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Abstract
Passive restoration offer better preservation for the diverse legacy of forest ecosystems, but many interactions on the 
restoration process remain poorly understood. In this study, the seasonality of accumulated litter layer, nutrient content, 
potential return, and soil quality were evaluated under the initial (subjected to 11-year) and advanced (subjected to 46-year) 
passive restoration conditions in Cerrado, Brazil. Measurements were carried out for a period of one year. Accumulated litter 
layer, nutrient content, potential return, and nutrient use efficiency were 50%, 43%, 13%, and 42% higher in the advanced 
passive restoration site compared to the initial restoration site. For both sites, the annual litter content followed the order: 
N > Ca > K > Mg > P > Fe > Mn > B > Zn > Cu. Significant increases in soil organic matter and cation exchange capacity were 
found in the advanced passive restoration. The annual average had shown a higher macronutrient concentration in the soil 
for the initial restoration, while a higher micronutrient concentration was found for the advanced restoration. The seasonality 
affected the accumulated litter layer, litter nutrients, potential return and soil quality. Some litter and soil nutrients were 
significantly correlated, evidencing the nutrient associations between litter and soil. Hence, both the passive restoration 
stages and rain were factors that regulated the temporal patterns of accumulated litter layer as well as the nutrient cycling in 
Cerrado passive restoration models.

Keywords Ecosystems services · Forest restoration · Hydrological processes · Nutrient cycling · Seasonality patterns · 
Tropical forest

Introduction

Biodiversity conservation is one of the greatest challenges 
to be faced nowadays, given the high level of anthropic dis-
turbances observed in natural ecosystems (Leverkus et al. 

2018). In view of expanding human land use, increasing 
climate change and unmet conservation targets, area-based 
conservation requires efficiency and effectiveness more 
than ever (Hoffmann 2022). There are several techniques 
and models focused on recovering degraded areas and the 
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selection of such models is, in general, based on the deg-
radation level, specific features, and future use of the area 
to be recovered (Aide et al. 2000; Lima et al. 2018). One 
of the biggest problems related to forest restoration is the 
advance of the alien species: they are fast and extensive veg-
etative growth—covering large areas and displacing native 
species—also leading to an acidification of invaded soils 
(Lazzaro et al. 2020). The consequence is a loss in native 
species diversity, alteration of the chemical and physical soil 
conditions, as well the ecosystem functionality.

Active and passive restoration models have been pro-
posed to reestablish the functionality of some ecological 
processes (Restrepo et al. 2013) in degraded lands. Active 
restoration includes a range of human interventions that 
aim to accelerate and influence the successional trajectory 
of recovery (Holl and Aide 2011) through planting trees at 
high density and their respective management (Celentano 
et al. 2011; Restrepo et al. 2013). Conversely, passive resto-
ration models are based on ending the prior anthropogenic 
disturbance, allowing a natural successional process, or 
unassisted forest recovery (Holl and Aide 2011). Although 
passive restoration models are simple, inexpensive, and 
based on natural regeneration (Holl 2002; Schrautzer et al. 
2007), they are relatively slow processes when compared to 
active restoration models (Pereira et al. 2021, 2022). As a 
natural process, passive restoration is unpredictable. That 
is, during natural regeneration processes in which the for-
est structure in nearby locations can change significantly. 
Sometimes, these processes are not always successful due 
to land use history or the establishment of aggressive spe-
cies (Lazzaro et al. 2020). However, they can better preserve 
the diverse legacy of these forested systems (Bechara et al. 
2016; Zhang et al. 2020). Furthermore, these processes also 
revealed in the tropics, the inherent capability of these sys-
tems to naturally recover and highlights the importance of 
considering passive restoration in management plans (Holl 
and Aide 2011; Bechara et al. 2016).

Protected area management often lacks the continuous 
availability of data on current states and trends of nature and 
threats (Hoffmann 2022). Despite the need for the scientific 
community to understand and characterize passive restora-
tion processes as models for recovery of degraded lands, the 
models may fail to provide information on both the temporal 
dynamics of the litterfall (Pereira et al. 2021) as well as 
the nutrient return under similar conditions. Moreover, the 
comparative interpretation of passive restoration effects at 
different sites is often difficult due to possible pre-existing 
differences between the sites (such as environmental condi-
tions, land use, vegetation type) that could mask the analysis.

Therefore, the knowledge of nutrients cycling is crucial 
for understanding the structure and functioning of forest eco-
systems. Nutrients taken up by deep roots are transported 
into the above-ground parts and re-deposited on the soil 

surface through litterfall, stemflow or throughfall (Rengel 
2007; Bessi et al. 2018; Tonello et al. 2021). These pro-
cesses represent the main transfer of organic matter and 
nutrients from the vegetation to the soil surface (Celentano 
et al. 2011; Tonello et al. 2021), allowing the determination 
of positive trajectories in rehabilitating degraded land and 
restoring the ecosystem resilience (León and Osorio 2014). 
In many tropical soils (as those found in the Brazilian Cer-
rado), nutrients released from the litter are the most relevant 
sources of plant nutrients (Parzych and Trojanowski 2006) 
and humus formation (Souza 2022). The successional pro-
cess influences nutrient cycling, but there are divergences to 
the pattern of this dynamic (Camara et al. 2018).

The above discussion and the data collected in this study 
were used to answer the following questions: (1) What are 
the patterns of accumulated litter layer and nutrient return 
to the forest in sites undergoing passive restoration in Cer-
rado for 11 and 46 years, under similar edaphic and climatic 
conditions? (2) Are there differences in the litter and soil 
nutrient content between these passive restoration sites? (3) 
Is the rain a factor that regulates the temporal patterns of 
accumulated litter layer and nutrients? (4) How are the litter 
and soil nutrients correlated? In order to answer above ques-
tions, it was hypothesized that: (a) accumulated litter layer, 
litter and soil nutrients increase due to passive restoration 
age (b) litter layer, litter and soil nutrients are influenced by 
the dry and rainy seasons. The answers for the above ques-
tions may help us to understand the dynamics and changes 
in ecosystems in a passive restoration scenario. The main 
goal of this work is to investigate the role of litter layer as 
a key-strategy in biogeochemical nutrient cycles and, thus, 
the soil quality improvement within the passive restoration 
sites in the Cerrado savanna.

