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Abstract
Background and aims Restoring healthy ecosystem de-
pends on recovering not only biodiversity, but also
ecosystem processes and functionality. We investigated
the effects of tree community parameters and site abiotic
conditions on nutrient cycling in restored forests.
Methods We assessed litter production and nutrient in-
puts in five 16-year old restored forests established
using different restoration methods and species combi-
nations, i.e. unplanted control (natural regeneration),
direct seeding, agroforestry, mixed commercial
species plantation (commercial mix), and high-
diversity plantation, replicated at two sites that

differed in soil fertility. We used adjacent seasonal
semideciduous forest remnants as references.
Results Restoration treatments with intermediate and
high species richness had higher litter and nutrient in-
puts and did not differ from the reference forest. In the
more fertile site, litter and nutrient inputs increased
across different treatments with increasing stand densi-
ty, whereas in the low fertility site, litter and nutrient
inputs in the different treatments increased with increas-
ing tree species richness and the proportion of putative
nitrogen-fixing tree species.
Conclusions Restoration treatments, even those with
low species richness, but with a relatively high propor-
tion of trees with nitrogen-fixing capability might be
effective in restoring nutrient cycles in lower fertility
soils, whereas in the more fertile soils it is possible to
increase nutrient inputs by establishing restoration treat-
ments at high stem densities. Our results suggest that the
magnitude of relationships among plant community pa-
rameters and nutrient cycling depends strongly on site
conditions.

Keywords Nutrient cycling . Ecological restoration .

Tropical seasonal forest . Species richness . Nitrogen-
fixing tree . Litterfall . Atlantic forest

Introduction

The effects of biodiversity on ecosystem functioning is a
topic of increasing interest over the past three decades,
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mainly due to the negative effects that biodiversity loss
can cause to ecosystems services (Hooper et al. 2005),
and therefore to human well-being (Cardinale et al.
2012; Tilman et al. 2014). Biodiversity is considered
the major determinant of ecosystems productivity
(Tilman et al. 2014; Guerrero-Ramírez et al. 2017;
Huang et al. 2018a) and their loss within commu-
nities can reduce the biomass production, organic
matter decomposition and nutrient recycling
(Cardinale et al. 2012).

Nutrient cycling is a key aspect of ecosystem func-
tioning that can be regulated by multiple factors, both
biotic and abiotic. Litterfall accounts for up to 41% of
annual net primary production in old-growth tropical
forests (Chave et al. 2010), representing the main path-
way for transfer of carbon and mineral elements from
vegetation to the soil surface (Vitousek and Sanford
1986; Aragão et al. 2009), thereby recycling nutrients
for plant growth. Studies in forest ecosystems have
highlighted major effects of soil properties (e.g. soil
fertility) on litter production and nutrient inputs
(Vitousek 2004; Dent et al. 2006; Fyllas et al. 2009;
Chave et al. 2010). Furthermore, litter and nutrient
inputs in forests depend on climate, and forest physiog-
nomy, as well as vegetation attributes, such as forest
age, species composition and forest structure (Vitousek
and Sanford 1986; Facelli and Pickett 1991; Clark et al.
2001; Martinelli et al. 2017). During forest succession,
development of stand structural components (e.g. plant
height, density and basal area) and species diversity
usually increase (Marques et al. 2014), positively affect-
ing litter production (Martinelli et al. 2017). Although
the factors that affect nutrient dynamics have been well
studied in tropical forests (Clark et al. 2001; Chave et al.
2010), few studies have examined these dynamics, the
effects of species richness, or their interactions and
relative importance, in mixed plantations common-
ly used for forest restoration (Celentano et al.
2011; Lanuza et al. 2018; Huang et al. 2018a;
Huang et al. 2018b).

Plant functional traits at the community level have
been reported to affect ecosystem properties (Lavorel
2013). For instance, positive effects of nitrogen-fixing
tree species on litter production and nutrient cycling
have been reported in the literature (Santana et al.
2009; Celentano et al. 2011; Hoogmoed et al. 2014),
as have the positive effects of nitrogen-fixing tree spe-
cies on soil carbon and nutrient pools (Macedo et al.
2008; Wang et al. 2010; Hoogmoed et al. 2014;

Winbourne et al. 2018). The phenology of tree species
also can affect community-level litterfall and nutrient
cycling patterns. For example, deciduous species
(drought-avoiding) drop all their leaves during the dry
season to reduce water loss (Tomlinson et al. 2013),
have higher values of specific leaf area (Somavilla
et al. 2014) and higher leaf nutrient content (Chen
et al. 2013; Somavilla et al. 2014; Rossato et al. 2015).
Thus, we expect positive effects of deciduous plants on
litterfall nutrient inputs to the forest floor. Knowledge
about how diversity (i.e. species and functional diversi-
ty) and vegetation structure affect ecosystem function-
ing (i.e. nutrient cycling) can guide restoration practices.
Although studies testing mixture of species have shown
positive effects of species richness on nutrient cycling
(Peng et al. 2016; Huang et al. 2018a; b), other studies
did not find such a relationship (Scherer-Lorenzen
et al. 2007; Gazell et al. 2012; Duarte 2018),
demonstrating the lack of consensus in the litera-
ture regarding the relationships between species
richness and litter production.

In the restoration of tropical forests, although high-
diversity plantings have been advocated (Naeem 2006;
Rodrigues et al. 2009; Lamb 2012), some studies have
demonstrated that a smaller number of planted species
(e.g. the framework species method; Lamb et al. 1997)
can also be used to kick off natural succession and speed
up the natural regeneration, assuming there is a potential
for natural increase of species over time (Lamb et al.
2005; Durigan et al. 2010; Durigan and Engel 2012). In
this case, the combination of functional traits of planted
species should be such as to drive positive feedbacks on
the ecosystem dynamics, in a way to recover its func-
tioning (Lamb et al. 2005; Celentano et al. 2011; Pontes
et al. 2019). As a result, we can hypothesize that some
minimum vegetation diversity and structure (e.g. species
richness, composition, individual’s density and basal
area) is needed to ensure the functioning of healthy
ecosystems (Naeem 2006; Wright et al. 2009). Consid-
ering the need of producing a high number of native tree
species in nurseries (Silva et al. 2014), the possibility of
using a minimum set of species which will guarantee
optimum ecosystem functioning, instead of restoring the
whole set of species of a reference ecosystem (Naeem
2006; van Andel and Grootjans 2006; Celentano et al.
2011), would be of relevant interest for forest restoration
practice (Engel 2011). However, this hypothesis is still
open to debate, due to the lack of enough experimental
evidence in forest ecosystems, since most studies
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examining this question have been carried out in herba-
ceous communities (Isbell et al. 2015).

To understand how site characteristics and restoration
strategies affect aspects of nutrient cycling, we studied a
long-term ecological restoration experiment established in
1997 at two sites with contrasting soil conditions and using
different forest restoration systems designed for the Atlan-
tic Forest region in Brazil. Our aim was to examine how
site and vegetation attributes interact in affecting selected
ecosystem functions, namely litter production and nutrient
inputs. Specifically, we tested whether: 1) litter production
and nutrient content will be higher in restored forests on the
more fertile soil; 2) litter and nutrient inputs will increase
with tree species richness, the proportion of putative
nitrogen-fixing trees and the proportion of deciduous spe-
cies (% individuals); and 3) litter production and nutrient
inputs of 16-year-old restored forests will be similar to
reference forest and higher than unplanted (passive resto-
ration system) plots.

Materials and methods

Study area

The study area is located in Botucatu, in the south-central
region of São Paulo state, Brazil (22°52′32” S; 48°26′46”
W) (Supplementary Material). The climate is classified as
subtropical, wet, and hot (Alvares et al. 2013). Annual
rainfall average is 1428.4 mm, 75% of which concentrated
between the months of October to March (Cunha and
Martins 2009). Annual mean temperature is 20.5 °C, and
the minimum average occurring in July (17.1 °C) and
maximum in February (23.1 °C) (Cunha and Martins
2009). The original natural vegetation cover is classified as
tropical seasonal semideciduous forest within the Atlantic
Forest biome range (IBGE 2012). According to the “Tech-
nical Manual of Brazilian Vegetation” (IBGE 2012), the
tropical seasonal semideciduous forest is conditioned by the
climatic seasonality, where around 20–50% of the canopy
trees shed their leaves during the drier winter.

Experimental design, treatments description
and implementation

The design included two experimental sites with con-
trasting soil properties (Table 1) and landscape context.
In Site 1, the soil is a fertile loamy Ultisol (Soil Survey
Staff 2014), with an elevation of 700 m (22°49′38” S;

48°25′55” W). It is surrounded by pastures, scattered
forest fragments and is around 10 m away from a
disturbed riparian forest. Site 2 is characterized by rela-
tively low fertility and sandy Alfisol (Soil Survey Staff
2014), with an elevation of 547 m (22°48′54” S; 48°24′
56”W). It is located 50 m away from a late-succession-
al, relatively undisturbed forest remnant.

At each site, a complete randomized block design
with three replicates (blocks) and five restoration sys-
tems (treatments) was set up in 1997/1998, with 50 ×
50 m plots: 1) Control (CON): passive restoration, with
no planting nor maintenance interventions; 2) Direct
seeding (DSE): direct sowing of five fast growth early-
successional tree species); 3) Modified “Taungya”
agroforestry system (AGR): included mixed species tree
plantings established in triple rows (spacing 1.5 m ×
2 m) interspaced by 5 m width alleys, where annual
cropswere cultivated until canopy closure (at 4–5 years).
Within the triple rows, the two outer rows consisted
of 10 leguminous multipurpose fast-growing tree spe-
cies. In the inner rows, 10 slow-growing commercial-
ly valuable timber species were planted; 4) Commer-
cial mix (MIX): consisted of a mixture of commercial
timber and firewood tree species grown in alternating
rows with 10 fast-growing firewood species and 15
slow-growing timber species. This system was similar
to the AGR system, but without the 5 m crop alleys;
5) High-diversity system (DIV): a mixture of 40
semideciduous tropical forest native species belong-
ing from different ecological groups. A list of the
planted species in each treatment is provided in
the Supplementary Material.

