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Look down—there is a gap—the need to include soil
data in Atlantic Forest restoration
Maiara S. Mendes1,2,3 , Agnieszka E. Latawiec1,2,3,4,5,6 , Jerônimo B. B. Sansevero3,7 ,
Renato Crouzeilles1,2,8 , Luiz F. D. Moraes3,9 , Ana Castro1,2 , Helena N. Alves-Pinto1,2,8 ,
Pedro H. S. Brancalion10 , Ricardo R. Rodrigues11 , Robin L. Chazdon2,12 , Felipe S. M. Barros2 ,
Juliana Santos1,2 , Alvaro Iribarrem1,2 , Stella Mata3 , Luisa Lemgruber1,2 , Aline Rodrigues1,2 ,
Katarzyna Korys1,2 , Bernardo B. N. Strassburg1,2,8
Consideration of soil quality indicators is fundamental for understanding and managing ecosystems. Despite the evidence
regarding the importance of soil for provision of local and global ecosystem services, such as water regulation and carbon
sequestration, soil remains an under-investigated and undermined aspect of the environment. Here we evaluate to what extent
soil indicators are taken into account in restoration. We focused on the Brazilian Atlantic Forest, a highly fragmented biome
and a global biodiversity hotspot. We conducted a systematic literature review and we showed that the majority (59%) of the
studies on restoration did not consider any soil indicator. Studies that demonstrated the importance of soil indicators most
commonly reported soil pH (71%, n = 44), followed by potassium content (66%, n = 41) and phosphorus (64.5%, n = 40),
while the least reported indicator was water retention (6.5%, n = 4). Only 40% of the retrieved studies included information
about reference sites or project baseline information. We complement our literature review with a case study on restoration
in two areas of the Atlantic Forest. We found a relation between soil indicators such as soil organic matter, nitrogen, sodium
and sand content, and aboveground indicators, confirming a necessity to include soil screening in restoration. Moreover, we
found that prior to restoration none of these soil indicators were analyzed. This study highlights the gap that exists in soil data
in restoration in studies on the Brazilian Atlantic Forest. We urge scientists and practitioners to include basic soil analysis to
maximize the successful outcomes of restoration.
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Implications for Practice
• Understanding of soil impacts on restoration is fundamental for restoration success.
• Soil analysis needs to be performed routinely before and
throughout any restoration project.
• By highlighting the gap that exists in soil data in restoration projects we urge stakeholders involved in restoration
to include soil characteristics when planning and managing restoration projects.
Introduction
Deforested and fragmented landscapes compromise the provision of ecosystem services such as biodiversity conservation,
water quality and quantity regulation, carbon storage, and soil
protection (Gama-Rodrigues et al. 2008; Ditt et al. 2010). In
response to land degradation and the need to recover services
that ecosystems provide, such as biodiversity (Latawiec et al.
2016; Crouzeilles et al. 2017), carbon (Porter et al. 2009), or
water (Ferraz et al. 2013), restoration has gained increased interest and has been promoted globally and locally (Aronson et al.
2011). For instance, the Bonn Challenge sets a goal to restore
worldwide 150 million hectares of disturbed ecosystems and the
20x20 Initiative aims to bring 20 million hectares into restora-
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Scarcity of soil data in restoration