Material and methods

The study was carried out in Aguas Perenes Forest, which 
is a Private Reserve of Natural Patrimony (PRNP) located 
in Lagoa Seca microbasin, Brotas County – São Paulo State 
(22°11.754’S and 48°6.523’W). This forest is the water 
recharge area of Guarani Aquifer. Back in 2011, it was 
acknowledged by the Forest Stewardship Council as High 
Conservation Value Forest due to providing basic environ-
mental services such as watershed protection. The PRNP 
covers more than 809.78 ha of Cerrado area, its phytophys-
iognomy is featured as secondary vegetation of Cerrado 
stricto sensu (trees cover more than 30% of the ground, but 
a fair amount of grass keeps on forming an open savanna) 
and Cerradão (closed woodland savanna without grass cov-
erage) (Ratter et al. 1997; Oliveira-Filho and Ratter 2002; 
Durigan et al. 2012). After the removal of Eucalyptus sp. in 
2006, silvicultural interventions and the establishment of 
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Cerrado passive restoration have been carried out. The area 
has been exclusively dedicated to nature conservation and 
watershed protection. The Köppen climate-type of the region 
is Cwa (Dubreuil et al. 2019), corresponding to a subtropical 
climate (C), characterized by warm summers and dry, cool 
winters (w), such that the average temperature in the hot-
test month (January) is greater than 22 °C (a). Based on the 
meteorological data recorded from 2018, the annual average 
rainfall was 1337 mm, and the annual average temperature 
was 20 °C. The predominant soil type is quartzarenic neosol 
(Santos et al. 2018).

The present study was carried out in two forest sites 
within an experimental catchment with the same edaphic, 
climate, and disturbance history, on poor acid soil in Cer-
rado undergoing passive restoration stages: (1) site F11 con-
cerned the initial passive restoration, and was subjected to 
11-year restoration and (2) site F46 referred to the advanced 
passive restoration and was subjected to 46-year restoration 
(Fig. 1). Our study was performed in three triplicate plots of 
20 × 20 m at each site. Accumulated litter layer, macro, and 
micronutrients from litter, soil, and rainfall were measured 

from May/2018 to April/2019. The structural vegetation 
attributes in the stand are shown in Table 1.

The rainfall was measured in an open area without 
any obstructions using three rainfall gauges made of 

Fig. 1  Site location: Fragments undergoing passive restoration for 46 years (F46) and 11 years (F11). Aguas Perenes Forest, Brotas County, Bra-
zil

Table 1  Characteristics for initial (F11) and advanced (F46) passive 
restoration forest 

The values in parenthesis are standard errors
*  DBH > 5 cm

Fragments F11 F46

Tree density (trees  ha−1) 225 1 408
Number of Trees* 27 175
Diameter at the breast high (cm) 10.8 (0.44) 11.8 (1.09)
Basal Area  (m2  ha−1) 0.0713 (0.03) 0.0484 (0.00)
Tree Height (m) 8.5 (0.21) 6.1 (0.50)
Crown area  (m2) 35.6 (3.73) 51.3 (6.90)
Shannon’s diversity index 2.4006 3.8268
Simpson´s index 0.9025 0.9708
Pielou equability index 0.9661 0.9272
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polyethylene installed near the stand, with a maximum dis-
tance of 30 m. The pluviometers were installed at 1.20 m 
of height.

The litter layer stored on the soil surface was collected 
monthly with a litter traps of a 50 × 50  cm2 sampler. The 
collection was random, and only materials in one quad-
rant were collected. This procedure resulted in 10 col-
lections at each plot, with a total of 3 composed samples 
per site/month. The soil was sieved and removed from 
the litter samples. Then, the fresh mass was measured in 
the field using a suitable scale and stored in plastic bags. 
Subsequently, the litter was dried in forced-air circulation 
oven at 70 °C, until it reached a constant dry mass, which 
was determined on a 0.01 g-precision scale. Monthly and 
annual accumulated litter layer were estimated by sum-
ming the fractions.

The litter nutrients analyses were performed in four 
composite samples collected every two months at each 
plot, allowing characterization of both the dry (April to 
September) and rainy season (October to March). Thus, 
each composite sample was formed by 9 subsamples 
per site. To quantify the nutrient content, the litter was 
crushed, packed in airtight plastic bags and labeled for 
further analysis. Litter contents were analyzed by different 
methods: nitrogen (N) by the Kjeldahl method (Kjeldahl 
1883); phosphorus (P) by the molybdate-blue method; cal-
cium (Ca), magnesium (Mg), potassium (K), boron (B), 
copper (Cu), iron (Fe), manganese (Mn), and zinc (Zn) by 
atomic absorption spectroscopy.

A random sampling design was used to collect soil sam-
ples from the restoration sites, as exactly as the one per-
formed for the litter nutrients analysis. The soil samples used 
for soil nutrient analyses were first cleared of roots and lit-
ter by hand, then air-dried, crushed, and passed through a 
2 mm mesh sieve. Coarse materials, such as gravel and roots, 
were removed, and samples from the < 2 mm fraction were 
weighted and used for analyses. The determination of soil 
nutrients content followed the same procedure reported for 
litter, except for nitrogen (N) that could not be analyzed. 
The pH was measured in a 0.01 mol L-1  CaCl2 solution 
(Embrapa 2017) at a 1: 5 soil:solution weight ratio and soil 
organic matter (SOM), according to Yeomans and Bremner 
(1988). Cation Exchange Capacity (CEC) and base satura-
tion (V) were also calculated. The samples were obtained at 
a depth of 0 – 10 cm.