Before the establishment of the experiment, both sites
were abandoned pasture and crop lands, and were cov-
ered with exotic invaders grasses, mainly 2 m-tall
Pennisetum purpureum in Site 1 and 0.5 m-tall
Urochloa decumbens in Site 2. They were mechanically
roto-tilled (Site 1) and mowed (Site 2) and sprayed with
post-emergence herbicide (glyphosate) after grass
resprouting. For the direct seeding treatment, site prep-
aration involved minimal tillage, using a soil ripper
attracted to a tractor to mark the planting lines. Sowing
was made during the summer (in February) of 1997;
seeding was done manually at 1 × 1 m spacing and 5 cm
depth, using 2–4 seeds per planting spot. Each species
was planted in separate rows. Maintenance operations
(chemical and manual weeding, and leaf-cutting ant
control using bait traps) were undertaken at 30, and
90 days after sowing, and afterwards two to three-
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times a year, during the first 3–4 years, and whenever
necessary for the following years until canopy closure.
After sowing, no other planting was undertaken in this
treatment. By the time of this study, only two out of the
five planted species succeeded and dominated the can-
opy, but an understory composed by naturally regener-
ated shrub, liana and tree species was already
established (Supplementary Material, for tree species).

In all the other treatments apart from the control
plots, nursery-raised seedlings, produced in root
trainers, were outplanted one year after the direct
seeding treatment (i.e. in January 1998). Weed control
before planting was the same as in the direct seeding
treatment, but conventional harrowing and plowing
were used for site preparation for planting, instead of
minimal tillage, due to operational constraints. No fer-
tilizationwas done, except for the annual crops’ alleys in
the agroforestry treatment. Chemical and/or mechanical
weeding was undertaken at least twice a year, during the
first 4–5 years, as well as leaf-cutting ant control.
Weeding was focused only on the exotic invader
grasses, while all other regenerating species were left
on site. In the agroforestry treatment, annual crops were
established, starting with beans in the first and second
year, corn and pumpkin in the third and fourth.

Fertilization was done only in the crop alleys,
following agronomic recommendation for each soil
type and crop species. After the canopy closure, at
6 years, a mix of native fruit and medicinal tree
species were planted in the former crop alleys,
respectively in Site 1 and 2. Further details are
provided in Podadera et al. (2015) and Pontes et al.
(2019).

We also monitored a native forest reference ecosys-
tem (REF) close to each experimental area. Three 50 ×
50 m permanent plots were located in the reference
fragments. In Site 1, we evaluated a disturbed riparian
forest around 1 km away from the experimental area,
because the forest closest to the experiment included
numerous rock outcrops in the upper soil layers which
could affect the sampling of other soil attributes that
were also evaluated in another study of ours (e.g. soil
fauna and soil carbon storage, in preparation). In Site 2,
we sampled a late-successional remnant forest located
50 m away from the experiment.

Sampling and data collection

In each plot (including the reference forests), a 30 ×
30 m subplot was established within the 50 × 50 m

Table 1 Soil properties (mean values) in Site 1 (Ultisol) and Site
2 (Alfisol) for the restoration treatments (DSE: direct seeding;
AGR: agroforestry; MIX: commercial mix; DIV: high-diversity),

unplanted control (CON) and reference forest (REF), 16 years
after the experiment establishment, Botucatu, São Paulo, Brazil

pH Presin TN TC S.B. CEC BS Sand Clay Silt

(CaCl2) (g cm−3) (g kg−1) (g kg−1) ----(cmolc dm
−3)---- (V %) -------------(%)-------------

Site 1

DSE 5.14 8.55 2.06 22.93 91.19 134.71 66.32 19.7 50.5 29.8

AGR 5.44 11.00 1.84 19.42 101.27 138.36 72.10 20.9 49.3 29.8

MIX 5.12 15.92 2.35 27.13 99.10 149.46 65.40 18.9 47.2 33.9

DIV 5.20 12.31 2.04 24.07 111.91 156.59 70.23 21.7 47.6 30.7

REF 5.62 16.99 3.13 32.63 186.60 221.20 83.47 26.0 33.3 40.7

Site 2

CON 4.57 8.42 0.50 5.06 25.07 48.41 50.38 90.5 7.2 2.3

DSE 4.27 7.20 0.50 4.75 24.52 54.08 44.95 90.8 7.7 1.5

AGR 4.08 9.07 0.49 4.72 19.25 55.07 34.48 89.3 8.6 2.1

MIX 4.09 7.15 0.47 4.54 16.24 53.90 30.46 90.6 8.1 1.3

DIV 4.90 7.26 0.57 5.25 30.50 50.40 57.58 92.1 5.9 2.0

REF 5.06 11.70 0.69 6.31 51.11 76.65 60.11 91.7 6.4 1.9

Soils were collected to 20 cm depth inMarch of 2013; pH: potential of hydrogen; Presin (phosphorus): van Raij et al. 2004; TN: total nitrogen
and TC: total carbon (dry combustion method (CHNS/O; Perkin Elmer, Norwalk, CT, USA); SB: sum of bases; CEC: cation exchange
capacity (van Raij et al. 2004); BS: base saturation; Texture (sand, clay and silt; EMBRAPA 1997)
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plot for data collection, to avoid edge effects. The
control plots in Site 1 were not analyzed due to the
high dominance of tall grasses and absence of trees.
The plots of agroforestry and commercial mix treat-
ments were resized due to another study that was
being undertaken simultaneously, testing the effect
of Mimosa caesalpiniifolia Benth. trees removal
(Podadera et al. 2015). We sampled two out of four
(10 × 10 m) subplots within each plot which, for the
AGR and MIX treatments corresponded to the ones
without intervention.

Tree community parameters

In March 2012 all planted and regenerating trees at least
1.3 m tall in each subplot were identified and measured.
The diameter at breast height (DBH) was measured with
a diametric tape and the total height with a Haglöf
Vertex IV hypsometer. Plant species richness was rare-
fied to random samples of 100 individuals. The species
deciduousness category (deciduous: deciduous + brevi-
deciduous, and non-deciduous: evergreen) was classi-
fied following a phenological study carried out in the
same area by Homem et al. (unpublished data),
complemented by information from Carvalho (2003,
2006, 2008, 2010), Prado-Júnior et al. (2014) and
Giselda Durigan (personal communication) (Supple-
mentary Material). The capability of tree species to
fixing nitrogen (considered putative nitrogen-fixing in
this study) was classified based on USDA. ARS, Na-
tional Genetic Resources Program (Germplasm Re-
sources Information Network - GRIN 2011), Faria
et al. (2011) and Canosa et al. (2012) (Supplementary
Material). We calculated per plot: stem density (ind
ha−1), basal area (m2 ha−1), rarefied species richness
(number of species), proportion of deciduous species
(% individuals) and proportion of putative nitrogen-
fixing trees (% individuals).

Litterfall sampling

Litter was collected in each study plot, monthly from
May 2012 to April 2013, using circular traps with
0.25 m2 area, made with mosquito netting (voile fabric)
funnels, attached to circular polyethylene frames and
mounted on 80 cm tall wooden stakes. We randomly
distributed two traps in each 10 × 10 subplot of the
agroforestry and commercial mix treatments, and four
traps in the control, direct seeding, high-diversity

treatment and the reference forest. Litter mass was re-
ported as dry weight (72 h at 65 °C) for every sampling.
We computed the monthly weighted averages within
each plot and estimated the annual production by total-
ing the 12 - monthly averages.

Nutrient inputs

Litter nutrient concentrations (g kg−1) were analyzed in
four time periods by pooling the monthly samples from
each study plot: April–June 2012 (transition rainy to dry
season); July–September 2012 (dry season); October–
December 2012 (transition dry to rainy season) and
January–March 2013 (rainy season). Total N was ex-
tracted by sulfuric acid digestion determined by the
micro-Kjeldahl method. P, K, Ca andMgwere extracted
by nitropercloric digestion, and P was determined by
spectrophotometric with the molybdenum blue method
(Malavolta et al. 1997). Annual litter nutrient inputs
(kg ha−1 yr−1) to the forest floor (referred hereafter as
nutrient inputs) were quantified for each plot as the sum
of the 12 monthly litterfall nutrient inputs, calculated
using total litter production for each month multiplied
by the nutrient concentrations determined for the respec-
tive 3-month period.

Data analysis

To assess the effects of site, restoration treatments and
their interaction on tree community parameters, litter
production and nutrient input (N, P, K, Ca and Mg)
we used two-way ANOVA. The most parsimonious
models were determined by sequential backward re-
moval of non-significant terms (p >0.05). The unplanted
control plots in Site 1 were not analyzed due to the high
dominance of tall grasses and absence of trees; thus, to
compare annual litter production or nutrient inputs be-
tween restoration treatments and control in Site 2 we
used one-wayANOVA.Multiple comparisons ofmeans
were performed using Tukey’s HSD test and we con-
sidered p ≤ 0.05 as significant. To compare annual
litterfall production or nutrient inputs between restora-
tion treatments and reference forest we used Student’s t
test (p ≤ 0.05), since the reference forest was not part of
the experimental design. We calculated the ratios of
mean values of each variable (annual litter production
and annual nutrient inputs) between each restoration
treatment and, both, unplanted control [ln (Restoration
treatment/Control)] and reference [ln (Restoration
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treatment/Reference)]. We used stepwise multiple re-
gressions, to test the effect of tree community
parameters (rarefied richness, stem density, stand
basal area, proportion of individuals of deciduous
and nitrogen-fixing tree species) on annual litter
production and nutrient inputs. We tested the rela-
tionships among tree community parameters using
variance inflation factors (VIF) (Zuur et al. 2010).
We selected the best multiple regression models
based on Akaike information criteria (AIC)
(Burnham and Anderson 2002). We checked the
homoscedasticity (Bartlett test) and normal distri-
bution (Shapiro-Wilk test) of the residuals for each
statistic model. All analyses were performed in R
programming environment (R Core Team 2018)
using the interface RStudio (RStudio Team 2016).