tion, both by 2020. The New York Declaration on Forests,
endorsed by 190 countries and companies, establishes a global
timeline to halve natural forest loss by 2020, and to end it by
2030.
In Brazil, according to the National Plan for the Recovery of
Native Vegetation (Planaveg 2016), approximately 12.5 million
hectares will have to be recovered in the next 20 years. Regionally, the Pact for the Restoration of the Atlantic Forest aims to
restore 15 million hectares in the biome by 2050 in an attempt
to recover ecosystem services compromised by historical deforestation for coffee and sugarcane plantations that caused dramatic modification and degradation of this biome (Calmon et al.
2011). Currently, more than 80% of Atlantic Forest remaining is
composed of forest fragments smaller than 50 ha (Ribeiro et al.
2009) and this biome suffered degradation to more extent than
any other Brazilian biome. Restoration in this biome therefore
faces great opportunities and challenges.
Soil has been studied to lesser extent in the context of restoration than biodiversity, carbon, or water (Ohsowski et al. 2012)
wherein both active planting and natural regeneration have
been shown to impact the provision of these ecosystem services (Porter et al. 2009; Latawiec et al. 2016; Crouzeilles et al.
2017). Lack of adequate soil consideration has also been pointed
out in the context of conservation, ecology, and carbon balance
(Wardle 2002). Good soil quality promotes plant growth, regulates water distribution, and attenuates environmental degradation (Larson & Pierce 1991), and deforestation often leads to
negative changes in soil chemistry, structure, and biota, impacting plant productivity and composition (Doran & Zeiss 2000;
Centurion et al. 2001; Eviner & Hawkes 2008). Soil organic
carbon affects important functional processes in soil like the
storage of nutrients (mainly nitrogen), stability of aggregates,
and water holding capacity (Silva & Sá Mendonça 2007). Nitrogen in soil is a key nutrient and the most required by plants and
it is essential in assessments of soil quality. Soil texture is an
important physical indicator and it is correlated with hydrological process such as run-off, erosion, infiltration rate, and water
holding capacity. It is an indicator very stable through time,
mostly independent of the soil management.
To assess whether forest restoration projects are feasible,
monitoring of environmental quality, including soil analysis,
and baseline assessment prior to monitoring are fundamental
(Rocha et al. 2015). Soil chemical indicators are important when
considering soil capacity to maintain nutrient cycling, plant
biomass, organic matter, and for sustaining forest production
and sustainability (Schoenholtz et al. 2000). The most important chemical indicators to be assessed are pH, available P, K,
Cu, Fe, Mn, and Zn (Idowu et al. 2008). In addition, different
native species often present symptoms of deficiency, if certain
nutrients are not present in the soil (Sorreano et al. 2012). However, despite the importance of soil for the provision of crucial ecosystem services and although restoration efforts may
fail if they do not consider the limitations of soil conditions,
soil data are rarely reported in restoration projects (Ehrenfeld
et al. 2005). Furthermore, few studies monitor the processes of
recovery of the physical and chemical attributes of soil throughout restoration process. Some authors claim that restoration is
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“phytocentric” and underestimates belowground environment
and soil ecological knowledge (Callaham et al. 2008; Kardol &
Wardle 2010; Ohsowski et al. 2012).
Our systematic literature review investigates to what extent
soil indicators are assessed within restoration projects in the
Brazilian Atlantic Forest. In addition, we analyzed a case study
to explore the relationship between soil indicators and vegetation structure (basal area and tree height) within two areas
restored in the Atlantic Forest. The overarching aim of this
study was to verify whether a soil data gap exists in restoration
projects. The results of this study may ultimately help scientists
and decision-makers to plan restoration more effectively.

Methods
Systematic Literature Review

We conducted a systematic literature review (Table S1, Supporting Information) on soil data in restoration projects in the
Brazilian Atlantic Forest. The search for the studies was carried out in Web of Science, Scopus, Scielo, Capes, and Google
Scholar databases, and was not restricted by publication date.
Both peer-reviewed journal articles and theses were included in
our database. While searching the articles and theses, the following key words were used: Restoration & soil, natural regeneration & soil, Restoration Ecology & Atlantic Forest, Atlantic
Rainforest & Restoration & Soil, Restoration & Soil, Natural
Regeneration & Soil, Ecological restoration & Soil, Atlantic
Forest & Restoration & Soil. These words were searched both
in English and Portuguese. Two criteria were used to include
the studies in the database: (1) restoration studies in which soil
variables were available; and (2) the study area should be within
the Brazilian Atlantic Forest biome.
From the selected articles and theses, when available, we
collected data on: (1) characteristics of restoration projects (e.g.
latitude and longitude, age, and total restored area); (2) type of
restoration (active or passive—as defined in each study); (3) soil
indicators (e.g. carbon, pH, nitrogen, phosphorus, potassium,
water retention, cation exchange capacity, aluminium, iron,
C/N ratio, granulometry, and soil biota; Table S2); and (4)
forest indicators (e.g. basal area, canopy height; Table S3),
species and diversity species richness, and diversity of restored
forests and reference areas. We differentiated reference area
as either positive or negative (e.g. Benayas et al. 2009). The
positive reference area was characterized by old-growth forest,
well-developed forests or in very advanced stages of succession.
The negative reference was represented by degraded areas (e.g.
degraded pastureland) in which restoration was implemented.
Case Study

