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Introduction

The Brazilian Government (2017) has en-
acted a legal policy to restore 12 million
hectares by 2030. Additionally, many insti-
tutions have committed to accelerating
and expanding forest restoration efforts in
Brazil (Calmon 2021). To meet these goals
within such a short timeframe, large-scale
restoration models must focus on rebuild-
ing biodiversity and enhancing the resili-
ence and self-sustainability of ecosystems
(McCallum et al. 2018). Several techniques
have been used for restoration, including
planting seedlings in random or linear ar-
rangements at high density and diversity
across different successional and func-
tional groups, as well as other methods
aimed at restoring the ecological function-
ality of forests (Rorato et al. 2020).

Previous studies on seasonal semidecidu-
ous forests showed that some restoration

The increasing demand for forest restoration necessitates new strategies and
assessments of nutrient returns to support functional restoration. This study
aims to evaluate the production, nutrient cycling, and litter decomposition in
different restoration models using both different seedling densities and vary-
ing proportions of pioneer and non-pioneer species. The experiment was es-
tablished in 2012, with litter collection occurring in the sixth and seventh
years; the leaf fraction was used for chemical analysis. To assess decomposi-
tion, litterbags were installed and collected monthly for six months, and cli-
matic data were recorded during this period. The annual litter production in
the sixth and seventh years was 7255 and 7953 kg ha”', respectively. The de-
composition process was unaffected by the treatments but was influenced by
the microclimate, with minimum temperature showing the strongest correla-
tion. Litter input and nutrient release (kg ha™') varied significantly only with
plant spacing, with the highest releases observed at 1 x 0.3 m spacing. The P,
K, and S contents were not affected by either successional groups or plant
spacing, while only calcium content varied significantly with the proportion of
successional groups. Plant density was linked to higher litter and nutrient pro-
duction in the system. The highest plant density was more effective at pro-
moting short-term nutrient cycling at the beginning of the restoration process.
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models failed to restore essential ecologi-
cal processes, such as nutrient cycling (Fer-
nandes et al. 2017, Samila et al. 2017, Galetti
et al. 2018). This raises questions about the
efficiency and long-term resilience of the
systems and models used in restoration.
Many restoration models based on func-
tional or successional groups (Rodrigues et
al. 2009) have issues with soil litter cover,
as indicated by ecological functionality indi-
cators (Samila et al. 2017, Altivo & Pifia-Ro-
drigues 2017). Between the ages of 35 and
60 months (Galetti et al. 2018) and extend-
ing up to 7 years of age (Fernandes et al.
2017), the contribution to litter and nutri-
ent cycling was insufficient to sustain the
system.

The search for new models and arrange-
ments in restoration activities is crucial not
only to increase forest cover but also to
maintain the ecological path of restored
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vegetation over time. New restoration
models should enhance functionality in
terms of self-sufficiency and resilience (Mc-
Callum et al. 2018). One key gap involves
the combination of species, planting ar-
rangement, density, and seedling distribu-
tion in the field (Caldeira et al. 2019). The
use of these models requires adjustments
and appropriate methods for each forest
management context to help restore eco-
logical functions, particularly soil cover and
the contribution of litter to the nutrient cy-
cle (Samila et al. 2017).

Litter production is an environmental in-
dicator used to assess nutrient cycling. Un-
derstanding key aspects such as leaf nutri-
ent levels, decomposition rates, litter pro-
duction, and their relationships with plant-
ing models is essential for developing new
restoration strategies. This understanding
supports better decision-making and pro-
vides insights into how changes in plant
species composition can affect nutrient cy-
cling (Godinho et al. 2013, Pinto et al. 2016,
Silva et al. 2018, Neves et al. 2022). Since
successional groups influence litter and nu-
trient inputs, we hypothesize that plant
density across successional groups will in-
teract to affect litter uptake and nutrient
content. We expect that areas with higher
density and pioneer species will receive
more litter input and exhibit higher nutri-
ent content and production. In this con-
text, we seek to address the following
questions: (i) How do contributions from
litter production and nutrients influence
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Tab. 1 - Description of restoration models for degraded areas and treatments imple-
mented in the study area located in Itu, So Paulo, Brazil. Planting in March 2012. (D):
Dense; (SD): Semi-densified; (HD): High Dense; (C): Conventional; (PA): Plant arrange-
ment; (SZ): Size; (P): Pioneers; (NP): Non-pioneer.

