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Abstract

Purpose Plant-soil feedbacks are important drivers
of ecosystem dynamics and have been hypothesized
to affect woody encroachment in savannas. Woody
encroachment is expected to increases savanna soil
fertility through deposition of organic matter, favor-
ing further establishment of woody individuals. In
this context, we tested if litter input promotes for-
est seedling growth in dystrophic savanna soils, and
if this was accompanied by an increase in microbial
activity.

Methods 1In a glasshouse experiment, 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).

Responsible Editor: Alfonso Escudero.

Supplementary Information The online version
contains supplementary material available at https://doi.
org/10.1007/s11104-021-05163-w.

A. M. D’Angioli (<)

Programa de P6s-Graduacdo,Em Ecologia, Department
of Plant Biology, Institute of Biology, State University
of Campinas, Campinas, Brazil

V. L. Dantas
Institute of Geography, Federal University of Uberlandia,
Uberlandia, Brazil

M. Lambais
Department of Soil Science, University of Sdo Paulo,
Piracicaba, Brazil

We evaluated the growth of the woody seedlings as
well as the response of the soil microbiota activity
and biomass to litter addition.

Results  Litter addition had either no effect or nega-
tive effects on seedling growth, and different seed-
ling species responded differently to litter addition.
However, we did find microbial activity to increase
in response to litter addition, especially through the
input of litter rich in phosphorus (P) and carbon (C).
Conclusions Our results indicate that litter input
does not favor woody seedlings growth in savanna
soil. Instead, litter input showed a potential to hinder
seedling growth, especially of fast-growing species.
Furthermore, litter input consistently increased soil
microbiota activity, mainly through the input of P and
C, highlighting the importance of energy and P in the
nutrient dynamics of Cerrado. Thus, our results did
not support the hypothesis that litter deposition trig-
gers a positive feedback with woody encroachment
via increased seedling growth.
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Introduction

In mesic seasonally dry tropical landscapes, savan-
nas and forests coexist under similar climatic and
edaphic conditions (Hirota et al. 2011; Staver et al.
2011; Bueno et al. 2018). The distribution of these
vegetation types is regulated by a complex set of feed-
backs that involves: fire regime, resource availability
and vegetation characteristics (Hoffmann et al. 2012;
Dantas et al. 2016; Bueno et al. 2018). According
to this model, the fire regime causes thinning of the
woody layer, maintaining an open savanna vegetation
in regions where the climate and soil are also suitable
for forest dominance (Sankaran et al. 2004; Bond et al.
2005; Staver et al. 2011). The persistence of fire rein-
forces fire-prone conditions and the resulting outcome
is a feedback loop, allowing the persistence of open
canopy and savanna vegetation (Bond, 2008; Warman
and Moles, 2009). In this scenario, the transition of
savanna to forest would be dependent on the formation
of a closed canopy sufficient to inhibit shade-intol-
erant grass growth, the main fuel of fire (Hoffmann
et al., 2012; Pellegrini, 2016; Warman and Moles
2009). Since savannas and forests are maintained by
a complex set of feedbacks, the distribution of these
vegetation types is dynamic rather than static. In fact,
studies have reported the transition of savannas to for-
ests and vice-versa in some tropical savanna regions
(Durigan and Ratter 2006; Silva et al. 2008, 2013; Ste-
vens et al. 2017; Gongalves et al. 2021).

An important component of forest-savanna dynam-
ics is the woody encroachment into savannas, char-
acterized by the increase of woody biomass in open
habitats (Stevens et al. 2017). Besides increasing
woody biomass, woody encroachment in open habi-
tats significantly modifies species taxonomic and
functional composition, leading to modifications in
ecosystem processes, such as nutrient and hydraulic
cycles, may also reinforce the maintenance of forests
(Parr et al. 2012). In the context of forest-savannas
transitions, the accumulation of woody biomass in
open habitats may be related to two main factors: i)
a reduction or suppression of fires in open habitats,
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preventing the thinning of the woody layer by fire;
and ii) in increasing in woody plant growth rates
(e.g., encouraged via improved soil fertility). Thus,
environmental and biotic changes following a fire that
either inhibit fire or increase the growth rate of woody
plants are expected to promote woody encroachment
in open habitats.

A key process potentially involved in this dynamic
plant-soil feedback is litter accumulation mediated
by increased litter input. Litter input is a mecha-
nism by which large amounts of organic matter and
nutrients are returned to the ecosystem, with poten-
tial impacts on plant growth (Freschet et al. 2013;
Hobbie 2015). Litter input affects soil properties
such as physical structure and/or chemical composi-
tion (Facelli and Pickett 1991; Veen et al. 2019). For
instance, litter chemical composition can have both
positive or negative effects on nutrient availability
to plants, depending on concentration in the litter of
both nutrients (increasing nutrient availability for
plant uptake) and secondary metabolites (which may
inhibit root growth) (Lopez-Iglesias et al. 2014; Veen
et al. 2019). Moreover, the physical structure of lit-
ter affects seed germination and plant growth, since
it filters the amount of radiation that reaches the soil,
also maintaining soil humidity and providing some
thermal insulation; it may also act as a mechani-
cal barrier for seedlings’ emergence, hindering their
development (Facelli and Pickett 1991; Hovstad and
Ohlson 2008; Veen et al. 2019). Therefore, modifica-
tions in the amount of litter, and in its chemical and
physical characteristics may significantly affect plant
growth, especially at the stage of recruitment and
early growth.

