelson D. W., Sommers L. E. (1996). Total carbon, organic carbon, and organic matter. In: 
Sparks D. L., Page A. L., Helmke P. A., Loeppert R. H., Soltanpour P. N., Tabatai 
M. A., Johnston C. T., Sumner M. E. (Eds.). Methods of soil analysis, Part 3— 
Chemical methods. Soil Science Society of America, Wisconsin, pp961–1010. 

Olson JS (1963) Energy storage and the balance of producers and decomposers in 
ecological systems. Ecology 44:322–331. https://doi.org/10.2307/1932179 

Paine CET, Marthews TR, Vogt DR, et al (2012) How to fit nonlinear plant growth models 
and calculate growth rates: an update for ecologists. Methods in Ecology and 
Evolution 3:245–256. https://doi.org/10.1111/j.2041-210X.2011.00155.x 

Peng Y, Song S, Li Z, et al (2020) Influences of nitrogen addition and aboveground litter-
input manipulations on soil respiration and biochemical properties in a subtropical 
forest. Soil Biology and Biochemistry 142:107694. 
https://doi.org/10.1016/j.soilbio.2019.107694 

Pinheiro J, Bates D, DebRoy S, Sarkar D, R Core Team (2020). _nlme: Linear and 
Nonlinear Mixed Effects Models_. R package version 3.1-147, URL: 
https://CRAN.R-project.org/package=nlme. 

R Core Team (2020). R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/. 

Singh JS, Gupta SR (1977) Plant decomposition and soil respiration in terrestrial 
ecosystems. Botanical Reviews 43:449–528. https://doi.org/10.1007/BF02860844 

Vance ED, Brookes PC, Jenkinson DS (1987) An extraction method for measuring soil 
microbial biomass C. Soil Biology and Biochemistry 19:703–707. 
https://doi.org/10.1016/0038-0717(87)90052-6 

Veen GF, Fry EL, ten Hooven FC, et al (2019) The Role of Plant Litter in Driving Plant-Soil 
Feedbacks. Frontiers in Environmental Science 7:168. 
https://doi.org/10.3389/fenvs.2019.00168 

Viani RAG, Rodrigues RR, Dawson TE, et al (2014) Soil pH accounts for differences in 
species distribution and leaf nutrient concentrations of Brazilian woodland 
savannah and seasonally dry forest species. Perspectives in Plant Ecology, 
Evolution and Systematics 16:64–74. https://doi.org/10.1016/j.ppees.2014.02.001 

Wang Q, He T, Wang S, Liu L (2013) Carbon input manipulation affects soil respiration 
and microbial community composition in a subtropical coniferous forest. Agricultural 
and Forest Meteorology 178–179:152–160. 
https://doi.org/10.1016/j.agrformet.2013.04.021 

Whitaker J, Ostle N, Nottingham AT, et al (2014) Microbial community composition 
explains soil respiration responses to changing carbon inputs along an Andes-to-
Amazon elevation gradient. Journal of Ecology 102:1058–1071. 
https://doi.org/10.1111/1365-2745.12247 

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New 
York. 



 

24 

Xiong S, Nilsson C (1999) The effects of plant litter on vegetation: a meta-analysis. Journal 
of Ecology 87:984–994. https://doi.org/10.1046/j.1365-2745.1999.00414.x 

Zechmeister-Boltenstern S, Keiblinger KM, Mooshammer M, et al (2015) The application 
of ecological stoichiometry to plant–microbial–soil organic matter transformations. 
Ecological Monographs 85:133–155. https://doi.org/10.1890/14-0777.1 

Zhang D, Hui D, Luo Y, Zhou G (2008) Rates of litter decomposition in terrestrial 
ecosystems: global patterns and controlling factors. Journal of Plant Ecology 1:85–
93. https://doi.org/10.1093/jpe/rtn002 

 

 

  

 

  