D SD HD C
Variables

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10
PA (m) 1x1 1x1 1x1 2x1 2x1 2x1 1x0.3 1x0.3 1x0.3 3x2
SZ 88 88 88 176 176 176 25 25 25 528
P (%) 60 40 20 60 40 20 60 40 20 60
NP (%) 40 60 80 40 60 80 40 60 80 40

restoration models? (i) Do plant spacing
and the proportion of successional groups
affect litter and nutrient production? (i)
Which model can best predict early litter
and nutrient output?

Material and methods

Study area and experimental design

The study was conducted in a 526-ha area
in Itu, Sdo Paulo (23° 14’ 15.18" S and 47° 24’
3.29" W). The vegetation primarily consists
of the Atlantic Seasonal Semideciduous
Forest (IBGE 2012), transitioning to Cer-
rado. The climate of the region is classified
as Cwa, characterized by dry winter and
hot summer, with an average annual pre-
cipitation of 1299.6 mm and an average an-
nual temperature of 21.3 °C (Alvares et al.
2013). The soil is a Red-Yellow Argisol with
low fertility and a sandy loam texture.

For assessing the soil physical and chemi-
cal characteristics, we collected soil sam-
ples using a Dutch auger at a depth of 0-20
cm. Three individual samples were com-
bined to create a composite sample for
each treatment (n=10) in December 2019.

The experiment was set up in March 2012
using seedlings from a local nursery, and
adopting a partial factorial design with
three randomized blocks and ten treat-
ments (Tab. 1). Nine treatments consisted
of combinations of three planting densities
and three proportions of successional
groups (pioneer and non-pioneer species),
with plots consisting of 70 seedlings each.
A tenth treatment, considered a conven-
tional control (T10), was not part of the

factorial combination and had only a single
replicate per block, resulting in a partial de-
sign.

Seedlings of tree species native to the At-
lantic Forest-Cerrado transition were used,
including Croton urucurana Baill., Trema mi-
crantha (L.) Blume, and Luehea grandiflora
Mart. & Zucc. A total of 2100 individuals
from 33 species were planted, distributed
across the treatments (see Tab. S2 in Sup-
plementary material).

Species were classified into successional
groups (P: Pioneers; NP: Non-Pioneers)
based on their ecological traits, according
to the official guidelines of the Sdo Paulo
State Environmental Secretariat (Sdo Paulo
State 2008).

Fertilization at planting was carried out
around each seedling, applying the equiva-
lent of 8.3 g of nitrogen (N), 19 g of phos-
phorus (as P,Os), and 8.3 g of potassium
(K) per plant. In the first year after plant-
ing, an additional fertilization of 30 g of
NPK 4-14-8 was applied to each seedling.
To facilitate interpretation and compari-
son, fertilizer amounts were also calcu-
lated per hectare, accounting for each
treatment’s planting density and the repli-
cation of treatments across three blocks
(Appendix 1in Supplementary material).

To characterize the vegetation in the
study area, a census was conducted twice:
once in 2012, shortly after planting, and
again in June 2017 (Tab. 2).

The values of precipitation, maximum,
minimum, and average temperature re-
corded during the study period (January
2018 to January 2020), according to Ciiagro

(2020), are shown in Fig. 1.