Besides the direct effects in plant growth, litter
input can also affect plant-soil feedbacks by influ-
encing that activity of soil microbiota— i.e., via the
indirect effects of litter input on plant growth (Van
Der Heijden et al. 2008; Zechmeister-Boltenstern
et al. 2015). Litter input stimulates the growth of
soil microbiota and their overall metabolic activ-
ity through the addition of resources that otherwise
be limiting (Zechmeister-Boltenstern et al. 2015). In
turn, the stimulation of soil microbiota from new litter
input can influence the nutrient immobilization-min-
eralization dynamics. For instance, litter that is rich
in limiting resources (usually nutrients) and also har-
bors low concentrations of defensive and recalcitrant
compounds, is rapidly decomposed by soil microbiota
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(Freschet et al. 2013; Zechmeister-Boltenstern et al.
2015). The decomposition of litter by microorgan-
isms releases the nutrients immobilized in dead tis-
sues, which can be either released in soil solution
(making it available for plant uptake) or immobilized
in microbial biomass (Bengtson and Bengtsson 2005;
Zechmeister-Boltenstern et al. 2015). On the other
hand, the stimulation of soil microbiota growth and
activity could have negative effects on the growth of
seedlings if microbes outcompete plants for limiting
soil resources, such as nutrients (i.e., priming effect,
Kuzyakov and Xu 2013). Indeed, soil microorganisms
have been reported to outcompete plants for nitrogen
(N) and phosphorus (P), immobilizing these nutrients
in microbial biomass, which becomes unavailable for
plant uptake, at least in the short-term (Capek et al.
2018). Also, the negative effects of microbes on plant
growth can be related to the production of phytotoxic
compounds that hinder plant development (Jilani
et al. 2008). Therefore, to understand the mecha-
nisms by which litter input affects plant growth, it is
also important to evaluate the effects of litter input
on soil microbiota activity and biomass. Ultimately,
soil microbiota might mediate the interaction between
litter input and plant growth since microorganisms
are responsible for the breakdown of dead tissue and
thus drive nutrient mineralization-immobilization
dynamics.

In this study we evaluated the effects of litter input
in soil microbiota and in the growth of woody seed-
lings growing in the context of forest-savanna transi-
tions in Brazilian Cerrado (hereafter Cerrado). The
Cerrado is an ecoregion of the tropical savanna biome
(locally called a “biome”) consisting of savanna-
dominated landscapes scattered with grasslands,
closed-canopy woodlands and strips of riparian for-
ests along river courses. Overall, it is distributed over
a dystrophic soil matrix, with low concentrations of
nutrients (especially P and Ca), low pH and high con-
centration of aluminum (Al; Ratter et al. 1997, Silva
et al. 2013; Pellegrini 2016), which makes factors
regulating nutrient dynamics especially important
for fast growing forest trees. The different vegetation
types of the Cerrado are composed of distinct plant
species and functional traits (Ribeiro and Tabarelli
2002; Maracahipes et al. 2018). Major distinctions
occur between the traits of species typical of closed-
canopy environments (hereafter, forest species),
with resource-acquisitive strategies (low resource

use efficiency, high leaf nutrient concentration, high
growth rate and high leaf area indices), and species
of sunny environments (i.e., savanna species), which
are usually resource-conservative (with the opposite
characteristics of forest species) (Dantas et al. 2013;
Miatto and Batalha 2016; Maracahipes et al. 2018).
These differences likely result in high spatial variabil-
ity in the amounts and quality of litter produced, with
consequences for microbial activity, decomposition
and, ultimately, vegetation-soil feedbacks. Indeed, it
has been hypothesized that the high input of nutrient-
rich and organic matter- rich 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).

In this context, we performed a glasshouse and a
field experiment in order to evaluate the effects of
litter input on forest seedling growth rates in typical
dystrophic Cerrado soils, and to examine the poten-
tial mechanisms involved, focusing on those medi-
ated by decomposition and soil microbiota activity. In
the glasshouse experiment, we evaluated the effects
of litter input in the growth rate of seedlings of for-
est woody species commonly found in closed-canopy
woodlands and/or forests of the Cerrado region. We
also evaluated the effects of litter input in soil micro-
biota activity and biomass, using the same experimen-
tal design, but without planting woody seedlings in
the pots. The litter used in these experiments was col-
lected in the field and additionally used to determine
litter functional traits for each litter species, in order
to further assess potential mechanisms relating lit-
ter input and seedling growth. Finally, we performed
a field experiment evaluating litter decay rates using
the litterbag technique. For all these experiments, we
used litter from 10 Cerrado species, divided in two
groups according to the species’ natural occurrence
(in savanna or forest). Through these experiments, we
evaluated: i) the overall effect of litter input on forest
seedling growth rates; and in soil microbiota activ-
ity and biomass; and ii) how well these effects were
explained by litter species origin (from savanna or
forest), and litter properties (both chemical litter traits
and litter decay rates). We expected: i) an overall
positive effect of litter input in forest seedling growth
rates and soil microbiota biomass and activity due
to the input of resources that were previously limit-
ing with thus resulting in higher decomposition rates
and nutrient release that positively affect plant growth
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rate (positive plant-soil feedback); ii) that these
effects were associated most strongly with the litter
of resource acquisitive species (i.e., forest species),
with rapidly decomposing litter and litter with high
concentrations of limiting nutrients (especially P and
Ca); and iii) that these effects were less pronounced
or even reversed (negative litter effect) for seedlings
given litter from resource-conservative species (i.e.,
savanna species), and litter with high concentrations
of phytotoxic and recalcitrant compounds, that result
in slow decomposition rates.