The nutrient transfer refers to the total amount of each 
element that returns to the soil within one hectare of forest. 
Thus, the potential return of some nutrient by the litterfall 
was calculated as the product of the nutrient concentration 
(g  kg−1) and the litter dry mass (kg ha-1  ano−1) (Vitousek 
1982). The annual nutrient use efficiency at each passive 
restoration site was estimated by using total biomass/nutrient 
ratios (Vitousek 1982).

Statistical analysis

Analysis of variance was applied to normal data through 
Tukey at a 5% probability level to analyze the means of the 
annual accumulated litter layer, litter, and soil nutrients 
between the passive restoration stages and between the dry 
and rainy season. Data that did not meet ANOVA assump-
tions were subjected to the non-parametric Kruskal-Wallis 
test. All analyses were performed using Minitab statistical 
software 14.0.

Results

Accumulated precipitation recorded throughout this research 
work was 887.3 mm, with 75% (668.4 mm) in the rainy and 
25% (219.2 mm) in the dry seasons (Fig. 2a). The compari-
son between precipitation in the studied area and the data 
recorded over the period of 1981 to 2010 (climatological 
normal for the latest global standard normal period) showed 
an atypical year. Precipitation was approximately 44% below 
the climatological normal, whereas the mean temperature 
was 21.6 °C, 5% higher than that recorded at the clima-
tological normal (20.6 °C). The highest mean temperature 
was recorded in December (24.7%), and the lowest one, in 
July (18.3%).

Accumulated litter layer was significantly higher in F46 
than in F11 (Fig. 2b). In the first case, the annual litter 
deposited over one-year was 5.70 t  ha−1, in which monthly 
litterfall peaks were recorded in May for F46 (770 kg  ha−1). 
Accumulated litter layer in F46 differed between the dry (3.8 
t  ha−1  y−1) and the rainy seasons (1.90 t  ha−1  y−1). Consid-
ering 3.70 t  ha−1  y−1 of accumulated litter layer, the initial 
passive restoration showed a peak in March (552 kg  ha−1), 
1.95 t  ha−1  year−1 in the rainy season, and 1.76 t  ha−1  y−1 
in the dry season. On the other hand, F11 did not present 
seasonal characteristics in the deposition, behaving more 
homogeneously throughout the year (Fig. 2b). Nevertheless, 
in F11 the litter deposition in the dry season was 51% lower 
than that of the rainy season.

Litter nutrients and seasonality

Mean annual litter nutrients were 43% higher in F46 than in 
F11 (Fig. 3). On average, litter from F46 showed 7.8 g  kg−1 
and 128.9 mg  kg−1 of macro and micronutrients, respectively, 
whereas 7.0 g  kg−1 and 84.7 mg  kg−1 F11, respectively. It 
is important to stress that all macronutrient inputs were 
higher in advanced than initial restoration. Despite this, on 
the annual average, only magnesium, iron, and manganese 
differed between the sites. Considering the macronutrients, 
the nitrogen is exported in the greatest quantity, followed by 
calcium in both sites. In contrast, among the micronutrients, 
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Fig. 2  Precipitation (mm) and 
mean air temperature (ºC) at 
the study site and climatologi-
cal normal from INMET (a), 
accumulated litter layer in sites 
under initial (F11) and advanced 
(F46) passive restoration (b)

Fig. 3  Mean annual litter macronutrients (a) and micronutrients (b) in sites under initial (F11) and advanced (F46) passive restoration. Error bars 
represent the standard error. Values with different letters (a–b) are significantly different at p < 0.05
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the higher values exported were for iron and manganese, 
and the lower values for copper. The concentration of 
macronutrients exported via the litterfall followed the order 
N > Ca > K > Mg > P for both sites, while for micronutrients 
the concentration was Mn > Fe > B > Zn > Cu for F11, and 
Fe > Mn > B > Zn > Cu for F46.

Regardless of passive restoration sites, nitrogen and 
potassium were higher in the rainy season (Table 2). These 
concentrations were 30% and 96% higher for nitrogen and 
potassium in F11. However, only potassium differed between 
the seasons. Considering the F46, phosphorus and magne-
sium were significantly higher in the drought period (78% 
and 22%, respectively), whereas in the rainy season, nitrogen 
was significantly higher (27%) and, despite it was not sig-
nificant, even potassium was 41%. Comparing both passive 
restoration sites, they had shown differences in magnesium 
content in the dry season.

For both passive restoration sites, boron concentration 
was higher in the dry season, while copper, manganese and 
zinc were higher in the rainy season (Table 3). On the other 
hand, iron was higher in the dry season only for F11. The 

total micronutrient input was 6% and 33% higher in the rainy 
season for F11 and F46, respectively. When the two seasons 
were compared, statistical differences were observed only 
between boron and zinc in F11, while the same occurred for 
boron and manganese in F46. Again, comparing both pas-
sive restoration sites, manganese concentration was 104% 
higher in F46 in the dry season, while in the rainy season, 
the same occurred for iron and manganese (64% and 93%, 
respectively).

Litter nutrients potential return and nutrient use 
efficiency

The total annual estimated litter nutrients were 13% higher 
in F46 (231.15 kg  ha−1  y−1) than F11 (204.44 kg  ha−1  y−1) 
(Table 4). On the other hand, the transfer of macronutri-
ents was 13% higher in F46 (226.74 kg  ha−1  y−1) than in 
F11 (201.52 kg  ha−1  y−1). Of this total, the percentage that 
occurred in the dry season was 55% in F46 and 52% in F11. 
Nitrogen and potassium showed a higher transfer value 
in the rainy season. Overall, nitrogen showed the greatest 

Table 2  Concentration of 
macronutrients in litter for 
initial (F11) and advanced (F46) 
passive restoration forest in the 
dry and rainy seasons

Different lowercase letters indicate differences between the rainy and the dry seasons for the same site and 
different capital letters indicate differences between the sites. The values in parenthesis are standard errors

Site N P Ca K Mg Total
-------------------------------------- g  kg−1--------------------------------------