Litter production

The litter was sampled once a month in
February, March, April, June, July, Septem-
ber, and December 2018 (totaling 7
months), and bimonthly from February to
December 2019 (6 months). We used conic
collectors of Helanca® fabric measuring 64
c¢m in diameter (0.32 m?). They were ar-
ranged transversally and evenly spaced at
a height of 1.20 m above the ground in
each replication. The collected material
was transported to the laboratory and sep-
arated into leaf, branch, and reproductive
fractions. The plant material from each
fraction was kept in the shade to naturally
dry for about seven days, then placed in an
oven at 65 °C for 24 hours and weighed af-
terwards (Scoriza et al. 2012). For each frac-
tion, the mass in grams (g) was converted
to kilograms (kg), and the total litter pro-
duction was estimated using the following
equation (eqn. 1), adapted from Lopes et
al. (2002):

. PS-10,000 o)
Ac

PAS=

where PAS is the average annual litter pro-
duction (kg year’), PS is the average
monthly litter production (kg month), and
Acis the collecting area (m>).

Nutrient analysis

Nutrient content in the litter was ana-
lyzed every two months in each treatment
(n=10) from February 2019 to December
2019, based on the leaf fraction. The nutri-
ent contents of samples were determined
using the Kjeldahl method for nitrogen (N),
colorimetry for phosphorus (P), barium sul-
fate turbidimetry for sulfur (S), and atomic
absorption spectrophotometry after nitric-
perchloric digestion, as proposed by Mala-
volta et al. (1997) for potassium (K), cal-
cium (Ca), and magnesium (Mg). The re-
sults were expressed as levels of each ele-
ment (g) per kg of litter (g kg™).

The nutrient content in the litter was cal-
culated according to the equation de-
scribed by Scoriza et al. (2012 - eqn. 2):

T, T
= (2)
1000

Tab. 2 - Results of the vegetation survey in 2012 and 2017 in Itu, Sdo Paulo, Brazil. (P): pioneers; (NP): non-pioneers; (U): unidentified.

Parameter Year T1 T2 T3 T4 T5 Té6 T7 T8 T9 T10
Seedlings (un.) 2012 210 210 210 210 210 210 210 210 210 210
11 104 118 167 135 144 11 117 128 218
Survival (%) 2017 66 71 90 135 110 100 83 101 104 188
Regenerating (%) 2017 24 21 17 25 18 39 25 15 21 27
Density 2012 1 1 1 0.5 0.5 0.5 3.3 3.3 3.3 0.2
(plant m™) 2017 0.5 0.5 0.6 0.4 0.3 0.3 1.8 1.9 2 0.2
Successional 2012 40NP-60P 60NP-40P 80NP-20P 40NP-60P 60NP-40P 80NP-20P 40NP-60P 60NP-40P 80ONP-20P 40NP-60P
Group (%) 2017 41NP-52P 39NP-54P 42NP-42P 47NP-41P 48NP-42P 45NP-48P 50NP-41P 52NP-45P 48NP-44P 48NP-42P
U 2017 7 7 17 12 9 6 9 3 8 10
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where C,. is the production of the e-th ele-
ment (kg ha"), T. is the content of the e-th
element in the litter (g kg*), and T, corre-
sponds to the amount of litter produced

(kg ha™).

Litter decomposition

Early decomposition was studied using
synthetic polymer litterbags measuring 20
x 20 cm with a 2 mm mesh (Scoriza et al.
2012). These litterbags were installed in
July 2019, with three litterbags allocated
per treatment (n = 10), per block (n = 3),
per collection period (each lasting 6
months), totaling 540 units. Each litterbag
was filled with a mixture of up to 10 grams
of oven-dried (at 65 °C), intact, homoge-
neous leaves with no visible signs of de-
composition, sampled from the species in
each treatment. After 180 days, 90 individ-
ual litter bags were collected, dried at 60 °C
until a constant mass was reached, and
weighed. The change in dry mass from the
initial mass at time zero (installation) was
calculated, and the decomposition con-
stant (k) was estimated following Scoriza
etal. (2012 - eqn. 3):

X,=X,e" (3)

where X; is the mass of material remaining
after t days, and X, is the initial mass of the
dry material in the litterbags. The constant
k is the decomposition rate constant, calcu-
lated based on the mass-loss versus time (t,
in days) relationship.

To evaluate the effects of climate on litter
decomposition, we used data on tempera-
ture (°C) and precipitation (mm) for the
study period (Ciiagro 2020).