Case Study Area. The restoration project based on our case

study (Mutirão de Reflorestamento, in Portuguese) was initiated
in 1984 in various parts of the municipality of Rio de Janeiro. It
was led by the local government in order to control disorderly
occupation on hillsides, marginal areas, and areas with a high
risk of landslides and fires. The project acted in 150 sites and
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Figure 1. Location of the case study: Atlantic Forest biome (A); The community Colônia Juliano Moreira (Entre Rios) and Serra Capoeira Grande (B); Serra
Capoeira Grande site 7 years after being restored (C); soil sample collection in Serra Capoeira Grand site in June of 2016 (D). Photo can be credited: Maiara
Mendes.

restored about 3,000 hectares of the Atlantic Forest. We selected
two sites for our analysis, both in the western zone of Rio de
Janeiro (Fig. 1). Site 1: Colônia Juliano Moreira (also called
“Entre Rios”)—22∘ 56′ 13.44′′ S and 43∘ 24′ 26.25′′ W and Site 2:
Serra Capoeira Grande—22∘ 59′ 14.53′′ S and 43∘ 38′ 31.32′′ W
(Fig. 1).
These two sites present a similar history of land use, where
initially there was intense sugarcane and coffee cultivation, subsequently replaced by citrus production (Patzlaff 2007; Souza
2013; Muler 2014). The sites differ with respect to soil type
(Table 1). The project started in both areas in 2009, completing 7 years of project implementation at the time of sampling
for this research (June 2016). Both projects were implemented
following the same methodological procedures (native tree
species plantations) and maintenance frequency (Mata 2017).
The species used in the restoration of Site 1 were defined by the
Atlantic Forest Fiocruz Campus (research foundation), which
allowed the planting only of species of natural occurrence in
that region (Maciço da Pedra Branca, personal communication
with forestry engineer responsible for the restoration project in
this area; Miranda 2017). Table 2 presents the mean height and
basal area of species evaluated in both sites.
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Soil Sampling, Vegetation, and Analyses in the Case Study.

At each site, 20 permanent experimental plots of 100 m2 (10
× 10 m) were established with a minimum distance of 20 m
between each other. Experimental plots totaled 0.2 ha/site, and
the mean of soil attributes and vegetation structure are presented
in Tables 1, 2, and S4. Soil sampling for chemical and physical
analysis was performed with a probe. We collected 10 samples of soil per plot at a depth of 0–20 cm, and then mixed
them to form a single composite sample (Tables S5 & S6).
These samples were analyzed for pH, pF curve 15 atm (%), pF
curve 0.1 (%), moisture (%), total N (g/kg), total P (mg/dm3 ),
total K (mg/dm3 ), total Na (mg/dm3 ), total Mg (cmol/dm3 ), Ca
(cmol/dm3 ), Al (cmol/dm3 ), H + Al (cmol/dm3 ), Fe (mg/dm3 ),
Mn (mg/dm3 ), and Cu (mg/dm3 ). Soil pH was measured in
water. Nitrogen was determined using the Kjeldahl method.
Phosphorus and potassium were analyzed using a Mehlich-1
extractor (0.05 mol/L HCl and 0.0125 mol/L H2 SO4 ) while total
Mg was measured using a 1 mol/L KCl solution. To determine organic matter (OM) content, Na2 Cr2 O7 + H2 SO4 10 N
oxidation was applied. Carbon content (C) was calculated as
C = OM/1.724 and subsequently the C/N ratio was determined.
Iron, manganese, and copper were analyzed using a Mehlich-1
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Table 1. Results of nutrient content and soil texture in the plots of the case study of the Mutirão de Reflorestamento project in the Capoeira Grande site, Rio
de Janeiro.