Results

Tree community parameters

Sixteen years after the experiment establishment, the
main differences in plant community parameters among
treatments were associated only with the planted trees

(Supplementary Material). Sites and restoration treat-
ments showed contrasting tree species richness, vegeta-
tion structure (basal area and stem density) and func-
tional composition (deciduousness and N-fixing trees)
(Table 2). Considering all treatments pooled together,
rarefied species richness (100 individuals) was 23%
higher in Site 1 (F(1,17) = 8.93, p = 0.0079), but vegeta-
tion structure parameters and functional traits were sim-
ilar between sites (p > 0.05). Rarefied species richness
among restoration treatments ranged from 20 in the
direct seeding to 30 in the high-diversity (F(3,17) =
4.27, p = 0.0192). The latter was similar to reference
forests’ richness (28 in Site 1 and 34 in Site 2). Basal
area was highest in direct seeding, and lowest in com-
mercial mix; whereas high-diversity and agroforestry
did not differ from the other treatments (Table 2)
(F(3,17) = 6.18, p = 0.0045). Proportion of deciduous
species was lowest in high-diversity system (F(3,17) =
7.14, p = 0.0023). Tree stem density (F(3,17) = 2.85, p =
0.0664) and proportion of nitrogen-fixing (F(3,17) =
0.76, p = 0.53) did not differ among treatments; howev-
er, tree stem density was two times higher in commercial
mix than in high diversity. Putative nitrogen-fixing spe-
cies was almost two time higher in agroforestry (25%)
and commercial mix (23%) than in high-diversity

Table 2 Community parameters of planted and regenerating trees
at least 1.3 m tall per site (Site 1 and 2) and per restoration system
(DSE: direct seeding; AGR: agroforestry, MIX: commercial mix
and DIV: high-diversity, CON: unplanted control), and for the
reference forests (REF 1: reference at Site 1 and REF 2: reference

at Site 2), 16 years after the experiment establishment, Botucatu,
São Paulo, Brazil. Means (± SE) for each site were pooled across
treatments and for each system pooled across sites, excluding
controls (CON)

Tree community parameters

Rarefied richness Basal area
(m2 ha−1)

Stem Density
(ind ha−1)

Deciduous
(% individuals)

N-fixing
(% individuals)

Site

Site 1 27.33a±1.84 22.28a±1.14 3612a±634 66.43a±2.70 16.32a±1.70

Site 2 21.08b±1.77 20.08a±2.60 3769a±526 60.56a±5.26 22.61a±5.79

Treatment

DSE 19.83b±1.62 28.55a±2.35 2850a±748 69.35a±2.15 17.93a±3.34

AGR 23.66ab±3.90 20.39ab±2.05 4208a±936 72.03a±5.49 24.79a±8.86

MIX 23.17ab±2.59 15.30b±2.39 5217a±577 66.29a±3.94 22.66a±7.43

DIV 30.17a±0.96 20.47ab±1.75 2487a±521 46.31b±5.34 12.46a±2.33

CON 10.37±0.53 3.01±1.21 1078±322 30.20±8.5 1.55±0.91

REF 1 27.55±0.47 29.79±8.93 6796±1600 84.77±1.7 11.10±0.90

REF 2 33.64±1.12 23.48±0.07 6318±925 74.90±1.8 1.09±0.31

Mean values ± SE. The same letters for the comparisons between sites or among restoration treatments are not significantly different at p ≤
0.05 (Tukey’s HSD)
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(~13%). The unplanted control treatment had lower
values for all tree community parameters (Table 2)
when compared to restoration treatments and ref-
erence forests.

The effects of site and restoration treatments on litter
production and nutrient inputs

We found significant effects of site (F(1,17) = 21.45, p =
0.0002) and restoration treatments (F(3,17) = 4.62; p =
0.0154) on annual litter production (Fig. 1). Site 1
(higher fertility soil) produced 31% more litter than Site
2 (lower fertility soil) (Fig. 1a). The average annual litter
production among restoration treatments, averaged
across sites, was highest in high-diversity and lowest
in direct seeding and agroforestry (Fig. 1b); however,
commercial mix system did not differ from the other
restoration treatments (Fig. 1b).

Nutrient concentrations and total litterfall nutrient
inputs were significantly influenced by site (p ≤ 0.05)
and restoration treatments (p ≤ 0.05) (Table 3). The con-
centrations of N (F(1,17) = 20.83, p < 0.001), K (F(1,17) =
10.60, p = 0.0046) and Ca (F(1,17) = 124.30, p < 0.001),
and the input of N (F(1,17) = 38.58, p < 0.001), P
(F(1,17) = 25.09, p < 0.001), K (F(1,17) = 24.81,
p < 0.001) and Ca (F(1,17) = 124.09, p < 0.001) was
higher in Site 1 (Table 3). We found higher N concen-
trations (F(3,17) = 16.95, p < 0.001) in the commercial
mix and the agroforestry treatments (Table 3). The
concentration of K (F(3,17) = 5.17, p = 0.0101) was
higher in the high-diversity, intermediate in the direct
seeding and commercial mix treatments, and lower in

the agroforestry treatment (Table 3). Ca concentration
(F(3,17) = 3.06, p = 0.0562) was higher in the high-diver-
sity, intermediate in the direct seeding and agroforestry
treatments, and lower in the commercial mix (Table 3).

Ca (F(3,17) = 7.09, p = 0.0027) andMg (F(3,17) = 5.88,
p = 0.0061) inputs were higher in high-diversity treat-
ment (Table 3) and lower than in the other treatments.
Annual P (F(3,17) = 12.48, p = 0.0001) and K (F(3,17) =
7.60, p = 0.0019) inputs were higher in the high-diver-
sity, intermediate in the commercial mix and lower in
direct seeding and agroforestry treatments (Table 3).
Nitrogen inputs (F(3,17) = 4.33, p = 0.0192) were highest
in the commercial mix, and lowest in the direct seeding;
whereas the agroforestry and the higher-diversity did
not differ from the other treatments (Table 3).

The effects of tree community parameters on litter
production and nutrient inputs

At Site 1 (higher fertility soil), tree stem density, basal area
and proportion of deciduous species significantly affected
the litter production and nutrient inputs (p ≤ 0.05)
(Table 4). Stem density positively affected N and K inputs
(Table 4), while basal area negatively affected N input.
Deciduousness negatively affected litter production, and P,
K, Ca and Mg inputs. At Site 2 (lower fertility soil), our
results indicated the positive effects of species richness and
proportion of individuals of nitrogen-fixing species on all
variables (p ≤ 0.05) (Table 4). Furthermore, basal area and
proportion of deciduous species influenced K input, with
positive and negative effects, respectively (Table 4).
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Fig. 1 Annual litterfall production (a) between sites and (b)
among restoration treatments (mean values ± SE), 16 years after
the experiment establishment, Botucatu, São Paulo, Brazil.

Columns labeled with the same letter are not significantly different
at p ≤ 0.05 (Tukey’s HSD)
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Restoration treatments compared to the control
and the reference forest

The reference forest produced 11,352 kg ha−1 yr−1 of
litterfall in Site 1 and 11,718 kg ha−1 yr−1 in Site 2.
Sixteen years after the experiment establishment, com-
mercial mix (t = −3.64; p = 0.0666) and high-diversity
treatments (t = 0.41; p = 0.702) produced litter biomass
equivalent to the reference forest in the higher fertility
soil (Site 1) (Fig. 2a); however, the direct seeding (t =
4.00; p = 0.0161) and the agroforestry treatments (t =
−3.96; p = 0.0166) produced less litter than the refer-
ence. In Site 2, only in the direct seeding litter produc-
tion was significantly lower than in the reference forest
(t = 3.57; p = 0.0233) (Fig. 2b).

The comparison between unplanted control plots and
restoration treatments in Site 1 was not possible due to
the high dominance of tall grasses and absence of trees
in these plots. In Site 2, litter production was
2048 kg ha−1 yr−1 in the unplanted control plots, which

was significantly lower than all planted restoration sys-
tems, evidenced positive significant response ratios of
litter (Fig. 2b) and all restoration treatments produced
higher amounts of litter than in the unplanted control
(F = 10.49; p = 0.0029).

Total nutrient inputs (kg ha−1 yr−1) in Site 1
were generally higher in the reference forest than
in the direct seeding and agroforestry treatments
(p ≤ 0.05) (Fig. 3a); whereas the inputs of P, K, Ca
and Mg in the high-diversity and the inputs of P
and K in the commercial mix were not significant-
ly different to those in the reference forest
(p > 0.05). In Site 2, the agroforestry, commercial
mixed and high-diversity treatments nutrient inputs
for N, P, Ca and Mg were similar to those in the
reference forest (Fig. 3b). The direct seeding was
the only treatment with lower nutrient inputs than
the reference forest at this site (Fig. 3b). Potassium
inputs were higher in the reference forest than in
all other treatments in Site 2 (p ≤ 0.05).

Table 3 Nutrient concentrations (g kg−1) and annual nutrient
inputs (kg ha−1 yr−1) between sites (Site 1: higher fertility; Site 2:
lower fertility) and among restoration treatments (DSE: direct

seeding; AGR: agroforestry, MIX: commercial mix and DIV:
high-diversity), 16 years after the experiment establishment,
Botucatu, São Paulo, Brazil

Nutrient concentration

N
(g kg−1)

P
(g kg−1)

K
(g kg−1)

Ca
(g kg−1)

Mg
(g kg−1)

Site

Site 1 20.3a±1.00 1.08a±0.05 5.29a±0.25 23.61a±0.94 2.81a±0.14

Site 2 17.5b±0.49 1.02a±0.05 4.34b±0.30 13.31b±0.67 3.13a±0.12

Treatment

DSE 17.7b±0.77 0.94a±0.06 4.69ab±0.39 18.2ab±4.07 2.85a±0.34

AGR 20.7a±1.37 1.02a±0.09 4.03b±0.50 18.4ab±3.92 2.89a±0.23

MIX 21.4a±1.76 1.10a±0.10 4.89ab±0.68 16.7b±3.05 2.83a±0.20

DIV 15.9b±0.67 1.14a±0.09 5.64a±0.56 20.6a±3.14 3.33a±0.26

Amount of nutrient input

N
(kg ha−1 yr−1)

P
(kg ha−1 yr−1)

K
(kg ha−1 yr−1)

Ca
(kg ha−1 yr−1)

Mg
(kg ha−1 yr−1)

Site

Site 1 193.9a±9.4 10.6a±0.6 57.3a±4.9 242.4a±14.1 28.0a±2.4

Site 2 131.3b±8.1 7.92b±0.7 35.5b±3.8 106.1b±10.1 24.7a±1.9

Treatment

DSE 134.8b±19.2 7.34c±0.9 39.9b±7.3 163.5b±52.6 21.8b±3.4

AGR 167.3ab±28.6 8.36bc±1.6 35.2b±8.1 154.1b±41.5 23.8b±3.8

MIX 185.6a±27.3 9.61ab±1.4 47.8ab±10.6 156.7b±39.5 25.1b±1.5

DIV 162.8ab±21.4 11.8a±0.9 62.8a±11.0 222.8a±52.3 34.5a±4.6

Mean values ± SE. The same letters for the comparisons between sites or among restoration treatments are not significantly different at p ≤
0.05 (Tukey’s HSD)
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The ratio of mean values of nutrient input among
restoration treatments and unplanted control were all
positive (Fig. 3c). All treatments had higher N, Ca and
Mg inputs than the control; whereas P input was higher
only at the high-diversity, and K input was higher at the
high-diversity and commercial mix treatments, in com-
parison to the control (Fig. 3c).