Material and methods
Study area

Litter collection was carried out at two Cerrado
reserves located in the State of Sdo Paulo, South-
eastern Brazil: one at the Municipality of Sdo Car-
los (21° 58’ S and 47° 52 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 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’). The regional climate
of both areas is Cwa, according to the Koppen clas-
sification 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 °C.

Litter was collected in short closed-canopy wood-
land Cerrado communities, 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, micro-
climate). We collected litter from 10 woody spe-
cies: five shade-intolerant savanna species and five
shade-tolerant species (three forest and two general-
ist species, hereafter called “forest species” for sim-
plicity), classified according to occurrence records
in Sano et al. (2008; see Table 1 and Fig. S1). We
chose pairs of shade tolerant and intolerant species
from the same genus or family to minimize phylo-
genetic influences. This approach allowed the inclu-
sion of leaves spanning a large range of light niches,

Table 1 List of selected species, and their classification based on the habitats where they occur, according to Sano et al. (2008)

Species Classification” Occurrence

Myrsine umbelata Mart Forest Gallery forest, Dry forest, Cerrado Stricto Sensu, Vereda e Cam-
(Primulaceae) pos Rupestres

Diospyros lasiocalyx (Mart.) B.Walln Savanna Cerrado Stricto Sensu, Campo Sujo

(Ebenaceae)

Amaioua guianensis Aubl Forest Gallery foresta, Cerrado Lato Sensu

(Rubiaceae)

Tocoyena formosa (Cham. & Schltdl.) Savanna Cerrado Stricto Sensu, Campos Rupestres

K. Schum. (Rubiaceae)

Bauhinia rufa (Bong.) Steud Forest Gallery forest Cerrado Stricto Sensu, Campo Sujo, Campos
(Fabaceae) Rupestres

Stryphnodendron rotundifolium Mart Savanna Cerradao, Cerrado Stricto Sensu

(Fabaceae)

Vochysia tucanorum Mart Forest Gallery forest, Cerrado Lato Sensu

(Vochysiaceae)

Qualea grandiflora Mart Savanna Cerradao, Cerrado Stricto Sensu, Campo Sujo

(Vochysiaceae)

Miconia albicans (Sw.) Triana Forest Gallery forest, Cerraddo, Cerrado Stricto Sensu, Campo Sujo
(Melastomataceae)

Miconia rubiginosa (Bonpl.) DC Savanna Cerraddo, Cerrado Stricto Sensu, Campos Rupestres

(Melastomataceae)
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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 systemati-
cally along a trail as the first visualized individuals,
but respecting a distance of at least 10 m between
individuals of the same species. The litter collection
was performed at the end of the dry season (August,
September and October, 2014). Litter sampling was
performed through the placement of collection bags
in the branches of the selected plants and also through
the collection of freshly senesced litter (when we
could unambiguously assign the litter to the selected
plant). The collected material was dried at 25°C for
72 h, and stored in sealed paper bags until use.

Litter chemical traits and decay rates

To study potential mechanisms explaining seedling
and soil microbiota responses to the litter input and
its characteristics, we measured litter traits related to
species nutrient acquisition strategy — i.e., litter phe-
nol, lignin, carbon (C) and nutrient concentrations.
For this, we ground 200 g of dried litter collected
from three 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 extraction method (Graca et al.
2007). Lignin concentration was determined using
Acid-Detergent method, obtaining the Klason lignin
values following Gracga et al. (2007). Carbon concen-
tration was determined colorimetrically after oxida-
tion with potassium dichromate (K,Cr,O, Nelson
and Sommers 1996). Nutrient analyses were based
on subsamples of 10 g. Nitrogen concentration was
determined colorimetrically after Kjeldahl diges-
tion (Bremner 1996). Phosphorus concentration was
determined by spectrophotometry after nitric per-
cloric acid digestion (Motomizu and Oshima 1987).
Manganese (Mn), potassium (K) and Ca concentra-
tions were determined by atomic absorption spectro-
photometry (Malavolta et al. 1997). The means of the
three samples per species analyzed were determined
and are shown in Table S1.