Data analysis

The effects of planting spacing and the
proportion of the successional groups on
litter production, nutrient content, and de-
composition were evaluated. Treatments
were arranged in a factorial design with
three replicates (blocks), which were
treated as repetitions to capture natural
variability; therefore, block effects were
not included in the statistical models.

For the analysis of litter production and

Fig. 2 - Box-plots of annual
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nutrient content, generalized linear models Results

(GLMs) were employed, using a Gamma
distribution and an identity link function,
which are appropriate for continuous, posi-
tive, and asymmetric data. The response
variables included the annual mean values
of total litter production, its fractions
(leaves, branches, reproductive parts, mis-
cellaneous), and nutrient contents (N, P, K,
Ca, Mg). The explanatory variables were
planting spacing and the proportion of pio-
neer and non-pioneer species. Post hoc
comparisons of treatment means were
conducted using Tukey’s test.

Data exploration included boxplots, the
Shapiro-Wilk test for residual normality,
and Levene’s test for variance homogene-
ity, adopting a significance level of 5%.

Spearman’s correlation coefficients were
calculated between climatic variables (pre-
cipitation and temperatures) and litter de-
composition, considering both the collec-
tion month and the preceding month. Cor-
relation strength was classified as low (r <
0.5), moderate (0.51< r < 0.70), or high (r >
0.71).

Principal Component Analysis (PCA) was
performed to explore the relationships be-
tween treatments (objects) and measured
variables (descriptors), thereby reducing
dimensionality and highlighting the main
patterns of variability.

All statistical analyses were conducted in
R (R Core Team 2020), using the following
packages: “car” for homogeneity tests;
base R for normality tests; “RT4Bio” for
GLM residual diagnostics; “multcomp” for
multiple comparisons of GLM means; and
“vegan” for PCA.

2018

Seven years after planting, survival was
high (>70%), except for treatments T1, T2,
and T6 (Tab. 2). New seedling establish-
ment was dominated by pioneer species,
except for T10, T4, and T7. On the other
hand, the initial 40NP-60P (40% Non-Pio-
neer and 60% Pioneer species) proportion
showed a reduced percentage of pioneer
species in most treatments, except for the
1 x 1 m treatment (T1). Plant density was re-
duced, but this did not change the overall
proportion of different species across the
treatments, except in the conventional
treatment (T10), where natural regenera-
tion replaced the dead trees.

Litter production

The annual litter production was 7255 kg
ha' in 2018 (6% year since planting) and
7953 kg ha' in 2019 (7t year), ranging from
6217 to 9428 kg ha" across treatments. In
both years, the litter production differed
significantly (Faos= 6.71, p = 0.002; Faoe=
4.00, p = 0.021) only for plant spacing (Fig.
2). In 2019, we observed an upward trend
in litter production, but with a significant
difference only for 3 x 2 m. Differences in
litterfall across different proportions of
successional groups (Fas= 0.02, p = 0.975;
Fao= 0.35, p = 0.702) and their interaction
with plant spacing (F,os= 1.64, p = 0.202;
Fao= 1.22, p = 0.333) were not significant.
However, the F < 1 for successional groups
indicated greater variation between blocks
than between treatments, with a large am-
plitude observed in 40NP-60P (40% Non-Pi-
oneer and 60% Pioneer species). The high-
est litter production in 2018 and 2019 oc-