Discussion

In this study, regardless of the site effects, the most
species-rich restoration treatment (i.e. high-diversity),
in general, produced the highest amounts of litter and
nutrients. Furthermore, higher litter production and nu-
trient inputs were also related to a greater proportion of

Table 4 Multiple stepwise regressions to test effects of rarefied
species richness, basal area (m2 ha−1), stem density (ind ha−1), and
the proportion of deciduous (% of individuals) and nitrogen-fixing
(% of individuals) on annual litter production (kg ha−1 yr−1) and

annual nutrient inputs (kg ha−1 yr−1) for different forest restoration
treatments, Botucatu, São Paulo, Brazil. Significant effects at p ≤
0.05 in bold

Amount of litter and nutrient inputs

Litter N P K Ca Mg

Slope p Slope p Slope p Slope p Slope p Slope p

Site 1
Richness --- --- 1.15 0.2805 0.12 0.1741 --- --- --- --- --- ---

Basal area --- --- -4.95 0.0124 --- --- --- --- --- --- --- ---

Stem Density --- --- 0.013 0.0058 0.0005 0.0751 0.005 0.0481 --- --- --- ---
Deciduous -89.7 0.0214 -0.84 0.2819 -0.15 0.0409 -1.75 0.0065 -3.04 0.0453 -0.51 0.0480
N-fixing --- --- 2.13 0.1291 --- --- 1.49 0.0923 --- --- --- ---

R2=0.43 R2=0.86 R2=0.67 R2=0.63 R2=0.34 R2=0.34
Site 2

Richness 424.8 0.0012 7.84 0.0005 0.58 0.0125 3.41 0.0028 10.36 0.0137 1.82 0.0071
Basal area --- --- 0.89 0.1697 0.086 0.2945 0.87 0.0349 2.84 0.0715 0.42 0.0876
Stem Density --- --- --- --- --- --- --- --- -0.007 0.2360 --- ---

Deciduous --- --- 0.36 0.2725 -0.049 0.2475 -0.42 0.0459 -1.06 0.1097 0.14 0.2369

N-fixing 136.1 0.0009 2.78 0.0006 0.19 0.0162 1.22 0.0027 4.03 0.0170 0.65 0.0066
R2=0.73 R2=0.88 R2=0.71 R2=0.83 R2=0.78 R2=0.73
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Fig. 2 Ratio of mean values of annual litterfall production
(kg ha−1 yr−1) of restoration treatments compared to reference
forest [ln(Restoration treatment /Reference)] and restoration treat-
ments compared to unplanted control [ln(Restoration treatment/
Control)] in (a) Site 1 and (b) Site 2, Botucatu, São Paulo, Brazil. *

represents significant differences (p ≤ 0.05; ns: not significant)
between original means of restoration treatments and reference (t
test), and restoration treatments and control (Tukey’s HSD). In
Site 1 Control plots were not included due to the high dominance
of tall grasses and absence of trees
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individuals of putative nitrogen-fixing species (i.e. com-
mercial mix treatment). Thus, our results indicated the
importance not only of the species richness on the
biogeochemical cycling of nutrients but also of
some species’ functional traits (e.g. nitrogen-
fixing tree capability).

Site conditions differentially affected the relation-
ships among plant species, therefore influencing the

vegetation structure and functional parameters of the
communities, which are responsible for nutrient cycling.
In the higher fertility site, stem density was the most
important community parameter related to nutrient in-
puts; however, in the lower fertility site, species richness
and proportion of putative nitrogen-fixing species were
the tree community parameters most strongly related to
higher litter production and nutrient inputs.
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inputs of restoration treatments compared to reference forest
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represents significant differences (p ≤ 0.05; ns: not significant)
between original means of restoration treatments and reference (t
test), and restoration treatments and control (Tukey’s HSD). In
Site 1 Control plots were not included due to the high dominance
of tall grasses and absence of trees
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Effects of site on litter production and nutrient inputs

Our results suggest strong effects of site conditions on
litter production and nutrient inputs. These effects might
have been mediated indirectly by the effects of soil
conditions on vegetation (e.g. demographic process
and biomass productivity of trees), as reported by van
der Sande et al. (2017, 2018) and Guo et al. (2020). The
effects of soil conditions on litter production and nutri-
ent inputs agree with patterns described by Vitousek and
Sanford (1986), in their extensive review about nutrient
cycling in tropical rain forests from different regions of
the world. Tissue nutrient concentrations increase with
soil fertility because species use nutrients less efficiently
(Hobbie 1992). Other studies found the same pattern, as
Chave et al. (2010) for 81 sites in South America trop-
ical forests, and Heineman et al. (2015), in Panamanian
Lower Montane Forest.

Indeed, soil physical and chemical properties can
affect all aspects of plant community development
(Ehleringer and Sandquist 2006), including species sur-
vival and growth, and thus species filtering (Baker et al.
2003; Park et al. 2010; van Breugel et al. 2011; Li et al.
2014; van der Sande et al. 2018). This may consequent-
ly affect the plant community dynamics and nutrient
cycling processes. Indeed, our results did indicate dif-
ferences in species richness between sites (Table 2):
species richness was higher in Site 1, although land-
scape context is more favourable in Site 2 (Pontes et al.
2019) (with larger areas of neighboring intact, diverse,
native forests), suggesting that site factors might be
important for species filtering from the local species
pool (Hobbs and Norton 2004).

Litter production and nutrient inputs among restoration
treatments

Litter production was much higher in the high-diversity
treatment than in the direct seeding and agroforestry,
whereas commercial mix produced intermediate amount
of litter. In general, litter production in the high-diversity
treatment appears to be associated with species richness,
and intermediate values in commercial mix with propor-
tion of nitrogen-fixing species, especially in Site 2 (with
lower fertility soil).

The high-diversity treatment, established using a
higher number of tree species belonging to different
ecological and silvicultural groups, produced higher
amounts of litter when compared to the less diverse

direct seeding and agroforestry treatments. Similar pat-
terns of positive species richness effects on litterfall and
leaf-litter production were found in plantations with 1 to
16 species in subtropical China (Huang et al. 2018a;
Huang et al. 2018b); while a higher litter production was
observed in intermediate species richness treatments,
varying from 1 to 6 species (Scherer-Lorenzen et al.
2007). Nevertheless, contrasting results regarding the
effects of planted forest parameters structure and diver-
sity on litter production have been reported elsewhere.
The only comparable study in Brazil testing the effect of
planted species richness (20, 60 and 120 tree species) on
litter production found that 6 years after implementa-
tion, no differences among treatments were found
(Gazell et al. 2012; Duarte 2018). Also, in a study
comparing tree monocultures and mixed plantations
(Montagnini 2000) and another comparing different
restoration strategies (Celentano et al. 2011), both in
Costa Rica, no effects of species richness on litter pro-
duction were found; although Celentano et al. (2011)
did find effects of tree density and canopy cover on litter
production.

The commercial mix treatment, with intermediate
species richness, produced the same amount of litter as
the other treatments, due probably to the high popula-
tion density of one single dominant putative nitrogen-
fixing species (M. caesalpiniifolia). In fact, we did not
find differences in litter production between the treat-
ments with 40 (high-diversity) and 25 species (commer-
cial mix). Complementary resources used by species
might have been resulted from different functional traits
of the high-diversity system, hence increasing litter pro-
duction (Huang et al. 2018b). On the other hand, the
equivalent litter production of the commercial mix treat-
m e n t c a n s u g g e s t a s e l e c t i o n e f f e c t o f
M. caesalpiniifolia, given the potential of this species
in fixing nitrogen (Reis-Júnior et al. 2010) and its ability
of producing high amounts of leaf biomass (Fernandes
et al. 2006; Ferreira et al. 2007). Celentano et al.
(2011) reported similar effects by Inga edulis, a
nitrogen-fixing species, which contributed with up
to 70% of leaf-fall in the plantations, demonstrat-
ing the influence that one single species might
have on litter quantity.

In our study, nutrient inputs, in general, were higher
on high-diversity treatment, intermediate on commercial
mix and agroforestry, and lower on direct seeding. Only
for nitrogen did the treatment with intermediate richness
(commercial mix) have the highest input, along with the
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agroforestry, which can be attributed to the high density
of nitrogen-fixing trees, as also reported by Celentano
et al. (2011). The highest values of nutrient inputs on
high-diversity can be associated with species richness
(Huang et al. 2018b); whereas higher values of nitrogen
inputs on commercial mix and agroforestry is due the
high proportion of nitrogen-fixing trees in these stands.

Effects of tree community parameters on litter
production and nutrient inputs

We have found distinct effects of tree community pa-
rameters on nutrient inputs depending on the site. In Site
1, where stem density positively affected nitrogen, phos-
phorus (p = 0.07) and potassium inputs. The high-
diversity treatment had a higher stem density of planted
individuals than other treatments (Supplementary Mate-
rial). These results are consistent with the positive ef-
fects of dense planting on nutrient cycling reported in
other forest restoration studies in Brazil (Alonso et al.
2015; Villa et al. 2016). These authors argued that
higher dense planting usually results in more rapid
canopy closure (Alonso et al. 2015), with higher natural
pruning of litter fractions (i.e. branches and leaves) and,
therefore, higher litter and nutrient inputs (Villa et al.
2016).

An additional possible explanation for the observed
effects is that the higher stem density in combination
with the high number of planted species with different
functional traits (e.g. growth rate, canopy architecture,
leaf area index, nitrogen-fixing tree capability) may
have increased structural complexity in the high-
diversity treatment and, consequently, higher nutrient
inputs. Therefore, we can hypothesize that the higher
stem density of different species in Site 1 might have
resulted in a complementarity effect, probably due to the
higher number of species with traits that favored nutrient
inputs. Huang et al. (2017), studying a subtropical for-
est, found effects of richness species on both litterfall
and litter quality. These authors as well as Baruffol et al.
(2013) hypothesized that the larger number of individual
trees in more diverse plots resulted from complementar-
ity among species. Additionally, the positive diversity-
productivity relationships may result from the high ver-
tical occupation of available space within a canopy,
which in turn allows for greater light capture, thus,
light-use efficiencies (Forrester 2014; Guo et al. 2020),
and recent studies have shown out that crown spatial
complementarity between trees drive the positive tree

species diversity-litterfall productivity relationships
(Willians et al., 2017; Zheng et al. 2019).