Dry season (April-September)
  F11 15.6 (4.5)

aA
1.5 (0.8)
aA

9.7 (4.5)
aA

2.8 (1.3)
aA

3.0 (0.7)
aA

32.7
aA

  F46 16.4 (2.6)
aA

1.6 (0.9)
aA

13.0 (4.3)
aA

3.7 (1.0)
aA

4.4 (0.5)
aB

39.0
aA

Rainy season (October–March)
  F11 20.3 (7.9)

aA
0.7 (0.3)
aA

8.2 (3.1)
aA

5.5 (1.8)
bA

2.8 (1.0)
aA

37.4
aA

  F46 20.8 (1.1)
bA

0.9 (0.3)
bA

8.9 (1.9)
aA

5.2 (1.7)
aA

3.6 (0.6)
bA

39.4
aA

Table 3  Concentration of 
micronutrients in litter for 
initial (F11) and advanced (F46) 
passive restoration forest in the 
dry and rainy seasons

Different lowercase letters indicate differences between the rainy and dry seasons for the same site and 
different capital letters indicate differences between the sites. The values in parenthesis are standard errors

Site B Cu Fe Mn Zn Total
-------------------------------------- g  kg−1--------------------------------------

Dry season (April-September)
  F11 0.041 (0.01)

aA
0.005 (0.002) aA 0.293 (0.147) aA 0.143 (0.077) aA 0.013 (0.003)

aA
0.491
aA

  F46 0.035 (0.08)
aA

0.007 (0.003) aA 0.306 (0.108) aA 0.292 (0.097) aB 0.016 (0.003) aA 0.662
aA

Rainy season (October–March)
  F11 0.021 (0.002)

bA
0.012 (0.004)
aA

0.244 (0.059)
aA

0.221 (0.100)
aA

0.024 (0.003)
bA

0.522
aA

  F46 0.023 (0.002)
bA

0.011 (0.003)
aA

0.399 (0.085)
aB

0.427 (0.057)
bB

0.020 (0.004)
aA

0.881
aA
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annual transfer (102.5 kg  ha−1 for F11 and 106.4 kg  ha−1 
for F46), followed by calcium (52.2 kg  ha−1 for F11 and 
64.6 kg  ha−1 for F46). Regardless of the season, the return of 
these macronutrients through the litter, for both restoration 
sites, followed the order: N > Ca > K > Mg > P.

The micronutrient concentration was 51% higher in F46 
(4.41 kg  ha−1  y−1) than in F11 (2.92 kg  ha−1  y−1). In the 
rainy season, the potential returns in F46 and F11 were 52% 
and 53%, respectively. Considering the micronutrients, the 
return via litter was similar for both sites and seasons and 
followed the order: Fe > Mn > B > Zn > Cu.

The initial forest restoration (F11) was more efficient only 
in the use of manganese (Table 5). Among the macronutri-
ents, the nutrient use efficiency in F46 was 50%, 42%, 45%, 
27%, and 12% higher in nitrogen, phosphorus, potassium, 
calcium, and magnesium, respectively. Similarly, F46 also 
was 37%, 41%, 22%, and 55% higher in boron, copper, iron, 
and zinc, respectively.

Soil quality and seasonality

Annual significant increases in soil organic mat-
ter (SOM) and cation exchange capacity (CEC) were 
detected in F46, and the soil pH was found to be more 
acidic (Table 6). For both sites, macro and micronutri-
ent concentrations were given according to the order 
Ca > P > Mg > K and Fe > Mn > Zn > Cu > B. The initial 
passive restoration (F11) had shown the highest macro-
nutrient concentrations. Notably both sites showed sig-
nificant differences in phosphorus and potassium. An 
inverse trend was observed for micronutrients, where the 
highest concentrations were associated with advanced 

passive restoration (F46), and only iron concentrations 
differed between the sites.

The SOM was significantly higher in dry season in 
F46 (Table 7). Considering F11 only, pH, SOM, V, and 
CEC did not differ between the seasons. Yet on this site, 
most nutrients concentration increased in the rainy sea-
son, except potassium, boron, and copper, while different 
concentrations were observed for iron and manganese 
between the seasons.

In F46 however, potassium, calcium, boron, and cop-
per were higher in the drought period, but significant 
differences were observed only for boron and iron. 

Table 4  Potential return of 
nutrients via litter for initial 
(F11) and advanced (F46) 
passive restoration forest in 
Cerrado, Brazil

Site N P K Ca Mg B Cu Fe Mn Zn Total

Dry season (kg ha y−1)
  F11 49.70 4.76 9.01 30.89 9.54 0.11 0.02 0.93 0.46 0.04 105.46
  F46 52.14 4.98 11.66 41.33 13.88 0.13 0.02 0.97 0.93 0.05 126.09

Rainy season (kg ha y−1)
  F11 52.8 1.91 14.35 21.31 7.22 0.06 0.03 0.64 0.58 0.06 98.99
  F46 54.3 2.35 13.48 23.27 9.39 0.06 0.03 1.04 1.11 0.05 105.06

Total (kg ha y−1)
  F11 102.53 6.67 23.36 52.2 16.76 0.17 0.05 1.57 1.03 0.10 204.44
  F46 106.41 7.33 25.14 64.59 23.27 0.19 0.05 2.01 2.04 0.10 231.15

Table 5  Nutrient use efficiency 
for initial (F11) and advanced 
(F46) passive restoration forest 
in Cerrado, Brazil

Site N P K Ca Mg B Cu Fe Mn Zn

Initial 36 557 159 71 222 22,170 77,510 2364 3591 35,853
Advanced 54 789 230 90 249 30,324 109,452 2873 2833 55,649

Table 6  Mean annual soil quality in sites under initial (F11) and 
advanced (F46) passive restoration

Different letters indicate differences between the sites. The values in 
parenthesis are standard errors