We also measured the decomposition rates of lit-
ter of each species, since these rates are related to
the release of nutrients immobilized in dead tissue

(Hobbie 2015). To determine the litter decompo-
sition rates of each species, we placed litterbags
in closed-canopy woodland Cerrado sites at the
Experimental and Ecological Station of Itirapina in
December 2014, following Graga et al. (2007). For
each species, we added approximately 5 g of unfrag-
mented senesced leaves from different individuals
into 10X 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 set in a randomized block design, set-
ting 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 approxi-
mately 3, 4, 6, 8§ and 10 months from the beginning
of the decomposition experiment. After the collec-
tion of the litterbags, their contents were washed and
dried at 70 °C 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: X,=X, * e“% " Y; to the data, in which X, is
the predicted mass at time t; X, is the initial mass
converted to equivalent dried mass at 70°C; and £ is
the Olson decomposition rate constant, a dimension-
less parameter (Fig. S2).

Litter effects on seedling growth

In order to evaluate the effects of litter input on
seedling growth rates, we performed a glasshouse
experiment at the Biology Institute of the State Uni-
versity of Campinas (UNICAMP), Brazil. We used
15 L pots of 45 cm height, filled with soil collected
in short closed-canopy woodland at the Experimen-
tal and Ecological Station of Itirapina (see Appen-
dix Table S2 for soil features). For this, we prepared
a plot of 9 m? of which we discarded the top layer
of soil (0 — 20 cm) and collected the soil from deep
layer (20 — 50 cm) and used it for pot preparation.
We collected the soil from deep layer to avoid legacy
effects (Cuddington 2011), which could influence the
seedlings growth rate and hinder the interpretation of
the effects of specific litter addition in plants growth.
Also, the soil microbiota would be inoculated in each
pot through the input of microorganisms present in
the surface of litter, colonizing the soil. Doing so, we
could evaluate the net effect of specific litter input in
seedlings and soil microbiota.
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We prepared pots for 10 treatments (with litter of
each species) and a control (without the addition of lit-
ter). For each treatment, we prepared five pots (repli-
cates) in which we mixed the top soil of the pots with
100 g of litter (approximately 0.2 g of litter by g of
soil), whose litter species varied according to the treat-
ment. Since our aim was to investigate whether woody
encroachment can specifically influence seedling
growth through its chemical traits — i.e., nutrients and
secondary metabolites input -, the litter material was
manually fragmented prior to mixing in order to simu-
late a more advanced stage of physical fragmentation.
After two weeks since litter input, at the center of each
pot, we planted a seedling of one of three fast grow-
ing forest species also found in dense cerrado: Crofon
floribundus Spreng. (Euphorbiaceae), Tapirira guia-
nensis Aubl. (Anacardiaceae) and Inga vera Willd.
(Fabaceae). We obtained the plants from a seedling
nursery, growing in propagation tubes (approximately
110 mL) with similar substrate. The seedlings had a
similar time since germination, with and approxi-
mately height of 20 cm and a well-developed root
system. The woody seedlings were used as phytom-
eters, in order to evaluate the net effect of litter input
in woody plants growth (Dietrich et al. 2014). We did
not use savanna species because we were particularly
interested in the consequences of litter input 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).

Plants were grown for approximately six months
and were watered daily, simulating an entire growth
season. Previous evidence suggest that plants
already start to respond to litter addition after
3—4 month in these ecosystems (Villalobos-Vega
et al. 2011). During the experiment, temperature
and relative air humidity were monitored using a
HOBO® U23 temperature and humidity data log-
ger, protected inside a solar radiation shield. The
mean glasshouse air temperature was 23.7°C +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 diam-
eter at soil height (DSH) on each individual. Based
on DSH, height and dry total biomass from the
seedlings harvested at the end of the experiment,
we built allometric equations to estimate seedlings
biomass during the experiment. We selected the
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best fitted equation for each species using Akaike’s
Information Criterion (AIC; Fig. S3 and Table S3).

Litter effects on soil microbiota activity and biomass

We also measured the effects of litter addition in
the soil microbiota activity and biomass. For this,
we prepared pots adopting the same experimental
design as described in previous section (see Litter
effects on seedling growth), but without planting
the seedlings, and used soil respiration rates as a
proxy of soil microbiota activity (Singh and Gupta
1977). Soil respiration was estimated based on CO,
evolution (Singh and Gupta 1977) by inserting PVC
tubes at the center of each pot to a depth of 5 cm
and measuring CO, 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 glasshouse conditions, and was sim-
ilar 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 (R,=R; * exp (-R * T). In this
model, R; was the initial soil respiration rate, R, was
the soil respiration rate in day ¢, R was the soil res-
piration rate through time, and T was the incubation
time. We then calculated the total heterotroph CO,
(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 2008; Fig. S4).

To determine the effects of the litter input on soil
microbial biomass, we collected, at the end of the
experiment, the top 10 cm soil and sieved it, separat-
ing 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 biomass was determined by
potassium sulfate extraction (Vance et al. 1987), and
microbial N biomass by the ninhydrin method (Joer-
gensen and Brookes 1990).
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Statistical analyses

To evaluate the effects of litter addition on soil micro-
bial activity, we performed an Analysis of Vari-
ance (ANOVA), considering the total C respired as
response variable and litter identity as predictive vari-
able. Then we performed a post-hoc Tukey’s honestly
significant difference test (Tukey HSD) to identity
which litter significantly affected the microbial bio-
mass in relation to the control soil. Similar analyses
were performed in order to evaluate the effects of lit-
ter addition in soil microbial C and N biomass.