Deciduousness negatively affected litter production
and P, K, Ca and Mg inputs in Site 1 (with higher
fertility soil). Deciduous species, which have short-
lived leaves generally with high specific leaf area
(Villar et al. 2006; Araújo and Haridasan 2007; Silva
et al. 2015), lose all their leaves during the dry season to
reduce water loss and optimize growth rates during the
rainy season (Tomlinson et al. 2013). Additionally,
some studies have shown that deciduous species with
short leaf lifespans have relatively high nutrient concen-
trations (Chen et al. 2013; Rossato et al. 2015). Thus,
although we expected to find positive effects of propor-
tion of deciduous individuals on nutrient cycling, this
hypothesis was not supported by our data. Our results
might be explained by differences in nutrient resorption
prior to leaf abscission (Reich et al. 1992), which would
result in lower nutrient concentrations in senesced
leaves of deciduous species. Siddique et al. (2008),
studying nutrient cycling in both direct seeding and
high-diversity treatments in the Site 2, found that the
proportion of P resorption in the direct seeding was
approximately 60% higher than in the high-diversity
treatment. These authors also found high phosphorus
resorption for the most abundant species in the direct
seeding, the Schizolobium parahyba and Enterolobium
contortisiliquum. It is also very possible that our results
are confounded by the fact that treatments that were less
complex in terms of structure and diversity (i.e. the
direct seeding) have the highest proportion of deciduous
species (100%) and the lower litter and nutrient inputs.
The canopy of the direct seeding treatment plots at both
sites are strongly dominated by a single species
S. parahyba (Pontes et al. 2019), which represents
60% of its tree density and 77% of the basal area.
Indeed, when we re-analyzed our data eliminating the
data of the direct seeding plots in Site 1, the significantly
negative effect of deciduousness on nutrient inputs
disappeared. Therefore, these results might have
affected the negative effects of deciduousness pro-
portion on litter production and, consequently, on
nutrient inputs in Site 1.

Our data suggest that, at the lower fertility soil (Site 2),
the higher species richness and proportion of individuals of
nitrogen-fixing species might have triggered a complemen-
tarity effect, leading to a higher niche partitioning among
species. In this case, the positive effect of species richness on
nutrient inputs might be more consistent and stronger. Once
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species use different resources or at different times or dif-
ferent points in space, a higher share of the total pool is
expected to be used by the community as a whole, increas-
ing complementarity among species and reducing interspe-
cific competition through niche partitioning (Hooper et al.
2005). Complementary resource use of themost species rich
treatment (i.e. high-diversity), with species having different
ecological traits, might have favored the higher nutrient
inputs in the system (Huang et al. 2018a; b). Moreover,
the high nitrogen concentration, mainly in the agroforestry
and commercial mix treatments, can be related to some
species’ particular traits in these treatments (Macedo et al.
2008;Wang et al. 2010; Hoogmoed et al. 2014), mainly the
nitrogen fixing capacity (Celentano et al., 2011). Nitrogen-
fixing trees might affect the nitrogen dynamics in the com-
munity, increasing the concentration of this element in plant
tissues (Parrotta 1999; Piotto 2008; Siddique et al. 2008)
and, therefore, increasing nutrient inputs (Siddique et al.
2008; Celentano et al. 2011).

Besides the importance of species richness for ecosys-
tems functioning, studies have indicated effects of particular
traits on some aspects of nutrient cycling (Celentano et al.
2011). Nitrogen input in the agroforestry and commercial
mix treatments were mainly related to the significant contri-
bution of the nitrogen-fixing speciesM. caesalpiniifolia for
the system’s litter production, once it can produce up to 20%
of the total leaf biomass production (Camargo and Engel,
unpublished data). Nitrogen concentration in these treat-
ments was almost 25% higher than in high-diversity treat-
ment (Table 3). Furthermore, another research about the
effect of M. caesalpiniifolia trees removal (Podadera et al.
2015) in the same area, indicated a decrease in total litter
production and nutrient inputs in managed plots, compared
to unmanaged plots (Oliveira et al. in preparation). These
results demonstrate the important role that this species plays
in nutrient cycling. However, we emphasize, that
M. caesalpiniifolia is a non-native species and the tradeoff
between its beneficial effect to the system (e.g. framework-
species, Lamb et al. 1997) and its potential negative effects
must be taken into account, particularly if it becomes an
invasive species (D’Antonio and Meyerson 2002).

Restoration treatments compared to control
and reference forest

Sixteen years after the restoration treatments were
established, the annual litter production was comparable
to that reported by several studies carried out in active
restoration experiments in Tropical Semideciduous Forest

(Arato et al. 2003; Costa et al. 2004; Gazell et al. 2012),
tropical forest plantations in Central America (Montagnini
2000; Ruiz-Jaén and Aide 2005; Scherer-Lorenzen et al.
2007; Celentano et al. 2011) and different Atlantic Forest
phytophysiognomies (Martinelli et al. (2017). Martinelli
et al. (2017) found an overall litterfall average of 8.0 ±
2.5 Mg ha−1 (values among 3.5–15.0 Mg ha−1). The
nutrient inputs are also comparable to those measured in
different tropical forest formations (Costa et al. 2004; Ruiz-
Jaén and Aide 2005; Ferreira and Lira Jr, 2007; Celentano
et al. 2011; Lanuza et al. 2018).

The commercial mix and high-diversity treatments did
not differ from the reference neither in litter production nor
in nutrient inputs. As discussed above, stem density in the
Site 1, and species richness and the proportion of nitrogen-
fixing trees in the Site 2, were the most important commu-
nity parameters positively associated with litter production
and nutrient inputs. Indeed, species richness in the high-
diversity (30 species) was intermediate between the refer-
ence forests (28 species in Site 1 and 34 in Site 2). In the
high-diversity treatment the greater species richness might
have been associated with greater functional diversity (in
terms of, e.g. growth rate, canopy architecture, leaf area
index), providing a canopy stratification more similar to
the reference forests (Ruiz-Jaén and Aide 2005). Thus,
these characteristics of the high-diversity system
associated with its high stem density contributed
with highest values of litter and nutrient inputs in
this treatment.

All restoration treatments produced more litter and nutri-
ent inputs than the unplanted control (passive restoration),
especially the high-diversity treatment. This strong biogeo-
chemical effect of active restoration was probably exacer-
bated by the dominance of weed grasses (mainly Urochloa
decumbens Stapf.) all control plots, thereby delaying suc-
cession and thus litter production. As we expected, grasses
seem to represent an important barrier for tree establishment
(Holl 2002) and hence for certain ecosystem functions, such
as litter production (Celentano et al. 2011).

Conclusions

Our study showed that restored forests on higher fertility
soils had higher levels of litterfall and associated nutrient
inputs than on lower fertility soils. However, the effects of
tree community parameters on litter production and nutri-
ent inputs depended of on site conditions. Our findings
suggest that it may be possible to restore litter production
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and nutrient inputs in lower fertility sites by establishing
restoration plantations with lower species richness, as long
as a higher proportion of nitrogen-fixing tree species are
used. It is possible to increase nutrient inputs in naturally
fertile soils by establishing restoration treatments at high
stem densities. Both the commercial mix (established
using 25 plant species, with a relatively high proportion
of putative nitrogen-fixing trees, i.e. M. caesalpiniifolia)
and high-diversity treatments (established using 40 plant
species) restored litterfall and nutrient inputs after 16-years.
Nitrogen-fixing trees play an important role in restoring
higher levels of nutrient cycling in forest ecosystems.

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s11104-
021-04964-3.

Acknowledgments We thank the National Council of Research
and Technology (CNPq) for their financial support through the
Project “Relações entre as comunidades acima e abaixo do solo em
diferentes sistemas de restauração florestal da Floresta Estacional
Semidecidual” (Edital Universal, 14/2011) and for the Research
Productivity fellowship to VLE. First author was granted a PhD
scholarship from São Paulo Research Foundation (FAPESP, pro-
ject 2011/23593-1) and interuniversity exchange doctorate schol-
arship from the Coordination for the Improvement of Higher
Education Personnel (CAPES, project 99999.004653/2014-09).
We thank all the students of the Laboratory of Ecology and Forest
Restoration of Sao Paulo State University (LERF-UNESP) and
staff of the School of Agricultural Sciences (FCA) for field and
laboratory assistance. We demonstrate our appreciation for the
very constructive suggestions made by the anonymous reviewers.

Author’s contributions VLE and JAP designed and implanted
the original experiment. DLM and VLE designed this study.
DLM, DSP and LMS collected field data. DLM and RGMG
analyzed the data. DLM wrote the first draft of the paper. VLE,
DSP, JAP, LMS, RGMG, LFDM and contributed critically to the
draft. All coauthors gave final approval for publication. The au-
thors declare that they have no conflict of interest.

References

Alonso JM, Leles PSDS, Ferreira LDN, Oliveira NDSA (2015)
Aporte de serapilheira em plantio de recomposição florestal
em diferentes espaçamentos. Ci Fl 25:1–11. https://doi.
org/10.5902/1980509817439

Alvares CA, Stape JL, Sentelhas PC, de Moraes Gonçalves JL,
Sparovek G (2013) Köppen’s climate classification map for
Brazil. Meteorol Z 22:711–728. https://doi.org/10.1127
/0941-2948/2013/0507

Aragão LEOC, Malhi Y, Metcalfe DB, Silva-Espejo JE, Jiménez
E, Navarrete D, Almeida S, Costa ACL, Salinas N, Phillips
OL, Anderson LO, Alvarez E, Baker TR, Goncalvez PH,
Huamán-Ovalle J, Mamani-Solórzano M, Meir P,

Monteagudo A, Patiño S, Peñuela MC, Prieto A, Quesada
CA, Rozas-Dávila A, Rudas A, Silva Jr JA, Vásquez R
(2009) Above-and below-ground net primary productivity
across ten Amazonian forests on contrasting soils.
Biogeosciences 6:2759–2778. https://doi.org/10.5194/bg-6-
2759-2009

Arato HD, Martins SV, Ferrari SHS (2003) Produção e
decomposição de serapilheira em um sistema agroflorestal
implantado para recuperação de área degradada em Viçosa-
MG. Rev Árvore 27:715–721. https://doi.org/10.1590
/S0100-67622003000500014

Araújo JF, Haridasan M (2007) Relação entre deciduidade e
concentrações foliares de nutrientes em espécies lenhosas
do cerrado. Rev Bras Bot 30:533–542. https://doi.
org/10.1590/S0100-84042007000300017

Baker TR, Swaine MD, Burslem DFRP (2003) Variation in trop-
ical forest growth rates: combined effects of functional group
composition and resource availability. Perspect Plant Ecol
Evol Syst 6:21–36. https://doi.org/10.1078/1433-8319-
00040

Baruffol M et al (2013) Biodiversity promotes tree growth during
succession in subtropical forest. PLoS One 26:e81246.
https://doi.org/10.1371/journal.pone.0081246