mean litterfall input results
and Tukey’s test results (p
<0.05) for spacing and suc-
cessional group proportion
over the years 2018 and -
2019 in Itu, S&o Paulo,
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; Tab. 3 - Average annual litter production from 2018 to 2019 and its fractions (kg ha" year") across different restoration models in the
b experimental area in Itu, Sdo Paulo, Brazil. Means followed by the same letter in a column do not differ from each other (p > 0.05)
E after Tu'key test (p < 0.05) for each year of planting and tested models. (L): leaves; (B): branches; (RM): reproductive material; (SG):
(e successional group; (PS): plant spacing.
©
5 Year Model Treatment L % L B % B RM % RM Total
§ SG 60NP-40P 5692 4 77 1088 * 15 6554 9 74364
5 40NP-60P 53814 77 10354 15 543 4 8 6958 4
g 2018 80NP-20P 5908 # 79 9534 13 607 * 8 74704
8 (G year after PS 1m>x0.3m 65104 79 1158 * 14 5764 7 82444
s planting) 1x1m 5381 B 75 1222 17 588 * 8 71914
o 2x1m 5553 8 79 8264 12 636* 9 70158
L 3x2m 3997 ¢ 77 649 A 12 557 A 11 5203 ©
.5 SG 60NP-40P 6063 * 777 1586 * 164 496 * 59 81454
3 40NP-60P 5765* 806 11954 147 447 » 47 7407 A
= 2019 80ONP-20P 6348 4 801 15244 147 5804 52 84524
(7" year after PS 1x0.3m 6877 * 799 17104 161 5434 4 91314
planting) 1x1m 58904 779 13384 171 5304 5 7758 %
2x1m 58144 808 14294 132 488 » 61 77328
3x2m 4759 4 799 6824 121 3204 8 57618

Tab. 4 - Nutrient content (g kg™) and production (kg ha™) across different restoration
models in the experimental area during 2019 in Itu, S3o Paulo, Brazil. Means followed
by the same letter in the column do not differ from each other (p > 0.05), after Tukey
test for each year of planting and the tested models. (SG): successional group; (PS):
plant spacing.

curred at spacing 1 x 0.3 m, followed by the
1x1m,2 x1m,and 3 x 2 m spacings.
Among the different proportions of succes-
sional groups, the highest production was
recorded for the 80NP-20P treatment, fol-
lowed by 60NP-40P and 60P-40NP (Tab. 3).
Parms Model Treatment N P K Ca Mg S The total litter production was more af-

SG  60NP-40P  16.1* 1.2 394 11.0®  2.5* 1.4 fected by the leaf fraction in 2018 (Fos=

AONP-60P  16.0%  1.3%  43% 1154 264 15+ 538 p=0.0005)thanin 2019 (Fxo=2.82, p

}‘né = 0.060), with a significant increase in the

onS 80NP-20P 16.0% 1.24 414 11.0°® 2.5*% 1.5% total contribution.

E"V PS 1x0.3m 15.6 8 1.24 4.34 11.6* 2.8*% 1.54

2 1x1m 170 13%  3.8% 11.1% 24° 14+  Nutrients , ,

S . R . A R R N As with litterfall production, the different
Z2x1m 15.8 1.2 4.0 10.9 2.4 1.5 proportions of successional groups across
3x2m 15.3° 1.24 4.8%  11.1% 2.5 1.44 treatments did not significantly affect nu-

SG 60NP-40P 1324 10.0 4 334 90.9 4 21 A 12.44 trient contents, except for calcium, which

P N N N N N A was affected by both successional group

2 S 40NP-60P 118 9.3 32 85.9 20 10.6 and plant spacing. A significant increase in

o 80NP-20P  135* 10.14 364 93.6* 214 16.6 4 calcium content (F = 3.47, p = 0.047) was

g PS  1x0.3m 140.3* 10.9%  44.5* 103.7% 2454 13.5% observed in the 40NP60P treatment (Tab.

& 1x1m  1325% 1004 29.1° 88.6% 19.0% 11.6%  4) While there were no significant differ-

S ences in the content of other nutrients.

je 2x1m  122.3% 954 28.6° 85.6% 19.1* 11.4%*  plant spacing significantly influenced the

3%x2m 86.48 6.84 26.2 8 63.4° 14.28 7.98 levels of N, Ca, and Mg. The nitrogen con-
tent was notably higher (F = 5.02, p =
0.007) at the 1 x 1 m spacing, whereas the 1
Tab. 5 - Litter decomposition constant (k) and half-life of litter (t4) in the last month  « 0.3 m spacing promoted greater absorp-
of evaluation (180 days) in different restoration models in the experimental area in  tion of Ca and Mg than other treatments.