Site

Entre Rios
Capoeira Grande

pH

4.1
5.16

P-Resin

N

mg/dcm

g/kg

10.7
5.62

1.67
1.71

P

Na
mg/dm3

7.31
2.44

31.4
32.06

Table 2. Mean height and mean basal area of species, sampled in the case
study of the Mutirão de Reflorestamento in the Entre Rios and Capoeira
Grande sites, Rio de Janeiro.
Sites

Entre Rios
Capoeira Grande

N Plots

Height

Basal Area

20
20

6.56
4.8

14.49
6.27

extractor (in relation to soil extractor 1:10). The potential cation
exchange capacity (CEC) was measured as the sum of the base
cations Ca2+ , Mg2+ , Na+ , and K+ in addition to Al3+ and H+
(cmol/kg). The effective CEC was defined as the sum of base
cations in addition to Al3+ (determined using a 1 mol/L KCl
solution). To investigate soil water properties, pF curves were
calculated by a Richards pressure chamber. Analysis of the soil
moisture and retention curve was based on the methodology
described by Klute (1986) and for the analysis of the texture we
used the sedimentation fractionation methodology described by
Gee and Bauder (1986). Basal area and height were measured
for all plants with diameter at breast height (DBH) greater than
or equal to 5 cm in the same plots where soil data were collected
(Table S4). We chose to measure the basal areas as an indicator
of success of the restored areas because the basal area is highly
correlated with the aboveground biomass and carbon (Clark &
Clark 2000).

Statistical Analysis

We ran a series of generalized linear mixed-effect models
(GLMMs; “lme4” package—R program; R Core Team 2013)
to detect if soil variables influenced vegetation structure and to
evaluate which variables are more important to explain height
and basal area of the trees in the restored areas. All data were
transformed using logarithm transformation, except for silt and
sand content to which we applied arcsine of square root transformation. We used the “area” variable of each site as a random
factor to minimize the experimental error. First, we performed
a model with all explanatory variables (pH, P.resin, N, P, Na,
H.Al, OM, P.rem, Fe, Mn, silt, and sand), then we identified the
lower significance variable and removed it from the analysis,
and continued to do so systematically in order of lower significance. As each removed variable corresponded to a new model,
we evaluate the significance of the different model’s combinations with an analysis of variance (ANOVA) (see Table S7). The
model where all variables were significant or marginally significant with p-value less than 0.05 was classified as the plausible
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H + Al

O.M

P.rem

cmol/dm3

dag/kg

mg/L

12.8
2.89

1.39
1.65

23.59
40.65

Fe

Mn
mg/dm3

231.6
58.88

Silt

Sand
dag/kg

16.75
41.6

14.35
19.15

68.2
62.95

model (Tables 3 & 4). We compared the GLMMs using the maximum likelihood method (ML) and to perform the final models
we used the restricted maximum likelihood method (REML).
We then scaled the significant variables to calculate regression
standardized coefficients and ranked the significant variables
according to the magnitude of the difference. We calculated the
conditional and marginal R squared values of the models using
the “MuMIn” package of the R software, where the marginal
values are those associated with fixed effects, and the conditional ones are those of fixed effects plus the random effects.