Burnham KP, Anderson DR (2002) Model selection and
multimodel inference: a practical information-theoretic ap-
proach, 2nd edn. Springer, New York

Canosa GA, Faria SM, Moraes LFD (2012) Leguminosas
florestais da Mata Atlântica brasileira fixadoras de
nitrogênio atmosférico. Empresa Brasileira de Pesquisa
Agropecuária (EMBRAPA/CNPAB, Comunicado Técnico
144), pp 12

Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perrings C,
Venail P, Narwani A, Mace GM, Tilman D, Wardle DA,
Kinzig AP, Daily GC, Loreau M, Grace JB, Larigauderie A,
Srivastava DS, Naeem S (2012) Biodiversity loss and its
impact on humanity. Nature 486:59–67. https://doi.
org/10.1038/nature11148

Celentano D, Zahawi RA, Finegan B, Ostertag R, Cole RJ, Holl
KD (2011) Litterfall dynamics under different tropical Forest
restoration strategies in Costa Rica. Biotropica 43:279–287.
https://doi.org/10.1111/j.1744-7429.2010.00688.x

Carvalho PER (2003) Espécies arbóreas brasileiras. Brasília, DF:
Embrapa Informação Tecnológica; Colombo: Embrapa
Florestas, 1039pp

Carvalho PER (2006) Espécies arbóreas brasileiras. Brasília, DF:
Embrapa Informação Tecnológica; Colombo: Embrapa
Florestas, 627pp

Carvalho PER (2008) Espécies arbóreas brasileiras. Brasília, DF:
Embrapa Informação Tecnológica; Colombo: Embrapa
Florestas, 593pp

Carvalho PER (2010) Espécies arbóreas brasileiras. Brasília, DF:
Embrapa Informação Tecnológica; Colombo: Embrapa
Florestas, 644 pp

Chave J, Navarrete D, Almeida S, Álvarez E, Aragão LEOC,
Bonal D, Châtelet P, Silva-Espejo JE, Goret JY, von
Hildebrand P, Jiménez E, Patiño S, Peñuela MC, Phillips
OL, Stevenson P, Malhi Y (2010) Regional and seasonal
patterns of lit terfall in tropical South America.
Biogeosciences 7:43–55. https://doi.org/10.5194/bg-7-43-
2010

Plant Soil

https://doi.org/10.1007/s11104-021-04964-3
https://doi.org/10.1007/s11104-021-04964-3
https://doi.org/10.5902/1980509817439
https://doi.org/10.5902/1980509817439
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.5194/bg-6-2759-2009
https://doi.org/10.5194/bg-6-2759-2009
https://doi.org/10.1590/S0100-67622003000500014
https://doi.org/10.1590/S0100-67622003000500014
https://doi.org/10.1590/S0100-84042007000300017
https://doi.org/10.1590/S0100-84042007000300017
https://doi.org/10.1078/1433-8319-00040
https://doi.org/10.1078/1433-8319-00040
https://doi.org/10.1371/journal.pone.0081246
https://doi.org/10.1038/nature11148
https://doi.org/10.1038/nature11148
https://doi.org/10.1111/j.1744-7429.2010.00688.x
https://doi.org/10.5194/bg-7-43-2010
https://doi.org/10.5194/bg-7-43-2010


Chen Y, HanW, Tang L, Tang Z, Fang J (2013) Leaf nitrogen and
phosphorus concentrations of woody plants differ in re-
sponses to climate, soil and plant growth form. Ecography
36 : 178–184 . h t t p s : / / d o i . o r g / 10 . 1 111 / j . 1 600 -
0587.2011.06833.x

Clark DA, Brown S, Kicklighter D et al (2001) Net primary
production in tropical forests: an evaluation and synthesis
of existing field data. Ecol Appl 11:371–384. https://doi.
org/10.1890/1051-0761(2001)011[0371:NPPITF]2.0.CO;2

Costa GS, Franco AA, Damasceno RNO et al (2004) Aporte de
nutrientes pela serapilheira em uma área degradada e
revegetada com leguminosas arbóreas. Rev Bras Cienc Solo
28 : 9 19–927 . h t t p s : / / d o i . o r g / 10 . 1 590 / S0100 -
06832004000500014

Cunha AR, Martins D (2009) Classificação climática para os
municípios de Botucatu e São Manuel, SP. Irriga 14:1-11.
https://doi.org/10.15809/irriga.2009v14n1p01

D’Antonio C, Meyerson LA (2002) Exotic plant species as prob-
lems and solutions in ecological restoration: a synthesis.
Restor Ecol 10:703–713. https://doi.org/10.1046/j.1526-100
X.2002.01051.x

Dent DH, Bagchi R, RobinsonD,Majalap-Lee N, DFRPB (2006)
Nutrient fluxes via litterfall and leaf litter decomposition vary
across a gradient of soil nutrient supply in a lowland tropical
rain forest. Plant Soil 288:197–215. https://doi.org/10.1007
/s11104-006-9108-1

Duarte MM (2018) How is forest restoration plantations’ function-
ing affected by tree diversity? Tese de doutorado. USP –
Escola superior de Agricultura “Luiz de Queiroz”. 86 p

Durigan G, Engel VL, MELO AC et al (2010) Normas jurídicas
para a restauração ecológica: uma barreira a mais a dificultar
o êxito das iniciativas? Rev Árvore 34:471–485. https://doi.
org/10.1590/S0100-67622010000300011

Durigan G, Engel VL (2012) Restauração de Ecossistemas no
Brasil: onde estamos e para onde podemos ir? In: Martins
SV (ed) Restauração Ecológica de Ecossistemas Degradados.
Viçosa, Editora da UFV, pp 41–68

Ehleringer JR, Sandquist DR (2006) Ecophysiological constraints
on plant responses in a restoration setting. In: Falk DA,
Palmer MA, Zedler JB (eds) Foundations of Restoration
Ecology. Island Press, Washington, DC, pp 42–58

Engel VL (2011) Abordagem “BEF”: um novo paradigma na
restauração de ecossistemas? In: Barbosa LM (ed) IV
Simpósio de Restauração Ecológica: Desafios Atuais e
Futuros. Instituto de Botânica, São Paulo, pp 155–165

Facelli JM, Pickett STA (1991) Plant litter: light interception and
effects on an old-field plant community. Ecology 72:1024–
1031. https://doi.org/10.2307/1940602

Faria SM, Moraes LFD, Lima HC et al (2011) Composição
florística de leguminosas com potencial para fixação
biológica de nitrogênio em áreas de vegetação de Canga
(savana metalófita) do entorno do complexo minerador de
Carajás Empresa Brasileira de Pesquisa Agropecuária
(EMBRAPA/CNPAB, Comunicado Técnico 140)

Fernandes MM, Pereira MG, Magalhães LMS, Cruz AR,
Giácomo RG (2006) Aporte e decomposição de serapilheira
em áreas de floresta secundária, plantio de sabiá (Mimosa
caesalpiniaefolia Benth.) e andiroba (Carapa guianensis
Aubl.) na FLONA Mário Xavier, RJ. Ci Fl 16:163–175.
https://doi.org/10.5902/198050981897

Ferreira RLC, Lira MA Jr, Rocha MS et al (2007) Deposição e
acúmulo de matéria seca e nutrientes em serapilheira em um
bosque de sabiá (Mimosa caesalpinifoliaBenth). Rev Árvore
3 1 : 7 – 1 2 . h t t p s : / / d o i . o r g / 1 0 . 1 5 9 0 / S 0 1 0 0 -
67622007000100002

Forrester D (2014) The spatial and temporal dynamics of species
interactions in mixed-species forests: from pattern to process.
For Ecol Manag 312:282–292. https://doi.org/10.1016/j.
foreco.2013.10.003

Fyllas NM, Patino S, Baker TR et al (2009) Basin-wide variations
in foliar properties of Amazonian forest: phylogeny, soils and
climate. Biogeosciences 6:3707–3769. https://doi.
org/10.5194/bg-6-2677-2009

Gazell ACF, Rigui CA, Stape JL et al (2012) Tree species rich-
ness, does it play a key role on a forest restoration plantation?
Bosque 33:245–248. https://doi.org/10.4067/S0717-
92002012000300002

Guerrero-Ramírez NR, Craven D, Reich PB, Ewel JJ, Isbell F,
Koricheva J, Parrotta JA, Auge H, EricksonHE, Forrester DI,
Hector A, Joshi J, Montagnini F, Palmborg C, Piotto D,
Potvin C, Roscher C, van Ruijven J, Tilman D, Wilsey B,
Eisenhauer N (2017) Diversity-dependent temporal diver-
gence of ecosystem functioning in experimental ecosystems.
Nat Ecol Evol 1:1639–1642. https://doi.org/10.1038/s41559-
017-0325-1

Guo Y, Wang B, Li D, Xiang W, Ding T, Huang F, Li X (2020)
Multivariate relationships between litter productivity and its
drivers in a tropical karst seasonal rainforest. Flora 273:
151728. https://doi.org/10.1016/j.flora.2020.151728

Heineman KD, Caballero P, Morris A, Velasquez C, Serrano K,
Ramos N, Gonzalez J, Mayorga L, Corre MD, Dalling JW
(2015) Variation in canopy litterfall along a precipitation and
soil fertility gradient in a Panamanian lower montane Forest.
Biotropica 47:300–309. https://doi.org/10.1111/btp.12214

Hobbie SE (1992) Effects of plant species on nutrient cycling.
Trends Ecol Evol 7:336–339. https://doi.org/10.1016/0169-
5347(92)90126-V

Hobbs RJ, Norton DA (2004) Ecological filters, thresholds, and
gradients in the resistance to ecosystem reassembly. In:
Temperton VM, Hobbs RJ, Nuttle T et al (eds) Assembly
rules and restoration ecology: bridging the gap between
theory and practice. Island Press, Washington, D.C., pp 73–
95

Holl KD (2002) Tropical moist forest restoration. In: Davy AJ,
Perrow M (eds) Handbook of ecological restoration.
Cambridge University Press, Cambridge, pp 539–558

Hoogmoed M, Cunningham SC, Baker PJ, Beringer J, Cavagnaro
TR (2014) Is there more soil carbon under nitrogen-fixing
trees than under non-nitrogen-fixing trees in mixed-species
restoration plantings? Agric Ecosyst Environ 188:80–84.
https://doi.org/10.1016/j.agee.2014.02.013

Hooper DU, Chapin FS, Ewel JJ et al (2005) Effects of biodiver-
sity on ecosystem functioning: a consensus of current knowl-
edge. Ecol Monogr 75:3–35. https://doi.org/10.1890/04-
0922