A similar analysis was performed to evaluate the
overall effects of litter input in seedlings growth.
Firstly, 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: X, =X, * e “'? (Paine et al. 2012)
to the data, in which X, is the estimated biomass of
the seedlings at time t, X, is the initial seedling esti-
mated biomass, t is time in days and r is the relative
growth rate. Then, we performed an ANOVA, con-
sidering the seedling biomass relative growth rate as
response variable and litter species identity and seed-
ling species as predictive variables. For the ANOVAs
in which we have found significant influence of the
predictive variables over the response variables, we
performed a Tukey HSD in order to identify which
litter significantly affected seedlings growth rate in
relation to control seedlings.

To evaluate the potential mechanisms by which
litter input affected seedlings growth rate and soil
microbiota activity, we performed a correlation
analysis using the Pearson’s correlation coefficient.
We correlated litter chemical traits (C, N, P, K, Ca,

Mn, phenol and lignin concentrations) with seedlings
growth rate and and the heterotroph soil respiration
and the litter decay rate. We did not consider the con-
trol seedlings and pots in these analyses.

To evaluate if the origin of litter species (savanna
or forest) is related to its effects in seedlings and soil
microbiota, we initially performed a principal compo-
nent analysis (PCA) ordering the litter chemical traits
(C, N, P, K, Ca, Mn, phenol and lignin concentra-
tions) to visualize the relations among litter chemical
traits and litter species origin. Then, we performed
an ANOVA considering seedlings growth rate as
response variable and litter origin and seedling spe-
cies as predictive variables. A similar analysis was
performed, considering soil heterotroph C respiration
and litter decay rates as response variables, and litter
origin as predictive variables. For these analyses we
did not consider control pots.The analyses were per-
formed in R v.4.0.0 (R Core Team 2020), using the
packages ‘nlme’ (Pinheiro et al. 2020),, ‘emmeans’
(Lenth 2020), ‘ggplot2’ (Wickham 2016), ‘corrplot’
(Wei and Simko 2017) and reshape2 (Wickham
2007).

Results

In our short-term glasshouse experiment (of approxi-
mately 6 months), litter input increased soil micro-
bial activity (Table 2, Fig. 1a). The addition of lit-
ter increased the total heterotrophic C respired from
soil for all litter species with the strongest effect in
pots to which litter from 7. formosa had been added
(Fig. 1a). However, despite the increase in soil
microbial activity, we did not observe an increase

Table 2 Results of

- ; Degrees of Sums of squares Mean square F-value P-value
Analysis of Variance freedom
(ANOVA) evaluating the
effects of litter addition on Microbial C biomass
microbial € and N'biomass, 30 oocies 10 0.11 0.01 0.85 0.58
and also on microbial )
activity (Total carbon (C) Residuals 40 0.51 0.01
respired from soil) Microbial N biomass
Litter species 10 0.11e-6 0.01e-6 0.98 0.47
Residuals 41 0.45e-6 0.01e-6
Total C respired
Litter species 10 7038.44 703.84 11.97 <0.001
Residuals 40 2352.92 58.82
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Fig. 1 Response of microbial activity (total carbon (C)
respired from soil) and biomass (C and nitrogen (N)), to the
addition of litter from different species. The total C respired
from soil was estimated by the soil respiration rates of pots
with different litter species input in a six-month glasshouse
experiment. The different colors of the boxplot indicate the
main occurrence of the litter species: White: Litter species
mainly occurs in forests; Grey: Litter species mainly occurs
in savannas. While the black boxplot indicates the response of
microorganism in control pots (no litter addition). The (¥, *%*)
symbols indicates the litter species that significantly affected
soil microbiota in relation to control pots, which was calcu-
lated through a post-hoc Tukey test. Boxplots with different
symbols significantly differed from the others

in microbial biomass in relation to control pots
(Table 2, Fig. 1b, c). Regarding the effects on seed-
lings growth, litter input had an overall neutral or
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negative effect on growth rates in comparison with
the control (i.e., no litter addition; Table 3, Fig. 2). In
our field experiment, we observed wide variation in
litter decay rates (Fig. S2). The decay rate constant
(Olson’s k-value) varied from 0.0035, for 7. formosa
litter, to 0.00041, for V. tucanorum, corresponding
to variation in the half-life of the litter from 188 to
1724 days.

The responses of seedlings to litter input were
varied by species. The growth rate of seedlings of L.
vera, the fastest growing among the three forest spe-
cies, was negatively affected by the addition of litter
from six out of ten litter species, whilst for seedlings
of C. floribundus and T. guianensis litter addition
had no effect.