Results
Systematic Review

In total, 152 published works were retrieved: 95 theses in
Portuguese and 57 scientific articles in English. If the thesis was
also published as a scientific paper, we considered the scientific
paper only in our systematic review. Less than half of the studies
reported any soil data (41%; 62 of 152; Table S1) (Fig. 2). Of
those, 32 (34%) were reported in theses and 30 (53%) were
reported in published papers. Noteworthy, only 40% (N = 25)
of the retrieved studies included information about reference
sites or project baseline information. Of the articles that reported
reference sites, 30% (n = 8) did not report the age of the restored
forest. Most of the studies were located in southeastern Brazil
(Rio de Janeiro, São Paulo, Minas Gerais, and Espírito Santo;
31%, n = 19; 27%, n = 17; 16%, n = 9; and 11%, n = 7 studies,
respectively). Six studies failed to provide information on the
coordinates of the study areas, giving only the municipality
name. Sixty-four percent of the studies provided information
about the time of soil sampling (whether at the beginning or the
end of restoration project, or throughout).
Soil pH was the most common soil indicator reported (71%,
N = 44), followed by potassium content (66%, N = 41) and
phosphorus (65%, n = 40). Least reported variables were water
retention (6.5%, N = 4), iron content (11%, N = 7), and C/N
(14%, N = 9) (Fig. 2A). Forty-six studies presented information
on the soil classes where studies were conducted, of which 48%
(N = 22) appeared in theses and 52% (N = 24) appeared in the
articles (Fig. 2B). The majority of studies occurred in oxisols
(50%, N = 23) followed by ultisols (44%, N = 22) and 30%
(N = 14) in inceptisols.
A total of 48 papers presented information on forest variables
in their studies (remaining 14 studies included only descriptive
information and/or photo documentation). Regarding type of
restoration, 30 of 50 reported active restoration and 20 presented
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Table 3. The regression standardized coefficients for nitrogen and organic matter variables. **p ≤ 0.05.

Intercept
Nitrogen
Organic matter

Value

SE

DF

t-Value

p-Value

−5.576359
2.694649
−1.384249

0.8291311
1.0908373
0.5565486

36
36
36

−6.725545
2.470258
−2.487201

0.0000
0.0184**
0.0176**

Table 4. The regression standardized coefficients showed for Na and sand variables. **p ≤ 0.05; *marginally significant.

Intercept
Na
Sand

Value

SE

DF

t-Value

p-Value

0.1443113
0.1376518
1.1747422

0.6539226
0.0736292
0.4557393

36
36
36

0.2206857
1.8695262
2.5776625

0.8266
0.0697*
0.0142**

passive restoration (natural regeneration). All studies reported
information focused on species composition (100%, N = 48),
98% (N = 46) reported other variables such as seed bank, while
83% (N = 40) informed about species richness. Least reported
variables were total area restored (65%, N = 31), diversity (42%,
N = 20), and basal area (46%, N = 22). For details on the age of
restoration, see Appendix S1.
Out of the studies that had reference sites (N = 25) all presented soil information. Phosphorus and pH are the most cited
soil indicators in restoration projects that provide the information on reference site, being cited 14 times each (56%), followed
by carbon (52%; N = 13), potassium (48%; N = 12), nitrogen
(44%; N = 11), aluminium (31%; N = 8), edaphic fauna (20%;
N = 5), CEC (16%; N = 4), and iron (12%; N = 3). Information on soil water properties, the least reported indicator, was
included in only one paper (of 25). Ten studies (40%) that provided information about reference area included also information regarding time of soil sampling (whether in the beginning
or the end of restoration), of which five were theses and eight
were articles.
Case Study

We found a relationship between selected soil indicators and
tree structure in the restored areas. Basal area was positively
correlated with nitrogen while negatively with organic matter
content. Tree height showed a positive correlation with sodium
and sand content (p < 0.005; Tables 3 & 4; Fig. 3). For the first
model that we considered the basal area as a response variable
the conditional R squared (R2 c) and marginal R squared (R2 m)
were 0.7483 and 0.0553, respectively. For the second model,
where the height of the trees was the response variable the R2 c
and R2 m were 0.8113 and 0.0251, respectively.