Itu, Sdo Paulo, Brazil. Means followed by the same letter in a column do not differ Regarding production, the proportion of

from each other (p > 0.05), according to the Tukey test. (NP): non-pioneer species;  successional groups did not affect any nu-

(P): pioneer species. trients. However, different plant spacing

showed significant differences for nitrogen

Model Treatment k (g g day™) t2 (days) (F = 3.74, p = 0.024), calcium (F = 4.02, p =

Proportion of 60NP-40P 0.0026 * 280 ggai);iur:‘na%;‘e_s‘;”;o (IF) - g'gg;)P; D-007)
successional groups B ’

group 40NP-60P 0.0027* 269 * (F = 3.89, p = 0.021), but not for phospho-

80NP-20P 0.0027 * 2654 rus. The densest spacing, 1 x 0.3 m, pro-

Plant spacing 1%x03m 0.0028 4 257 A duced the highest ngtrlent levels com-

. . . pared to the other spacings.

2*1m 0.0024 305 In terms of nutrient production among

1x1m 0.0029* 2484 the successional groups, the 8oNP-20P

3%2m 0.0025 * 282 A treatment had the highest value (312.3 kg

ha"), followed by 60NP-40P (298.4 kg ha™),

64 iForest 19: 61-68



Tab. 6 - Spearman correlation coefficient
values for litter decomposition vs. cli-
matic variables (precipitation, mean,
maximum, and minimum temperature)
for the month of collection and the pre-
vious month, during the period of lit-
terbag removal in the experimental area
in Itu, SP, Brazil.

Variable Current  Previous
month month

Precipitation -0.47 -0.4

Average -0.66 -0.66

temperature

Maximum -0.66 -0.66

temperature

Minimum -0.88 -0.81

temperature

and 40NP-60P (275.8 kg ha). The order of
nutrient production in this study was N >
Ca > K> Mg > S > P. The highest nutrient
production was recorded at the spacing 1 x
0.3 m (337.4 kg ha"), followed by 1 x 1 m
(290.8 kg ha), 2 x 1 m (276.5 kg ha*), and 3
x 2 m (204.9 kg ha"), aligning with the litter
production results.

Litter decomposition

After 180 days, there was no significant
difference in the decomposition rate (k)
across plant spacings (F = 1.04, p = 0.392)
or successional group (F = 0.37, p = 0.692)
treatments. Similarly, no significant differ-
ence was observed for the half-life time
among plant spacings (F = 1.90, p = 0.156)
or successional groups (F = 0 .23, p =
0.739). However, the F<1 for successional
groups indicated that there was more vari-
ation among blocks and plots than across
different proportions of pioneer and non-
pioneer species. The lowest k constants
were found for the 60NP-40P and 2 x 1 m
spacing (Tab. 5), leading to longer half-
lives.

Following an exponential decay pattern
with a constant decomposition rate (k),
mass loss was rapid during the first 30 days
(14.9%). Between 30 and 9o days, the de-
composition rate decreased across treat-
ments (2.4%), followed by a steady increase
in decomposition of 5.2%, 6.3%, and 6.8% for
the periods 90-120, 120-150, and 150-180
days, respectively (Fig. 3).

Climatic conditions showed a significant
negative correlation (p < 0.05) in litter de-
composition between the current and pre-
vious months of collection (Tab. 6). We ob-
served that precipitation was not corre-
lated with litter decomposition, whereas
minimum temperature had a strong influ-
ence.

Ordination of treatments in relation to
nutrient cycling

Principal component analysis (PCA) of
treatments and variables explained 74% of
the total data variation, with axis 1 (PC1) ac-
counting for 48%, and axis 2 (PC2) account-

iForest 19: 61-68
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ing for 26% (Fig. 4). PC1 was associated
with higher values of litter production, cal-
cium, magnesium, and sulfur content. Lit-
ter production was directly related to S
content and also influenced Ca and Mg
contents when linked to T8 and T9, both

dominated by non-pioneer species (60%
and 80%) at the high-density spacing (1 x
0.3 m). Nitrogen and potassium contents
were more closely associated with PC2 and
the 1 x 1 m spacing, with nitrogen showing
statistically significant differences (Tab. 4),

T10
o~ -—
- Content_K
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Fig. 4 - Principal Component Analysis (PCA) of treatments with different spacing and
successional group proportion in the experimental area in Itu, Sdo Paulo, Brazil.
Labels of the different treatments reported in Tab. 1.
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and potassium content being lower for this
spacing. Spacing arrangement had a
greater impact on nutrient absorption,
with treatment 3 x 2 m (T10) differing from
the others, showing the lowest nutrient
levels (see Appendix 2 in Supplementary
material).