Huang Y, Ma Y, Zhao K, Niklaus PA, Schmid B, He J-S (2017)
Positive effects of tree species diversity on litterfall quantity
and quality along a secondary successional chronosequence
in a subtropical forest. J Plant Ecol 10(1):28–35

Huang Y, Chen Y, Castro-Izaguirre N, Baruffol M, Brezzi M,
Lang A, Li Y, HärdtleW, von OheimbG, YangX, Liu X, Pei

Plant Soil

https://doi.org/10.1111/j.1600-0587.2011.06833.x
https://doi.org/10.1111/j.1600-0587.2011.06833.x
https://doi.org/10.1890/1051-0761(2001)011<0371:NPPITF>2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011<0371:NPPITF>2.0.CO;2
https://doi.org/10.1590/S0100-06832004000500014
https://doi.org/10.1590/S0100-06832004000500014
https://doi.org/10.15809/irriga.2009v14n1p01
https://doi.org/10.1046/j.1526-100X.2002.01051.x
https://doi.org/10.1046/j.1526-100X.2002.01051.x
https://doi.org/10.1007/s11104-006-9108-1
https://doi.org/10.1007/s11104-006-9108-1
https://doi.org/10.1590/S0100-67622010000300011
https://doi.org/10.1590/S0100-67622010000300011
https://doi.org/10.2307/1940602
https://doi.org/10.5902/198050981897
https://doi.org/10.1590/S0100-67622007000100002
https://doi.org/10.1590/S0100-67622007000100002
https://doi.org/10.1016/j.foreco.2013.10.003
https://doi.org/10.1016/j.foreco.2013.10.003
https://doi.org/10.5194/bg-6-2677-2009
https://doi.org/10.5194/bg-6-2677-2009
https://doi.org/10.4067/S0717-92002012000300002
https://doi.org/10.4067/S0717-92002012000300002
https://doi.org/10.1038/s41559-017-0325-1
https://doi.org/10.1038/s41559-017-0325-1
https://doi.org/10.1016/j.flora.2020.151728
https://doi.org/10.1111/btp.12214
https://doi.org/10.1016/0169-5347(92)90126-V
https://doi.org/10.1016/0169-5347(92)90126-V
https://doi.org/10.1016/j.agee.2014.02.013
https://doi.org/10.1890/04-0922
https://doi.org/10.1890/04-0922


K, Both S, Yang B, Eichenberg D, Assmann T, Bauhus J,
Behrens T, Buscot F, Chen XY, Chesters D, Ding BY, Durka
W, Erfmeier A, Fang J, Fischer M, Guo LD, Guo D,
Gutknecht JLM, He JS, He CL, Hector A, Hönig L, Hu
RY, Klein AM, Kühn P, Liang Y, Li S, Michalski S,
Scherer-Lorenzen M, Schmidt K, Scholten T, Schuldt A,
Shi X, Tan MZ, Tang Z, Trogisch S, Wang Z, Welk E,
Wirth C, Wubet T, Xiang W, Yu M, Yu XD, Zhang J,
Zhang S, Zhang N, Zhou HZ, Zhu CD, Zhu L, Bruelheide
H, Ma K, Niklaus PA, Schmid B (2018a) Impacts of species
richness on productivity in a large-scale subtropical forest
experiment. Science 362:80–83. https://doi.org/10.1126
/science.aat6405

Huang Y, Ma K, Niklaus PA, Schmid B (2018b) Leaf-litter
overyielding in a forest biodiversity experiment in subtropi-
cal China. For Ecosyst 38:1–9. https://doi.org/10.1186
/s40663-018-0157-8

IBGE (2012) Manual Técnico da Vegetação Brasileira. 2ª ed.
revisada e ampliada. [Technical manual of the Brazilian
vegetation], Rio de janeiro: IBGE- Diretoria de
Geociências, 271 p

Isbell F, Tilman D, Polasky S (2015) The biodiversity dependent
ecosystem service debt. Ecol Lett 18:119–134. https://doi.
org/10.1111/ele.12393

Lamb D, Erskine P, Parrotta JA (2005) Restoration of degraded
tropical forest landscapes. Science 310:1628–1639.
https://doi.org/10.1126/science.1111773

Lamb D, Parrotta JA, Keenan R et al (1997) Rejoining habitat
remnants: restoring degraded rainforest lands. In: Laurence
WF, Bierrgaard RO Jr (eds) Tropical Forest remnants: ecol-
ogy. Management and Conservation of Fragmented
Communities. University of Chicago Press, Chicago, IL, pp
366–385

Lamb D (2012) Forest restoration — the third big silvicultural
challenge. J Trop For Sci 24:295–299

Lanuza O, Casanoves F, Zahawi RA, Celentano D, Delgado D,
Holl KD (2018) Litterfall and nutrient dynamics shift in
tropical forest restoration sites after a decade of recovery.
Biotropica 50:491–498. https://doi.org/10.1111/btp.12533

Lavorel S (2013) Plant functional effects on ecosystem services. J
Ecol 101:4–8. https://doi.org/10.1111/1365-2745.12031

Li Y, HardtleW, Bruelheide H et al (2014) Site and neighborhood
effects on growth of tree saplings in subtropical plantations
(China). For Ecol Manag 327:118–127. https://doi.
org/10.1016/j.foreco.2014.04.039

Macedo MO, Resende AS, Garcia PC, Boddey RM, Jantalia CP,
Urquiaga S, Campello EFC, Franco AA (2008) Changes in
soil C and N stocks and nutrient dynamics 13 years after
recovery of degraded land using leguminous nitrogen-fixing
trees. For Ecol Manag 255:1516–1524. https://doi.
org/10.1016/j.foreco.2007.11.007

Malavolta E, Vitti GC, Oliveira AS (1997) Evaluation of nutri-
tional plant status: principles and applications. 2a. ed.
POTAFOS, Piracicaba (in Portuguese)

Marques CMM, Zwiener VP, Ramos FM et al (2014) Forest
structure and species composition along a successional gra-
dient of lowland Atlantic Forest in southern Brazil. Biota
Neotrop 14:e20140094. https://doi.org/10.1590/1676-
06032014009414

Martinelli LA, Lins SRM, Santos-Silva JC (2017) Fine litterfall in
the Brazilian Atlantic Forest. Biotropica 49:443–451.
https://doi.org/10.1111/btp.12448

Montagnini F (2000) Accumulation in above-ground biomass and
soil storage of mineral nutrients in pure and mixed planta-
tions in a humid tropical lowland. For Ecol Manag 134:257–
270. https://doi.org/10.1016/S0378-1127(99)00262-5

Naeem S (2006) Biodiversity and ecosystem functioning in re-
stored ecosystems: extracting principles for a synthetic per-
spective. In: Falk DA, Palmer MA, Zedler JB (eds)
Foundations of restoration ecology. Island Press,
Washington, pp 210–237

Park A, van Breugel M, Ashton MS, Wishnie M, Mariscal E,
Deago J, Ibarra D, Cedeño N, Hall JS (2010) Local and
regional environmental variation influences the growth of
tropical trees in selection trials in the Republic of Panama.
For Ecol Manag 260:12–21. https://doi.org/10.1016/j.
foreco.2010.03.021

Parrotta JA (1999) Productivity, nutrient cycling, and succession
in single- and mixed-species plantations of Casuarina
equisetifolia , Eucalyptus robusta , and Leucaena
leucocephala in Puerto Rico. For Ecol Manag 124:45–77.
https://doi.org/10.1016/S0378-1127(99)00049-3

Peng S, Schmid B, Haase J, Niklaus PA (2016) Leaf increases
with species richness in young experimental stands of sub-
tropical trees. J Plant Ecol 10:128–135. https://doi.
org/10.1093/jpe/rtw016

Piotto D (2008) A meta-analysis comparing tree growth in mono-
cultures and mixed plantations. For Ecol Manag 255:781–
786. https://doi.org/10.1016/j.foreco.2007.09.065

Podadera DS, Engel VL, Parrotta JA et al (2015) Influence of
removal of a non-native tree speciesMimosa caesalpiniifolia
Benth. On the regenerating plant communities in a tropical
Semideciduous Forest under restoration in Brazil. Environ
Manage 56:1148–1158. https://doi.org/10.1007/s00267-015-
0560-7

Pontes DMF, Engel VL, Parrotta JA (2019) Forest structure, wood
standing stock, and tree biomass in different restoration sys-
tems in the Brazilian Atlantic Forest. Forests 10:1–18.
https://doi.org/10.3390/f10070588

Prado-Júnior JA, Vale VS, Lopes SF et al (2014) Impacts of
disturbance intensity in functional traits patterns in under-
stories of seasonal forests. Biosci J 30:901–911

Core Team R (2018) R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna

Reich PB, Walters MB, Ellsworth DS (1992) Leaf life-span in
relation to leaf, plant, and stand characteristics among diverse
ecosystems. Ecol Monogr 62:365–392. https://doi.
org/10.2307/2937116

Reis-Júnior FB, Simon MF, Gross E et al (2010) Nodulation and
nitrogen fixation by Mimosa spp. in the Cerrado and
Caatinga biomes of Brazil. New Phytol 186:934–946.
https://doi.org/10.1111/j.1469-8137.2010.03267.x

Rodrigues RR, Lima RAF, Gandolfi S, Nave AG (2009) On the
restoration of high diversity forests: 30 years of experience in
the Brazilian Atlantic Forest. Biol Conserv 42:1242–1251.
https://doi.org/10.1016/j.biocon.2008.12.008

Rossato DR, Carvalho FA, Haridasan M (2015) Soil and leaf
nutrient content of tree species support deciduous forests on
limestone outcrops as a eutrophic ecosystem. Acta Bot Bras

Plant Soil

https://doi.org/10.1126/science.aat6405
https://doi.org/10.1126/science.aat6405
https://doi.org/10.1186/s40663-018-0157-8
https://doi.org/10.1186/s40663-018-0157-8
https://doi.org/10.1111/ele.12393
https://doi.org/10.1111/ele.12393
https://doi.org/10.1126/science.1111773
https://doi.org/10.1111/btp.12533
https://doi.org/10.1111/1365-2745.12031
https://doi.org/10.1016/j.foreco.2014.04.039
https://doi.org/10.1016/j.foreco.2014.04.039
https://doi.org/10.1016/j.foreco.2007.11.007
https://doi.org/10.1016/j.foreco.2007.11.007
https://doi.org/10.1590/1676-06032014009414
https://doi.org/10.1590/1676-06032014009414
https://doi.org/10.1111/btp.12448
https://doi.org/10.1016/S0378-1127(99)00262-5
https://doi.org/10.1016/j.foreco.2010.03.021
https://doi.org/10.1016/j.foreco.2010.03.021
https://doi.org/10.1016/S0378-1127(99)00049-3
https://doi.org/10.1093/jpe/rtw016
https://doi.org/10.1093/jpe/rtw016
https://doi.org/10.1016/j.foreco.2007.09.065
https://doi.org/10.1007/s00267-015-0560-7
https://doi.org/10.1007/s00267-015-0560-7
https://doi.org/10.3390/f10070588
https://doi.org/10.2307/2937116
https://doi.org/10.2307/2937116
https://doi.org/10.1111/j.1469-8137.2010.03267.x
https://doi.org/10.1016/j.biocon.2008.12.008