Parameters of soil quality F11 F46 P

pH 4.58 (0.07) A 4.38 (0.04) B 0.026
SOM (g  dm−3) 12.58 (0.38) A 19.25 (0.37) B 0.000
V  (mmolc  dm−3) 11.25 (1.30) A 9.08 (1.10) A 0.219
CEC  (mmolc  dm−3) 47.58 (1.70) A 68.58 (2.5) B 0.000
P  (mmolc  dm−3) 5.17 (0.81) A 3.00 (0.17) B 0.022
K  mmolc  dm−3) 1.40 (0.14) A 0.98 (0.07) B 0.020
Ca  (mmolc  dm−3) 6.67 (0.91) A 5.33 (0.74) A 0.298
Mg  (mmolc  dm−3) 3.08 (0.42) A 2.75 (0.45) A 0.591
B  (mmolc  dm−3) 0.12 (0.01) A 0.13 (0.01) A 0.832
Cu  (mmolc  dm−3) 0.25 (0.09) A 0.32 (0.05) A 0.223
Fe  (mmolc  dm−3) 25.17 (2.5) A 33.3 (2.9) B 0.047
Mn  (mmolc  dm−3) 13.47 (1.5) A 17.72 (2.0) A 0.108
Zn  (mmolc  dm−3) 0.52 (0.05) A 0.68 (0.09) A 0.138
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Comparing the passive restoration sites, significant dif-
ferences were noted in phosphorus and potassium con-
centrations in the dry season, while, in the rainy season, 
same trend has occurred for iron only.

Litter and soil nutrients correlation

The correlations between litter and soil nutrients varied 
between passive restoration sites (Table 8). The initial 
passive restoration (F11) was the only one to show that 
annual copper and iron concentrations in the litter con-
tent were significantly correlated. Considering the sea-
sonality in F11, in the drought period, phosphorus con-
centration in the litter was strong and inversely correlated 
to the soil; in the rainy season, the strong correlation 
occurred for manganese. For F46, in contrast, potassium, 
boron (negative), and copper were significantly corre-
lated in the drought period and boron in the rainy season.

Discussion

Effect of passive restoration age on accumulated 
litter layer and litter and soil nutrients content

The litter production in forest ecosystems depends on several 
ecological factors, such as the climate, species composition, 
stand age, and site quality (König et al. 2002; Yang et al. 
2005; Dodonov et al. 2016; Pereira et al. 2022). In the pre-
sent study, two sites possessing different passive restoration 
ages were compared, but with an identical macroclimate 
as well as soil type. Significant differences were observed 
in the annual litter production between passive restoration 
sites, which could be partly due to the physiological fea-
tures of tree species as well as their different responses to 
the environmental cues. Although the sites studied are con-
tiguous, having the same soil type and climate, as stated 
above, in each site the tree species had different nutritional 

Table 7  Average parameters 
of soil quality in the soil under 
initial (F11) and advanced (F46) 
passive restoration, in the dry 
season and in the rainy season

Different lowercase letters indicate differences between the rainy and the dry seasons for the same site 
and different capital letters indicate differences between the sites per season. The values in parenthesis are 
standard errors

Parameters of soil quality Dry season Rainy season

F11 F46 F11 F46

pH 4.62 (0.11) aA 4.40 (0.08) aA 4.55 (0.10) aA 4.37 (0.02) aA
SOM (g  dm−3) 12.83 (0.31) aA 20.00 (0.37) aB 12.33 (0.71) aA 18.50 (0.50) bB
V  (mmolc  dm−3) 10.67 (1.30) aA 9.00 (1.90) aA 11.83 (2.30) aA 9.17 (1.50) aA
CEC  (mmolc  dm−3) 45.83 (2.60) aA 66.67 (4.50) aB 49.33 (2.10) aA 70.50 (2.20) aB
P  (mmolc  dm−3) 4.67 (0.67) aA 3.00 (0.26) aB 5.67 (1.50) aA 3.00 (0.26) aA
K  mmolc  dm−3) 1.42 (0.09) aA 1.05 (0.11) aB 1.27 (0.29) aA 0.90 (0.10) aA
Ca  (mmolc  dm−3) 6.17 (0.87) aA 5.50 (1.30) aA 7.17 (1.70) aA 5.17 (0.79) aA
Mg  (mmolc  dm−3) 3.00 (0.37) aA 2.50 (0.56) aA 3.17 (0.79) aA 3.00 (0.73) aA
B  (mmolc  dm−3) 0.14 (0.20) aA 0.15 (0.01) aA 0.11 (0.01) aA 0.10 (0.01) bA
Cu  (mmolc  dm−3) 0.30 (0.00) aA 0.40 (0.07) aA 0.20 (0.00) aA 0.23 (0.03) aA
Fe  (mmolc  dm−3) 20.00 (3.3) aA 26.0 (2.10) aA 30.33 (2.7) bA 40.67 (3.50) bB
Mn  (mmolc  dm−3) 10.43 (1.90) aA 15.93 (3.3) aA 16.50 (1.70) bA 19.50 (2.50) aA
Zn  (mmolc  dm−3) 0.50 (0.05) aA 0.67 (0.16) aA 0.53 (0.10) aA 0.70 (0.11) aA

Table 8  Pearson's correlation 
coefficients of annual litter 
and soil nutrient contents in 
initial (F11) and advanced 
(F46) passive restoration and by 
season (ns = not significant, * 
P < 0.05 and **P < 0.01)

Site P K Ca Mg B Cu Fe Mn Zn

Annual
  F11 0.30 ns -0.11 ns -0.16 ns 0.34n 0.31 ns 0.62* 0.76** 0.50 ns -0.36 ns
  F46 -0.49 ns 0.14 ns -0.37 ns 0.12 ns 0.04 ns -0.04 ns 0.23 ns 0.28 ns 0.42 ns

Dry season
  F11 -0.85* 0.43 ns 0.72 ns -0.10 ns 0.25 ns -0.63 ns -0.58 ns 0.23 ns -0.76 ns
  F46 -0.70 ns 0.60* -0.83* -0.46 ns -0.80* 0.99** 0.06 ns 0.44 ns 0.47 ns

Rainy season
  F11 0.55 ns 0.14 ns -0.14 ns 0.44 ns 0.58 ns 0.47 ns -0.24 ns 0.93** -0.26 ns
  F46 0.52 ns 0.23 ns 0.77 ns 0.70 ns 0.86* -0.60 ns -0.45 ns -0.52 ns 0.46 ns
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demands, which implied differences in the deposition to the 
soil (Tables 2 and 3).