Discussion

The annual litter production in this study
was within the expected range of 8500 =
2500 kg ha' year", as previously reported
for 105 locations in the Atlantic Forest
(Martinelli et al. 2017). However, the lack of
significant differences in litter production
and nutrient content across the different
proportions of ecological groups (SG) may
stem from factors not analyzed, such as
the floristic composition of each individual
plot. The comparison of vegetation be-
tween 2012 and 2017 (Tab. 2) showed that
plant mortality led to lower densities in the
plots. Although the experimental design
for different densities was the same, the
proportions of species belonging to differ-
ent successional groups changed over
time. Therefore, no conclusions can be
drawn on the effect of species composition
on restoration functionalities, and addi-
tional investigations are needed on this
topic.

As expected, higher plant density leads to
more litter input. The 1 x 0.3 m plant spac-
ing had the highest canopy closure, a con-
dition that promotes natural pruning and
leaf fall (Villa et al. 2016). This likely ex-
plains the increased litter production, sup-
porting the hypothesis that a denser plan-
tation with a closed canopy positively af-
fects litterfall (Silva et al. 2018). Overall, the
highest production comes from leaves, fol-
lowed by branches and reproductive mate-
rial. These results are similar to findings
from other studies on seasonal semidecid-
uous forests (Villa et al. 2016, Machado et
al. 2018, Dick & Schumacher 2020). Leaves
are the most important component of nu-
trient cycling because of their higher nutri-
ent content, faster decomposition, and
larger volumes (Godinho et al. 2013).

The association between increased nutri-
ent production and higher litter output is
consistent with the findings of Godinho et
al. (2014), which are derived from a calcula-
tion method that multiplies nutrient con-
tent by litter amount (Caldeira et al. 2019).
The relationship between the smallest
plant spacing and the greatest nutrient
supply is also supported by Villa et al.
(2016). On the other hand, the conven-
tional model with 3 x 2 m spacing had the
lowest rates of litter and nutrient inputs,
raising concerns for restoration projects
that adopt this spacing, which is often
mandated by public policies. (Galetti et al.
2018).

The calcium content was the only ele-
ment significantly affected by plant spacing
and successional groups (Tab. 4). Elevated
calcium levels in vegetation are crucial for
promoting plant growth. Calcium is crucial
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for various processes, including cell wall
development, enzyme activation, and key
physiological functions such as root
growth, nutrient absorption, and photo-
synthesis. Additionally, calcium’s role ex-
tends to balancing other essential nutri-
ents, like potassium and magnesium. Be-
yond these functions, calcium is vital for
strengthening plant defense mechanisms,
making it essential for plant productivity,
especially in nutrient-poor soils (Bizuti et al.
2018, Marschner & Rengel 2012).

In the present study, calcium was directly
associated with Mg in T8 (1 x 0.3 m,
60NP-40P - Fig. 2), and it was significantly
higher in the 40NP-60P treatment (Tab. 4).
The Ca and Mg levels were significant at 1 x
0.3 m spacing and Ca only at 1 x 1 m spacing
(Tab. 4). On the other hand, Mg showed re-
duced content in the 2 xt mand 1 x 1 m
spacings, which can be attributed to the
rapid oxidation of chlorophyll, occurring
when leaves are in senescence and begin
to decompose in the soil (Godinho et al.
2014). However, calcium and magnesium
levels were similar in the most (1 x 0.3 m)
and least dense spacings (3 x 2 m). This
may be due to an interaction with species
composition rather than a density effect
alone.