29:231–238. https://doi.org/10.1590/0102-33062014
abb0039

RStudio Team (2016) RStudio: Integrated Development
Environment for R. Retrieved from http://www.rstudio.com/

Ruiz-Jaén MC, Aide TM (2005) Vegetation structure, species
diversity, and ecosystem processes as measures of restoration
success. For Ecol Manag 218:159–173. https://doi.
org/10.1016/j.foreco.2005.07.008

Santana JAS, Vilar FCR, Souto PC et al (2009) Acúmulo de
serapilheira em plantios puros e em fragmento de Mata
Atlântica na Floresta Nacional de Nísia Floresta – RN.
Caatinga 22:59–67 https://www.redalyc.org/articulo.
oa?id=237117837010

Scherer-Lorenzen M, Bonilla JL, Potvin C (2007) Tree species
richness affects litter production and decomposition rates in a
tropical biodiversity experiment. Oikos 116:2108–2124.
https://doi.org/10.1111/j.2007.0030-1299.16065.x

Siddique I, Engel VL, Parrotta JA, LambD,Nardoto GB, JPHBO,
Martinelli LA, Schmidt S (2008) Dominance of legume trees
alters nutrient relations in mixed species forest restoration
plantings within seven years. Biogeochemistry 88:89–101.
https://doi.org/10.1007/s10533-008-9196-5

Silva APM, Schweizer D, Marques HR et al (2014) Can current
tree seedling production and infrastructuremeet an increasing
forest restoration demand in Brazil? Restor Ecol 25:509–515.
https://doi.org/10.1111/rec.12470

Silva JO, Espíristo-Santo MM, Morais HC (2015) Leaf traits and
herbivory on deciduous and evergreen trees in a tropical dry
forest. Basic Appl Ecol 16:210–219. https://doi.org/10.1016
/j.baae.2015.02.005

Soil Survey Staff (2014) Keys to Soil Taxonomy (12th ed.).
USDA-Natural Resources Conservation Service,
Washington, D.C.

Somavilla N, Kolb RM, Rossatto DR (2014) Leaf anatomical traits
corroborate the leaf economic spectrum: a case study with
deciduous forest tree species. Braz J Bot 37:69–82.
https://doi.org/10.1007/s40415-013-0038-x

Tilman D, Isbell F, Cowles JM (2014) Biodiversity and ecosystem
functioning. Annu Rev Ecol Evol Syst 45:471–493.
https://doi.org/10.1146/annurev-ecolsys-120213-091917

Tomlinson KW, Poorter L, Sterck FJ, Borghetti F, Ward D, de Bie
S, van Langevelde F (2013) Leaf adaptations of evergreen
and deciduous trees of semi-arid and humid savannas on
three continents. J Ecol 101:430–440. https://doi.
org/10.1111/1365-2745.12056

USDA. ARS, National Genetic Resources Program. Germplasm
Resources Information Network - (GRIN), (2011) National
Germplasm Resources Laboratory, Beltsville, Maryland
Disponível em: http://wwwars-gringov/~sbmljw/cgi-
bin/taxnodulpl Acessed 10 November 2014

van Andel J, Grootjans AP (2006) Concepts in restoration ecolo-
gy. In: van Andel J, Aronson J (eds) Restoration ecology: the
new frontier, vol 15. Blackwell Publishing, Maiden, pp 16–
28. https://doi.org/10.1111/emr.12078

van Breugel M, Hall JS, Craven DJ et al (2011) Early growth and
survival of 49 tropical tree species across sites differing in
soil fertility and rainfall in Panama. For Ecol Manag 261:
1580–1589. https://doi.org/10.1016/j.foreco.2010.08.019

van der Sande MT, Peña-Carlos M, Ascarrunz N et al (2017)
Abiotic and biotic drivers of biomass change in a
Neotropical forest. J Ecol 105:1123–1234. https://doi.
org/10.1111/1365-2745.12756

van der Sande MT, Arets EJMM, Peña-Carlos M et al (2018) Soil
fertility and species traits, but not diversity, drive productivity
and biomass stocks in a Guyanese tropical rainforest. Funct
Ecol 32:461–474. https://doi.org/10.1111/1365-2435.12968

van Raij B, Andrade JC, Cantarella H et al (2004) Análise química
para avaliação da fertilidade de solos tropicais. Campinas,
Instituto Agronômico, pp 285

Villa EB, Pereira MG, Alonso JM, Beutler SJ, Leles PSS (2016)
Aporte de serapilheira e nutrientes em área de restauração
florestal com diferentes espaçamentos de plantio. Floram 23:
90–99. https://doi.org/10.1590/2179-8087.067513

Villar R, Robleto JR, Jong Y et al (2006) Differences in construc-
tion costs and chemical composition between deciduous and
evergreen wood species are small as compared to differences
among families. Plant Cell Environ 29:1629–1643.
https://doi.org/10.1111/j.1365-3040.2006.01540.x

Vitousek PM, Sanford RL (1986) Nutrient cycling in moist trop-
ical forest. Annu Rev Ecol Syst 17:137–167. https://doi.
org/10.1146/annurev.es.17.110186.001033

Vitousek PM (2004) Nutrient cycling and limitation: Hawai’i as a
model system. Princeton University Press, Princeton.
https://doi.org/10.2307/j.ctv39x77c

Wang F, Li Z, Xia H, Zou B, Li N, Liu J, ZhuW (2010) Effects of
nitrogen-fixing and non-nitrogen-fixing tree species on soil
properties and nitrogen transformation during forest restora-
tion in southern China. Soil Sci Plant Nutr 56:297–306.
https://doi.org/10.1111/j.1747-0765.2010.00454.x

Willians LJ, Paquette A, Cavender-Bares J, Cavender-Bares C,
Reich PB (2017) Spatial complementarity in tree crowns
explains overyielding in species mixtures. Nat Ecol Evol 1:
0063. https://doi.org/10.1038/s41559-016-0063

Winbourne JB, Feng A, Reynolds L, Piotto D, Hastings MG,
Porder S (2018) Nitrogen cycling during secondary succes-
sion in Atlantic Forest of Bahia, Brazil. Sci Rep 8:1377.
https://doi.org/10.1038/s41598-018-19403-0

Wright J, Sysmastad A, Bullock JM et al (2009) Restoring biodi-
versity and ecosystem function: will an integrated approach
improve results? In: Naeem S, Bunker DE, Hector A et al
(Eds), Biodiversity, ecosystem functioning and human
wellbeing: an ecological and economic perspective. Oxford
University Press, pp 167–177. https://doi.org/10.1093
/acprof:oso/9780199547951.001.0001

Zheng LT, Chen HYH, Yan ER (2019) Tree species diversity
promotes litterfall productivity through crown complemen-
tarity in subtropical forests. J Ecol 107:1852–1861.
https://doi.org/10.1111/1365-2745.13142

Zuur AF, Ieno EN, Elphick C (2010) A protocol for data explora-
tion to avoid common statistical problems. Methods Ecol
Evol 1:3–14. https: //doi .org/10.1111/j .2041-210
X.2009.00001.x

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

Plant Soil

https://doi.org/10.1590/0102-33062014abb0039
https://doi.org/10.1590/0102-33062014abb0039
http://www.rstudio.com/
https://doi.org/10.1016/j.foreco.2005.07.008
https://doi.org/10.1016/j.foreco.2005.07.008
https://www.redalyc.org/articulo.oa?id==237117837010
https://www.redalyc.org/articulo.oa?id==237117837010
https://doi.org/10.1111/j.2007.0030-1299.16065.x
https://doi.org/10.1007/s10533-008-9196-5
https://doi.org/10.1111/rec.12470
https://doi.org/10.1016/j.baae.2015.02.005
https://doi.org/10.1016/j.baae.2015.02.005
https://doi.org/10.1007/s40415-013-0038-x
https://doi.org/10.1146/annurev-ecolsys-120213-091917
https://doi.org/10.1111/1365-2745.12056
https://doi.org/10.1111/1365-2745.12056
http://www.ars--grin.gov/~sbmljw/cgi--bin/taxnodul.pl.%20Acessed%2010%20November%202014
http://www.ars--grin.gov/~sbmljw/cgi--bin/taxnodul.pl.%20Acessed%2010%20November%202014
https://doi.org/10.1111/emr.12078
https://doi.org/10.1016/j.foreco.2010.08.019
https://doi.org/10.1111/1365-2745.12756
https://doi.org/10.1111/1365-2745.12756
https://doi.org/10.1111/1365-2435.12968
https://doi.org/10.1590/2179-8087.067513
https://doi.org/10.1111/j.1365-3040.2006.01540.x
https://doi.org/10.1146/annurev.es.17.110186.001033
https://doi.org/10.1146/annurev.es.17.110186.001033
https://doi.org/10.2307/j.ctv39x77c
https://doi.org/10.1111/j.1747-0765.2010.00454.x
https://doi.org/10.1038/s41559-016-0063
https://doi.org/10.1038/s41598-018-19403-0
https://doi.org/10.1093/acprof:oso/9780199547951.001.0001
https://doi.org/10.1093/acprof:oso/9780199547951.001.0001
https://doi.org/10.1111/1365-2745.13142
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1111/j.2041-210X.2009.00001.x

	Site...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Study area
	Experimental design, treatments description and implementation
	Sampling and data collection
	Tree community parameters
	Litterfall sampling
	Nutrient inputs
	Data analysis

	Results
	Tree community parameters
	The effects of site and restoration treatments on litter production and nutrient inputs
	The effects of tree community parameters on litter production and nutrient inputs
	Restoration treatments compared to the control and the reference forest

	Discussion
	Effects of site on litter production and nutrient inputs
	Litter production and nutrient inputs among restoration treatments
	Effects of tree community parameters on litter production and nutrient inputs
	Restoration treatments compared to control and reference forest

	Conclusions
	References