The two main proxies used to evaluate soil micro-
biota activity, litter decay rates and soil heterotroph
respiration, showed a similar relation with litter
chemical traits (Fig. 3). Specifically, both litter decay
rate and soil heterotrophic respiration were posi-
tively related to litter C concentration (respectively:
r=0.94; p-value<0.001; r=0.71; p-value=0.03)
and negatively related to litter phenol concentra-
tion (respectively: r=-0.68; p-value=0.04; r=-0.77;
p-value=0.02). However, soil heterotrophic respira-
tion was also positively related with litter P concen-
tration (r=0.76; p-value=0.02). On the other hand,
the response of seedling growth rate to litter input
was weakly correlated with litter traits and the rela-
tions between litter traits and seedling growth varied
according to species (Fig. 3). For instance, with I. vera
growth rates were positively related to litter N concen-
tration (r=0.30; p-value=0.04), while with C. flori-
bundus growth rate was negatively correlated with lit-
ter K concentration (r=-0.31; p-value=0.03; Fig. 3);
and the growth rate of T. guianensis was not correlated
with any of the litter traits measured (Fig. 3).

The litter species used cover a wide range of varia-
tion in litter chemical traits (Fig. 4). However, the lit-
ter chemical traits of savanna and forest species did
not differ, as initially expected (Fig. 4), as also seen in
the lack of significant difference in the effects of lit-
ter from forest vs. savanna species in seedling growth
rates (Table 4, Fig. 5) and soil microbial activity and
biomass (Table 5, Fig. 6).
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Table 3 Resu1t§ of Degrees of ~ Sums of squares Mean square F-value P-value
Analysis of Variance

. freedom
(ANOVA) evaluating the
eﬂe(iclts of litter ;ddmon gn Seedling species 2 1.54e-3 7.72e-4 208.09 <0.001
seecling growth rate, an Litter identity 10 1.20e-4 0.12¢-4 3.23 <0.001
the influence of seedling
identity in the response of Seedling specie: 18 1.48e-4 0.08e-4 2.22 0.01
seedlings to litter addition Litter identity

Residuals 124 4.60e-4 0.04e-4

Discussion

In this study, we evaluated if the input of litter from
different species could promote the growth of woody
seedlings growing in dystrophic savanna soils, and if
the effects of litter input on growth rates were related
to the chemical traits in the litter, and to the prov-
enance of the litter species — i.e., savanna or forest.
In order to examine a potential mechanism by which
litter accumulation and seedling growth rate are
related, we also tested for an effect of litter addition
on the activity of soil microbiota. Litter input directly
affected soil microbiota, promoting activity mainly
through the input of C- and P-rich organic matter.
On the other hand, litter input had either no effect
or hindered the growth of woody seedlings growing
in savanna dystrophic soil. Although litter addition
could negatively influence forest tree seedling growth,
the growth rates of forest tree seedlings were weakly
correlated with some litter chemical traits. This sug-
gests that the litter input process did not result in a
simple addition of limiting resources or phytotoxic
compounds. Instead, the impact on plant growth is
likely to have been indirect, potentially mediated by
the activities of soil microbiota. Finally, we found no
evidence that litter origin influenced the responses
of either soil microbiota or plants. Our experimental
evidence thus suggests that woody encroachment of
new species into savannas vegetation in the Cerrado
biome is unlikely to influence nutrient dynamics via
the chemical traits of the new accumulated litter.

The effects of litter addition in soil microbial activity
and biomass

In our study, litter input stimulated soil micro-
bial activity potentially through the direct input
of limiting resources, as litter is an important sub-
strate for soil microbiota (Cotrufo et al. 2013;

Zechmeister-Boltenstern et al. 2015). Previous
reports for Cerrado and in other ecosystems occur-
ring over dystrophic soils have identified nutrient
limitation of soil microbiota, especially for N and
P, with metabolic activity stimulated by the input
of nutrient-rich litter (Resende et al. 2011; Zech-
meister-Boltenstern et al. 2015). In these cases,
nutrient-rich litter is preferentially consumed by
soil microbiota, decomposing faster than nutrient-
poor or recalcitrant litter (Zhang et al. 2008; Corn-
well et al. 2008); and we consistently observed
soil microbiota activity and litter decay rates to be
related to the same litter chemical traits in both the
field and the glasshouse experiments.

Our data indicate that soil microbiota activity was
not related to litter N and lignin, but was correlated
with litter C, P and phenol concentration. This result
partially contradicts findings elsewhere of key roles
for N and lignin in regulating litter decay rates (Corn-
well et al. 2008), but it is consistent with resource
availability relating instead to C, P and phenol con-
centrations being a key driver of litter decay rate and
stimulation of soil microbial activity (Zechmeister-
Boltenstern et al. 2015). In our study, the observed
soil respiration positive correlation with litter C and P,
and negative correlation with litter phenol; and litter
decay rates positive correlation with litter C and neg-
ative correlation with litter phenol, might be related
to three non-exclusive mechanisms explaining their
control over microbial activity: (1) the soil microbial
community is energetically limited and its activity is
stimulated by the input of labile C-rich organic matter
(Hattenschwiler and Jgrgensen 2010; Makkonen et al.
2012; Whitaker et al. 2014); (2) respiration rates are
constrained by recalcitrant phenol compounds (Hit-
tenschwiler and Vitousek 2000; Dunn and Freeman
2018); and (3) the soil microbial community is more
P-limited than N-limited, as frequently observed in
Cerrado (Reich and Oleksyn 2004; Kozovits et al.
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Fig. 2 Relation of the relative growth rate of three forest
seedling to the input of litter from different species. A) The
response of seedlings of Croton floribundus; B) The response
of seedlings of Inga vera; C) The response of seedlings of
Tapirira guianensis. The relative growth rate of seedlings was
estimated by the adjusted exponential growth curve (X, =X, *
e ™ in which r is the relative growth rate), based on its bio-
mass gain in a six-month glasshouse experiment. The different
colors of the boxplot indicate the main occurrence of the litter
species: White: Litter species mainly occurs in forests; Grey:
Litter species mainly occurs in savannas. While the black
boxplot indicates the response of control seedlings (no litter
addition). The (*) symbol indicates the litter species that sig-
nificantly affected seedlings growth in relation to control seed-
lings, which was calculated through a post-hoc Tukey test