Discussion
Systematic Review

Soil evaluation through relevant indicators is fundamental
because it allows to directly analyze the environmental quality
(Araújo et al. 2012). Quality indicators can be measured and
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their attributes can be monitored in a variety of ways via remote
sensing, monitoring of field observations, sample collection,
selection of pre-existing data, or the combination of all these
methods (Arshad & Martin 2002). Failures in restoration
projects can often be attributed to site-specific indicators that
were not taken into account during planning and execution of
restoration (Wassenaar et al. 2007).
The results of this work demonstrate a soil data gap within the
restoration projects in the Brazilian Atlantic Forest. Less than
half of the studies included in the systematic review reported any
soil data. Moreover, we observed that even if a study includes
information about soil properties, such information is frequently
added “bureaucratically” without appropriate consideration of
these data in the context of the performed study and evaluation
of the patterns stemming from such a data. Most studies presented analyses of pH and macronutrients, but other important
properties of the soil (e.g. water retention capability, cationic
exchange capacity, microorganisms) were rarely reported. Even
though soil pH was the most commonly reported soil indicator, found in 44 studies, 29% of the restoration projects did
not provide this indicator. Soil pH, a measure of soil acidity,
is fundamental to consider in restoration. It influences chemical reactions in soils, nutrient availability, and plant productivity (Harris et al. 1996). Doran and Parkin (1994) suggested
that soil pH should be reported as a basic and key indicator
of soil quality, especially since it can easily be inexpensively
measured.
Regarding macronutrients, potassium and phosphorus contents, even though these nutrients appeared on the top of the
list of reported indicators, similarly to soil pH they were cited
in a minority of the reviewed works. Nutrient content and
cycling is a basic indicator to assess soil fertility and stability
(Mitchell et al. 2000) and it should routinely be monitored in
restoration. Soil organic matter is also a fundamental indicator
used to measure crucial ecosystem services, such as carbon
sequestration, yet few studies reported it. Carbon was reported
to a greater extent in articles rather than in theses and appeared
more in studies that reported reference area. Soil pH and
macronutrients such as P and K were shown to be the most
commonly reported soil indicators also at the global scale.
Bünemann et al. (2018) show that more than 80% of reviewed
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Figure 2. Indicators retrieved from systematic literature review on restoration in the Atlantic Forest (N = 62). Soil indicators reported in the reviewed studies
(A), where pH is an indicator of soil acidity, K is potassium, P is phosphorus, Al is aluminum, C is carbon, N is nitrogen, CEC is cation exchange capacity,
SM is soil biota, C/N is carbon to nitrogen ratio, Fe is iron, and SWR is soil water retention. Soil type in retrieved studies (B); the majority of studies occurred
in oxisols (deep soils, well drained, and weathered) that have the largest geographical representation in Brazil. Ultisols and Inceptisols were two other types
of soils that occurred in the reviewed studies. Soil texture (C) with clay and silt content being measured in the majority of the reviewed studies.

Figure 3. Regression standardized coefficients responses for soil variables. In red are marked coefficients for basal area and in yellow for tree height.