The above result emphasizes the com-
plexity of distinguishing the effect of vari-
ous ecological groups of species used for
restoration on litterfall and nutrient con-
tent. Hobbie (2015) reports mixed results,
suggesting that the relationship between
species traits and nutrient cycling deserves
further attention, while Neves et al. (2022)
noted that few studies evaluated the con-
tributions of different functional groups.
Therefore, future studies should evaluate
functional groups, species dominance, and
the leaf chemistry of key species used in
restoration activities.

In the 1 x 1 m treatment, nitrogen content
was higher due to its high mobility within
the plant. Also, it is likely linked to the
dominance of certain species, mainly those
belonging to the Fabaceae family (Neves et
al. 2022). These species are known to form
symbiotic associations with atmospheric
N,-fixing bacteria (Schumacher et al. 2018).
In contrast, phosphorus was the nutrient
with the lowest content in the litter, possi-
bly due to the soil’s low fertility.

Our results showed that smaller plant
spacing leads to faster recovery of nutrient
functions. This should be considered when
planning restoration strategies because,
depending on the goal, desired restoration
speed, and available budget, seedling den-
sity affects not only nutrient production
but also planting costs.

Although plant spacing influenced litter
production and nutrient content, it did not
affect decomposition rate. There was a
temporal effect on the proportions of suc-
cessional groups over time and spacing.
The decomposition rate varied exponen-
tially over time, consistent with findings
from other studies (Grugiki et al. 2017, Silva

et al. 2018, Junior et al. 2019). Between 30
and 90 days, decomposition decreased,
likely due to lower precipitation during
these months, which can reduce microbial
activity in soil and litter (Grugiki et al. 2017).
The increased precipitation during the last
three months of evaluation (Fig. 1) may
have accelerated the decomposition (Tab.
6). Higher precipitation, combined with in-
creased temperature and soil moisture,
promotes microbial activity, thereby in-
creasing litter decomposition (Santos et al.
2019).

The increased rainfall in the final three
months of the evaluation period likely con-
tributed to a higher decomposition rate
(Fig. 1, Fig. 3). Climatic conditions in the
same sampling month were more closely
linked to mass loss than those of previous
months, indicating an immediate effect of
temperature on decomposition (Tab. 6).
The lowest temperatures showed the
strongest correlation with decomposition,
with temperatures rising continuously
from July 2019 (winter) to January 2020
(summer), during which mass decreased
(Tab. 6). Additionally, studies in seasonal
semideciduous forests have indicated a
non-immediate effect of precipitation (Pin-
to et al. 2016, Junior et al. 2019), thus we
believe that microclimatic temperature has
a significant impact on the litter decompo-
sition rate.

Ordering of treatments in relation to
nutrient cycling return

The spacing of the plantation strongly af-
fected nutrient inputs and system outputs,
showing rapid recovery of soil function
early in forest succession. The 3 x 2 m treat-
ment supports observations of low litter in-
put and it is recommended with adaptive
management to promote ground cover
and litter input restoration (Samila et al.
2017, Fernandes et al. 2017, Galetti et al.
2018).

The effect of diversity in species or suc-
cessional groups on soil forest restoration
is unlikely to exceed that of more produc-
tive species, which are capable of generat-
ing significant short-term impacts. How-
ever, in the long term, the complementar-
ity effect of various species can either
match or surpass that of productive spe-
cies (Cardinale et al. 2007). The faster func-
tional processes can be restored, the
greater the benefits for restoration and the
emergence of new species. Nonetheless,
low nutrient availability can hinder this
process (Chua & Potts 2018, Teixeira et al.
2020).

Conclusions

The models studied for species mixture
and spacing in plantations designed to re-
store semideciduous forests demonstrated
significant differences in litter production,
content, and nutrient levels. The varying
initial proportions of successional groups
(pioneer and non-pioneer species) in the
plantations did not significantly affect nu-
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trient cycling in the soil, with the exception
of calcium content. In contrast, the spacing
of the plantation had a notable impact on
the contribution of litter and nutrients to
the ecosystem. Therefore, selecting the
most suitable spacing and model for res-
toration activities can effectively promote
the rapid recovery of these functions dur-
ing the early stages of forest succession,
regardless of the proportions of succes-
sional groups used.
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