2007; Jacobson et al. 2011; Bustamante et al. 2012;
Dionizio et al. 2018; Abrahao et al. 2019), with the
addition of P-rich litter potentially increasing its
activity and the turnover of organic matter.

@ Springer

The effects of litter input in soil microbiota and
the relationships with the chemical traits in litter have
important implications for nutrient cycling in the Cer-
rado. Firstly, litter that is rich in C and P is rapidly
decomposed, indicating a fast mineralization of P
immobilized in plant dead tissues. Secondly, the rela-
tion between soil microbiota activity with litter C and
P indicates that one of these resources are preferen-
tially re-immobilized in microbial biomass, becom-
ing unavailable for plant uptake until remineraliza-
tion (Bengtson and Bengtsson 2005; Manzoni et al.
2010; Capek et al. 2018). Soil microbes are usually
limited by either energy or nutrients, and these limi-
tations have distinct consequences to nutrient cycling
of the ecosystem (Manzoni et al. 2010; Capek et al.
2018). Thus, two potential mechanisms of soil micro-
biota influences on nutrient cycling in Cerrado can be
expected based on our observations: i) soil microbi-
ota is mainly energy limited, resulting in preferential
immobilization of C in microbial biomass and miner-
alization of nutrients, such as P; ii) soil microbiota is
mainly P limited, resulting in preferential immobili-
zation of P in microbial biomass and mineralization
(respiration) of C. We could not evaluate which of
these mechanisms are occurring, as we do not have
data on mineral nutrients before and after the experi-
ment. Thus, further studies should evaluate how lit-
ter input increases P immobilization in soil microbial
biomass and the dynamics of re-mineralization of this
nutrient in field conditions.

The effects of litter input on the growth of woody
seedlings

The overall neutral and/or negative effect of lit-
ter input on seedling growth rates is consistent with
previous reports (Xiong and Nilsson 1999; Lopez-
Iglesias et al. 2014; Gavinet et al. 2018; Sarker et al.
2020). However, the mechanisms related to these
effects could not be fully identified based on our
experiment. Litter can affect plant growth directly,
through the input of phytotoxic compounds that
inhibit root growth (Bonanomi et al. 2011; Lopez-
Iglesias et al. 2014), or indirectly, through the stimu-
lation of soil microbial activity (i.e., priming effects,
Van Der Heijden et al. 2008; éapek et al. 2018). Even
though we could not confirm these mechanisms, our
data highlight the potential importance of the soil
microbiota in mediating the relation between litter
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Fig. 3 Heatmap showing the correlations between soil micro-
biota activity — i.e., soil heterotroph respiration, litter decay
rates — and the three species seedlings growth rate -i.e., Cro-
ton floribundus, Tapirira guianensis and Inga vera — with lit-

ter chemical traits of the ten litter species studied. Asterisks
represents significative correlations (Pearson’s r coefficient:
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Fig. 4 Principal component analysis (PCA) ordination of 9
litter traits (arrows) from the 10 studied species. The species
were grouped according to their habitat of occurrence. The
traits were centered and standardized prior to the analysis.
The litter traits used were: [N], nitrogen concentration (mg
g™ 1; [P], phosphorus concentration (mg g~'); [K] potassium

and plants due to the following observations in our
experiment: i) the lack of correlation between seed-
ling growth and litter chemical traits, especially phe-
nolic compounds (which would be expected if the lit-
ter phytotoxicity accounted for the observed effects);
ii) the stimulation of soil microbiota activity by lit-
ter input (increased soil heterotroph respiration rate

PC1 (43.39%)

concentration (mg g"l); [Ca] calcium concentration (mg g_l);
[Mg] magnesium concentration (mg g’l); [C] carbon concen-
tration (mg g~'); [Phenols], phenol concentration (mg g~');
[Lignin], lignin concentration (g g~!). The italic names repre-
sent the litter species to which the points correspond

due to the litter addition); iii) the direct correlations
between soil microbiota activity and litter traits, spe-
cifically, litter C, P and phenol. Further analysis of
mineralization-immobilization dynamics and the net
mineralization of nutrients (in plant and microbial
biomass) should thus enable a better understanding of
how litter input affects nutrient availability for plants.
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Table 4 Results of Analysis of Variance (ANOVA) evaluating the effects of the origin of the litter added on seedling growth rate,
and the influence of seedling identity in the response of seedlings to litter addition. For this analysis we did not consider control pots