studies related to soil reported soil pH. However, in their study,
soil organic matter/carbon content was the most commonly
reported indicator (found in 91% of the studies). Regarding
micronutrients, even less commonly found in restoration literature, native species may present great sensitivity to unbalanced
micronutrient levels (Sorreano et al. 2012).
Another important data gap was observed with respect to soil
texture. Only 40% of the studies reported any property related
to soil texture (Fig. 2C). Soil texture is one of the most stable
soil properties, being slightly modified by cultivation and other
practices that end up causing the mixing of different layers
(Arshad et al. 1996). Texture is a key, easy, and inexpensive
soil quality indicator that is the most fundamental soil physical
property. Soil texture impacts soil water properties, nutrients,
and oxygen exchange, retention, and uptake.
The soil fauna component is rarely assessed in studies
of forest restoration (18%, N = 11). Soil biota is paramount
for soil functions and processes like decomposition, nutrient
cycling, fertilization, soil restructuring, and bioturbation (Brussaard et al. 1997) thereby maintaining a flow of ecosystem
services. Both short- and long-term changes in soil biological
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characteristics are one of the most rapidly observed consequences of altered ecosystems (Ducatti 2002). In the case of
extensive ecosystem change, appropriate studies using bioindicators and biological monitoring are good indicators of environmental degradation and potential for regeneration (Sautter
& Santos 1991; Curry & Good 1992). Although other authors
have repeatedly highlighted the fundamental role of microorganisms for forest restoration and ecosystem services, this is
still a rarely measured and/or reported indicator (Doran & Zeiss
2000; Anderson 2003; Bardgett & Wardle 2003; Van de Heijden et al. 2008). Considering soil microorganisms and carbon
soil carbon feedback is paramount for increasing production and
carbon storage especially in disturbed ecosystems, such as the
Atlantic Forest (Ojima et al. 1993; Cairns 2000).
The least reported soil indicator found in our review was
water retention (6.5%, N = 4), which highlights another important soil data gap in restoration projects. In the Atlantic Forest
and worldwide, restoration is often performed to recover water
ecosystem services and schemes of Payments for Ecosystem
Services in the Atlantic Forest are principally focused on water
recovery through restoration (Lima 2016). Water stress in soil is
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also one of the most critical factors associated with tree seedling
mortality in restoration projects (Grossnickle 2012).
We also found that the majority of the studies did not include
the information about reference area or baseline. The presence
of data on the restoration site and the reference site makes it
possible to compare data between the two areas and verify which
variables responded better to the restoration and the impact
of this on the success of the restoration. Furthermore, most
of the studies reviewed here did not report any information
regarding whether soil sampling was done in the beginning
or at the end of the restoration. The continuous collection of
soil samples has fundamental importance within a restoration
project to monitor the chemical and physical evolution of the
soil throughout the project. This monitoring of soil fertility,
depending on the type of restoration (active or passive), helps
to evaluate the survival rate of the seedlings and helps to verify
the behavior of the species in the field. Soil analysis before
the planting is also essential for the possible application of soil
correction to facilitate or indeed enable tree growth (Boletim
Técnico 100 1997; Sorreano et al. 2012).
Despite the evidence from the previous studies that
demonstrated the importance of considering soil indicators
in restoration and their scarcity in published papers (Falk et al.
2006), the gap of including soil data in restoration projects
persists. Our study demonstrates a gap that exists in soil data
in restoration projects in the Brazilian Atlantic Forest. The
systematic literature review enabled us to identify the most
reported indicators (pH, K, and P) yet these indicators appeared
in the minority of retrieved studies related to restoration in
the Atlantic Forest. Other important indicators such as water
retention and biological activity were rarely reported. We complemented our systematic review with a case study that showed
not only soil data scarcity (e.g. the soil data were not collected
before restoration started) but also confirmed that different soil
indicators and different planting compositions correlate with
fundamental restoration success indicators such as basal area
and height.
Case Study