The initial passive restoration site (F11) has lower diver-
sity, tree density, tree stratification, and, consequently, lower 
tree coverage (Table 1), which directly influenced material 
deposition rates. Considering the accumulated litter layer, 
the variability in its nutrient content depends on species, 
climate, and soil features. On the other hand, F46 present 
the opposite situation when compared with F11.

Nutrient cycling in forests has been studied for more than 
100 years, however, there is limited information on micronu-
trient cycling, with most attentions traditionally being paid 
to nitrogen and phosphorus (Rengel 2007). Although the 
litter of restoration sites presented significant differences 
only for magnesium, iron, and manganese, the advanced pas-
sive restoration site showed the highest litter concentration 
for all macro and micronutrients studied. These pattern of 
higher production and concentration of nutrients in the lit-
ter from the youngest to the mature forest corroborates with 
records in tropical forests such as Atlantic Forest (Caldeira 
et al. 2008; Scheer et al. 2011), Semideciduous Seasonal 
Forest (Pinto et al. 2009), subtropical secondary rain forest 
(Dickow et al. 2012), Union Biological Reserve (Camara 
et al. 2018).

Macronutrient contents found in the litter were higher 
for nitrogen, especially in F46. The high content of nitrogen 
is related to the high nutritional demand for this element 
without reuse in other parts of the plant. This element is 
highly mobile and can easily be relocated from the older tis-
sues to the younger ones, concentrating mainly on the leaves 
(Ribeiro et al. 2017). In the stocked litter, calcium and mag-
nesium were the second and fourth contents, respectively, 
and both showed low mobility in the plant tissues. The low 
mobility is due to the structure of the pectic chains present 
in the cell wall (Hawkesford et al. 2012), which increases its 
content in the branches and leaves (Schumacher et al. 2004). 
Also, there is a direct relation with the leaf longevity, not 
being translocated to younger tissues (König et al. 2002). 
Calcium and magnesium are not very mobile chemical ele-
ments in the plant tissues, being, therefore, more strongly 
immobilized in the plant biomass (Camara et al. 2018). 
It was also verified that, although F46 presented a higher 
concentration of these elements in the litter, the availability 
in the soil was lower than that observed for F11. Due to 
the relative increase of its stock in forest biomass, the con-
centration of some nutrients in the soil may decrease as a 
result of gradual increase in biomass that takes place during 
ecosystem ripening (Vitoussek and Sanford 1986; Camara 
et al. 2018).

Since the tropics have both highly and slightly weath-
ered soils, phosphorus is particularly limited in these 
regions (Cleveland et al. 2011; Rozendaal et al. 2019). 
Phosphorus in the litter presented the lowest concentration 

for both sites. This pattern has also been reported in sev-
eral tropical forests (Vital et al. 2004; Caldeira et al. 2008; 
Pinto et al. 2009; Pimenta et al. 2011; Giácomo et al. 
2017; Ribeiro et al. 2017). Phosphorus is one of the ele-
ments that have a high internal translocation rate in plants 
and, therefore, a high-efficient use. Results in this study 
have shown that phosphorus was the most efficient ele-
ment in both passive restoration sites, but with greater 
efficiency in the advanced restoration site. Phosphorus 
can be translocated to other plant structures before the 
leaf senescence contributing to the creation of new plant 
structures or implementation of physiological processes 
(Palma et al. 2000; González-Rodríguez et al. 2011; López 
et al. 2013). On the other hand, the availability of phos-
phorus and potassium in the soil was significantly higher 
for F11. The variation in the results is probably due to 
the dynamics of phosphorus availability in the soil, which 
includes its temporary immobilization in microbial bio-
mass and, crucially, the adsorption in colloidal particles in 
highly weathered soils developed under a tropical climate 
that make this element unavailable to plants (Santos et al. 
2008). The cycling of potassium in the soil–plant relation 
is faster than the other nutrients, as it is a monovalent 
cation (Jordan 1985). The low potassium concentration 
levels in the accumulated litter can be related to the small 
rates of this nutrient in biogeochemical cycling. This nutri-
ent has levels in the accumulated litter that are many times 
higher than those found in the above-ground biomass com-
ponents. In general, biogeochemical cycling is the route in 
which the low mobility nutrients are cycled since for these 
nutrients, the biochemical cycling becomes not very sig-
nificant, contrary to what occurs for high mobility nutri-
ents in the plant (Caldeira et al. 2008; Pimenta et al. 2011).

Contrary to the macronutrients, the micronutrients are 
consumed in smaller quantities, but they are fundamental 
for plant development. The knowledge on the micronutri-
ent dynamics in the native ecosystems is still incipient, 
which implies the absence of understanding of how the 
inorganic and organic inputs influence the micronutrient 
cycling. (Rengel 2007). The micronutrient order in the litter 
(Fe > Mn > B > Zn > Cu) was similar for passive restoration 
sites, and have been corroborated by other tropical forests 
(Lopez Hernandez et al. 2014; Klippel et al. 2016; Bianchin 
et al. 2017). After aluminum, iron is the second most abun-
dant metal in the Earth's crust, possessing extremely low 
mobility (Broadley et al. 2012). Besides, high levels of 
iron and manganese in the litter can also be due to the high 
concentrations of these elements in the soil (Luciano et al. 
2012) , as observed in this study (Table 6). Iron and man-
ganese concentrations were significantly higher in the litter 
of F46, which in turn and in contrary to what was observed 
for macronutrients, presented the highest concentrations of 
microelements in the soil.
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The economy in the use of nutrients possibly indicates a 
limitation in primary production in the environment, while 
low efficiency may indicate that the nutrients supply is more 
adequate (Vitousek 1982). The analysis of the nutrient use 
efficiency by passive restoration sites showed greater conser-
vation in F11 (Table 5). Some authors have pointed out that 
high values in the nutrient use index indicate a more efficient 
nutrient cycling (Gama-Rodrigues and Barros 2002). There-
fore, the higher levels of nutrients presented by litter from 
F46, in addition to the high annual transfer rates of these 
nutrients, reflect the best edaphic conditions in this environ-
ment. This shows that primary production in a mature for-
est is not limited by the availability of the elements studied 
(Vitousek 1982; Pinto et al. 2009).