Degrees of freedom Sums of squares Mean square F-value p-value
Seedlings species 2 1.27e-3 6.34e-4 141.44 <0.001
Litter origin 1.55e-6 1.55e-6 0.34 0.56
Seedlings species: Litter 2 1.63e-5 8.17e-6 1.82 0.17
origin
Residuals 134 6.0le-4 4.49¢-6

Implications for forest encroachment in dystrophic
savannas

A)

0.0031

0.002 |

0.001

B)
0.0151 | |
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0.0051 T
0.000

C)
0.011; .
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Fig. 5 Relation between the relative growth rate of three forest
seedling to the input of litter from different origin (savanna and
forest). A) The response of seedlings of Croton floribundus;
B) The response of seedlings of Inga vera; C) The response
of seedlings of Tapirira guianensis. The relative growth rate
of seedlings was estimated by the adjusted exponential growth
curve (X=X, * e D in which r is the relative growth rate),
based on its biomass gain in a six-month glasshouse experi-
ment. In this analysis we did not consider control pots
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Villalobos-Vega et al. (2011) reported an overall
null effect of litter manipulation on woody trees
in Cerrado, demonstrating that litter input did not
influence soil fertility or the growth of five out of
six savanna species, even after four years (Villa-
lobos-Vega et al. 2011). Our study was consistent
with this by showing that the litter properties from
savanna and forest species are not essentially dif-
ferent in their chemical traits or in how they affect
plant growth. However, in contrast to our results,
Villalobos-Vega et al. (2011) observed that their
fastest growing species were positively affected by
litter addition, likely reflecting the effect of litter in
that study on reducing water loss from soil (Villa-
lobos-Vega et al. 2011; Xiong and Nilsson 1999;
Scalon et al. 2014).

The fastest growing species in this study, I. vera,
was from forest and was also more responsive (neg-
atively) to litter addition than the slower-growing
species. This is consistent with the general pat-
tern of fast-growth species being more responsive
to stimuli (Viani et al. 2011; Freschet et al. 2013),
but further study is clearly needed to combine nutri-
ent, phytotoxicity and water dynamics with seedling
growth strategy to understand the potential impacts
of encroachment and changing litter inputs on eco-
system dynamics in dystrophic tropical savannas
(Veen et al. 2019; Gundale and Kardol 2021).

Finally, we note that future studies on the role of
changing litter properties on forest-savanna dynam-
ics should also include the responses of grasses
to new litter input, since the grass layer is essen-
tial to keep the ecosystem in its open fire-prone
state (Hoffmann et al. 2012). Rapid grass growth
in response to new litter would hinder woody
encroachment processes but reduced grass growth
responses might favour them. Thus, integrating the
responses of both woody seedlings and grasses to
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Table 5 Result§ of Degrees of Sums of squares Mean square  F-value p-value
Analysis of Variance freedom
(ANOVA) evaluating the
effects of the origin of Microbial C biomass
ﬁ;‘;{;ﬁﬁ?ﬁiﬁi 2(1)11(11 Litter origin 1 173.7 173.66 1.4 0.24
activity. For this analysis Residuals 44 5450 123.86
we did not consider control Microbial N biomass
pots Litter origin 1 0.002 0.002 0.19 0.66
Residuals 44 0.55 0.01
Soil heterotroph respiration
Litter origin 1 3.76e-9 3.76e-9 0.31 0.58
Residuals 44 5.35e-7 1.21e-8
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Fig. 6 Response of microbial activity (total carbon (C)
respired from soil) and biomass (C and nitrogen (N)), to the
addition of litter from different origins (savanna and forest).
The total C respired from soil was estimated by the soil respi-
ration rates of pots with different litter species input in a six-
month glasshouse experiment

changing litter inputs will ultimately be needed to
understand ecosystem dynamics in this key vegeta-
tion transition zone.

Conclusions

In regions in which forest and savanna coexist as
landscape mosaics, forests have been shown to pro-
duce larger amounts of litter than savannas and with
higher concentration of nutrients (Silva et al. 2008,
2013; Paiva et al. 2015). This high input of nutri-
ents and organic matter in forest litter has been sug-
gested to increase soil fertility, which could favor
woody encroachment in savannas areas (Silva et al.
2008, 2013; Paiva et al. 2015). Our study tested this
process experimentally and contributes to a better
understanding of the effects of litter accumulation
on the dynamics of nutrients and vegetation.

Our results identify a key role of C and P in
nutrient cycling dynamics in the Brazilian Cerrado,
although the mechanisms by which they are affected
by litter addition appear to be indirect, mediated by
the soil microbiota. The positive relation between
litter C and P with soil microbial activity, either
measured as soil respiration or litter decay rates,
indicates a potential C-supply (i.e., energetic) or
P-limitation of the soil microbial community. Fur-
thermore, and consistent with earlier work, our
results suggest that litter addition alone does not
generally benefit woody seedling growth, and may
indeed increase fire risk if grass growth rates are
enhanced at the same time.
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