Based on the soil sampling performed after 7 years of restoration, we observed a relationship between nitrogen and the basal
area, and nitrogen is one of the principal nutrients required by
plants (Siddique et al. 2008). Apart from biological fixation,
soil organic matter is the main source for the supply of nitrogen, especially in forest ecosystems (Cole 1995). However, our
results show that the relative importance of soil organic matter
and of nitrogen was similar (regression coefficients of approximately 0.4) but had opposite effects on basal area. This result
was somewhat surprising. The dynamics of carbon and nitrogen in the soil is interrelated in a way that, for the accumulation
of carbon in the soil, the nitrogen availability in the system is
essential (Resende et al. 2005). In general, a lower C:N ratio,
common in soils under native forests, indicates high biological nitrogen fixation and intense organic matter deposition, and
nutrient cycling (Parrota 1999; Macedo et al. 2008). According to Pulito (2009), total nitrogen content can be considered
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as a good indicator of the availability of nitrogen in the soil. On
the other hand, low soil C:N ratio (lower than 10–12:1) may
suggest low stability of the system, low quality of soil organic
matter, and may indicate higher mineralization of the organic
matter; and again, a failure to recovery of forest structure and
soil organic matter contents. One of the possible explanations
for the inverse correlation between basal area and organic matter
may be the presence of invasive grasses in the restoration areas
that may be responsible for the higher carbon content. Exotic
grasses are very efficient and aggressive competitors in relation to native species, and their abundant presence facilitates
the occurrence of fires and makes forest regeneration difficult
(D’Antonio & Vitousek 1992). Grass species can compensate
for initial losses with high growth rates and rapid accumulation of carbon in biomass (Fernandes et al. 1997). Soil organic
matter, apart from being a source of highly available organic carbon, provides the system with other advantages such as greater
capacity to retain nutrients, greater capacity to retain water and
immobilize elements that may have some degree of toxicity.
Soil organic matter is important because it interferes with the
physical, chemical, and biological properties of the soil and is
considered by some authors as the most relevant indicator of
soil quality and the predictor of restoration success (Parrota
et al. 1997; Bolinder et al. 1999; Mummey et al. 2002; Moraes
2005). Another explanation may be the low contribution of tree
species to litter formation and a rate of decomposition of this
litter that does not contribute to the accumulation of soil carbon. It is, however, very difficult to precisely establish which
patterns are cause or consequence and it may, at least partially,
explain why few scientists dedicate to study soil processes and
relations in restoration. In the case of Atlantic Forest literature, even if soil analysis was performed, it is rather limited
to tentative descriptions of patterns rather than soil-restoration
feedback.
In relation to tree height, we found a positive relationship
between sodium and sand contents and the tree height. A possible explanation is that sandy soils are better drained and are
characterized by lower nutrient retention. In such conditions,
roots have more feasibility to penetrate through the soil resulting in more development of the roots and higher individuals.
Regarding sodium, in healthy soils sodium is uncommon and its
presence is an indicator of salinization (by irrigation or because
of elevated water table or due to inadequate fertilization).
Differences in height values observed between plantations of
the same age can also be attributed to the different composition
of species used in plantations. Restoration sites showed similar
values of species richness (Site 1: 40 species/0.2 ha; Site 2: 38
species/0.2 ha) but shared only 30% of species composition. It
should be noted that these are possible explanations and further
studies into soil, species, and landscape features should be
performed to better understand these relations. Interestingly,
in our parallel ongoing field study we also found sodium
and carbon contents as the primary soil indicators that differed
between different restoration models (active planting vs. natural
regeneration) (Korys et al. in preparation).
Overall, the analysis of the case study and the gap-analysis
emphasize the importance of soil data in restoration projects
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in the Atlantic Forest. For example, indicators such as carbon
and sand contents correlated with the indicators of restoration success, yet they were considered in the minority of
the studies retrieved in our systematic review. We highlight
the need to include all soil indicators discussed here and
strongly encourage continuous monitoring over the duration
of a restoration project. We strongly reinforce the importance
of soil analysis before planting to enable possible soil correction before possible negative soil-associated factors occur during restoration process. The timing is also favorable as recent
spotlight focuses on the role of soil in ecosystems such as
the IPCC “4 per 1000” initiative (https://www.4p1000.org/)
that fosters concerted effort to include soil data in environmental assessments. Soil should be routinely incorporated for
evaluating and planning restoration projects as these projects
often fail due to inadequate consideration of local conditions (Heneghan et al. 2008; Grossnickle 2012). Given that
the important soil indicators such as pH, soil texture, nitrogen, organic matter, and water content are relatively easy and
cheap to measure and have profound and direct effect on crucial ecosystem services such as carbon sequestration and water
regulation, we urge to include these indicators routinely in
restoration projects.
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