Studying soil nutrient pool size change over time is chal-
lenging, since the difficulties are linked to the quantification 
of many unknown fluxes, especially within the ecosystem 
(Van der Heijden et al. 2013, 2014). The nutrients and the 
organic matter returned to the forest floor are important 
factors in forest restoration projects since the organic soil 
results in higher nutrients availability in this compartment. 
Through the litter, the vegetation can contribute to the soil 
quality improvement due to its capability to induce ecologi-
cal and physicochemical changes in the soil (León and Oso-
rio 2014). Hence, although the soil nutrients were similar 
across both sites, for other properties (pH, SOM and CEC), 
differences were found between passive restorations. Due to 
the cationic nutrients leaching, absorption of calcium and 
magnesium by vegetation, and probably the production of 
a more acidic litter throughout the forest development, soil 
acidification was observed in both initial to advanced pas-
sive restorations (Table 6). Hence, in this study, improve-
ments were observed in soil quality from F11 to F46, with 
increased organic matter and cation exchange capacity, 
which resulted in greater nutrient use efficiency. However, 
the correlation between the annual litter and soil nutrient 
concentrations were site dependent. It means that nutrient 
proportion in the litter that was released into the soil is site 
dependent.

Thus, the results of this study partially corroborate the 
first hypothesis: differences in accumulated litter layer and 
quality increase with passive restoration age. It was con-
firmed that the accumulated litter and its nutrient content 
increase from initial to advanced passive restoration in Cer-
rado. Nevertheless, accumulated litter layer and litter content 
cannot be directly associated with the soil nutrients increase, 
but rather with the improvement on the soil quality.

Effect of dry and rainy seasons on accumulated litter 
layer, litter and soil nutrients

For tropical forests, the litter peaks mainly reflect drought 
stress (Okeke and Omaliko 1994; Vital et al. 2004; Barlow 

et al. 2007; Pimenta et al. 2011; Pereira et al. 2022). In this 
study, the drought season is represented by autumn and win-
ter. Thus, the pattern of the litter production was found to be 
increased in the dry season in the advanced passive restora-
tion in Cerrado, indicating that the physiological response to 
drought plays a major role in this process and in this restora-
tion stage. The seasonal pattern of litterfall may be attributed 
to temperature and rainfall as a strategy by plants to control 
water loss by transpiration in the warmer periods with leaf 
abscission, branches, and other plant components (Pereira 
et al. 2022). Leaf aging, caused by photoinhibition, stomatal 
closure, and subsequent leaf overheating, causes leaf thin-
ning at the end of the dry season (Röderstein et al. 2005). 
Besides, the lower night temperatures that prevail during 
the dry season, stimulate the abscisic acid synthesis in the 
foliage, which in turn stimulates the leaf senescence (Yang 
et al. 2005). Similar results were obtained in Cerrado (Val-
enti et al. 2008), Cerradão (Cianciaruso et al. 2006), Caat-
inga (Costa et al. 2010; Queiroz et al. 2019), forest-savanna 
transitions (Paiva et al. 2015), semideciduous seasonal forest 
(Pinto et al. 2009), and in the Amazon (Martins et al. 2018). 
On the other hand, the litter deposition in the initial restora-
tion was shown not to be as drought-affected. The similarity 
of the litter deposition between the rain and dry season for 
the initial passive restoration site fits with similar studies in 
Cerrado sensu stricto (Ribeiro et al. 2017).

Independent of the amounts of nutrients in the incident 
rainfall, significant amounts of nutrients are added and trans-
ferred from above-ground plant parts to the forest floor as 
the rainwater passes through the canopy (Chuyong et al. 
2004). Although rainfall could be a source of some nutri-
ents, reduction of most nutrients in the litter and soil in the 
rainy season was observed. In the litter, only potassium and 
nitrogen contents increased in the rainy season in both sites, 
although significant differences were observed for potas-
sium in F11 and nitrogen, in F46 (Table 2). Potassium is 
one of the ions most easily leached from tree crops by rain, 
as it is not a structural component of any organic compound, 
occurring in the soluble or adsorbed form in cells (Espig 
et al. 2009). This fact justifies the high values of potassium 
content in the rainy season, particularly the higher values 
in F11. In addition to litterfall and decomposition, rainfall 
represents the main nitrogen source for the soil–plant system 
(Luizao 1989), which may explain the increase in nitrogen 
content observed in the rainy season. A similar pattern was 
observed in pure forest plantations of Pterogyne nitens and 
Eucalyptus urophylla (Barbosa et al. 2017).

It was observed, although in different magnitudes, that 
both passive restorations presented the highest litter con-
centrations of calcium, phosphorus, magnesium and boron 
in the dry season (Table 2 and 3), as well as iron in the ini-
tial restoration. Due to its low mobility, the largest cycling 
of calcium in nature occurs by the fall and decomposition 
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of senescent plant tissues (Marschner 1997) in the dry sea-
son, as reported in this study. The presence of magnesium 
is associated with phosphorus since magnesium is linked to 
its translocation by the plant (Schumacher et al. 2004). As 
magnesium participates in the constitution of chlorophyll a 
and b, its concentration will be higher in the leaves (Lima 
et al. 2010). This justifies the higher content of magnesium 
in F46, which presented a higher litter production in the dry 
season. However, in the soil, even though no differences 
were observed between the seasons, for both sites, magne-
sium concentration was higher in the rainy season. For phos-
phorus, the F11 showed an increase, but the F46 remained 
relatively stable throughout the seasons.

As for boron, the difference between its concentration in 
the litter in the dry and rainy seasons in the two studied areas 
was observed only in F46. Boron has low mobility in plant 
tissues, and this element is a constituent of the Ramnoga-
lacturonanos II (O’Neill et al. 2004), molecules present in 
pectin which is the major component of the primary plant 
wall (Matoh et al. 1996). Accumulated litter layer in the dry 
season reflected in higher concentration of this element in 
the litter and in the soil of advanced restoration. On the other 
hand, although there was a significant difference in boron 
concentration between the dry and rainy seasons in F11, this 
was not enough to promote soil increments.

Iron was an element that had an inverse pattern between 
passive restoration sites, presenting low mobility, which may 
justify the high levels found in the litter deposited in F46 in 
the rainy season, which differed significantly from F11. An 
explanation for that may be due to the physiological behavior 
and nutritional needs of the species on this site, higher levels 
in the old leaves of some species, as well as higher average 
levels in the wood, bark, and branches (Caldeira et al. 2008).

It is important to note that the correlations between soil 
and litter nutrients became clearer when analyzed from the 
seasons, which is possibly related to the pattern of litter 
production, but due consideration should be given to the 
fact that the relations were site-specific. Also, precipitation 
in forest ecosystems can increase nutrient leaching from 
soils instead of increasing nutrient retention (Zhang et al. 
2017; Tonello et al. 2021). This leaching may deplete some 
nutrients, leading to an availability decrease of these ele-
ments in the surface soils, potentially accounting for the poor 
correlations between the litter and soil nutrients.

All facts mentioned above reinforces the role of pas-
sive restoration in Cerrado, the importance of the forest 
structure, and the species in the restoration process. In 
this way, from a functional perspective, the standing lit-
ter on the soil surface is important in the regulation of 
several processes involving forest ecosystem maintenance 
and conservation, but ecosystem models need to consider 
litterfall seasonal patterns (Zhang et al. 2014). Hence, this 
study corroborates the second hypothesis that accumulated 

litter layer, litter and soil nutrients are influenced by the 
dry and rainy seasons in sites under passive restoration in 
Cerrado.

A comparison of annual nutrient returns in tropical 
forests

In tropical environments, litterfall represents the main pro-
cess that determines the potential return of organic matter 
and nutrients to the soil (Scheer 2009; León and Osorio 
2014), which supports plant development, soil recovery, 
and soil biota. The nutrients return verified in this study 
indicates the litter influence on the nutritional dynamics 
of systems undergoing passive restoration. The potential 
return of nutrients via litter production in forest ecosystems 
has been widely reported in many studies in tropical forests 
(Table 9). On the other hand, this kind of report in passive 
restoration sites is still scarce. Our results had shown that all 
nutrients return increased from initial to advanced passive 
restoration age in Cerrado.

The macronutrient return through total litterfall in both 
passive restoration sites was higher than those recorded in 
Advanced Atlantic forest (Scheer et al. 2011), Pine forest 
mixed with deciduous trees (González-Rodríguez et  al. 
2011), Ombrophilous Dense Forest (initial and advanced 
stage) (Caldeira et al. 2008), Caatinga (Queiroz et al. 2019), 
Mata mesofítica and Cerradão (Giácomo et  al. 2012). 
Nitrogen return was higher than most of the studies in the 
tropical forest. Calcium inputs in F46, in turn, were higher 
than Ombrophilous Dense Forest in the intermediary stage 
(Caldeira et al. 2008). The potential return of potassium is 
consistently lower in most tropical forests. In these soils, 
the low level of potassium in the litter exerts a severe restric-
tion for microbial activity and plant growth. Therefore, in 
tropical environments, one may find low litter concentra-
tions of potassium, as observed in this study, representing a 
major limiting factor in nutrient cycling and plant nutrition. 
Despite this, the phosphorus return observed here was higher 
than for most of the other elements presented in Table 9.

There are few studies on micronutrient potential return. 
However, this study verifies that, the potential return of 
iron and manganese were lower than Dense Mountain 
Ombrophilous Forest (Freitas et  al. 2015), as well as 
Ombrophilous Dense Forest (Caldeira et  al. 2008) and 
Submontane Atlantic Rain Forest (advanced) (Bianchin 
et al. 2017). Boron had shown to be lower than the values 
observed in Lowland (Sayer et  al. 2020) and Dense 
Mountain Ombrophilous Forest (Freitas et al. 2015) but 
higher than Ombrophilous Dense Forest (Caldeira et al. 
2008). In the two passive restoration sites analyzed here, 
the potential return of copper and zinc was lower than most 
studies performed on tropical forests reported, (Table 9).
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Conclusions

The litter deposition and nutrient transfer to the soil are key 
factors to understand the ecosystem recovery, although these 
studies are still incipient in passive restoration models. The 
variation in annual litter production, litter nutrient concentration 
and nutrient potential return increased from initial to advanced 
passive restoration in the study areas (11 and 46-year-old) in 
Cerrado, Brazil. However, the soil nutrients did not follow the 
same pattern. Based on this study, the greater annual nutrients 
supply from litter in the advanced forest has shown less need 
for conservation mechanisms of these elements, whereas it 
has shown greater conservation in the initial restoration site. 
Accumulated litter layer, litter and soil nutrients varied with the 
dry and rainy seasons, but the variations were site-specific. Some 
litter and soil nutrients were significantly correlated, exhibiting 
the nutrient associations between litter and soil, but they are 
seasonality and restoration stage dependent. It was also indicated 
that litterfall seasonal patterns were important for understanding 
the nutrient cycling and passive forest restoration in Cerrado. 
The evaluation of restoration models from a functional 
perspective, as proposed in this work, is relevant to guiding 
future interventions by restorers and in providing information 
to help in achievement of objectives in ongoing forest restoration 
process at different stages.. Furthermore, this study is expected 
to encourage future studies to make contributions to knowledge 
about soil-litter–nutrient dynamic in forest restoration.
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