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Biomass and carbon stocks in restored Atlantic Forests:
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In restored tropical forests, a better understanding of biomass and carbon estimation methods is needed—especially biomass assess-
ment, allometric equation choice, and the influence of local conditions. Understanding these factors is critical given forests’ role in
sequestering and storing atmospheric carbon. We conducted a systematic review on the state of the art in estimating plant biomass
and carbon storage in restored forests within the Atlantic Forest. We examined the biomass measurement methods, the factors influenc-
ing biomass productivity, and estimated the time required for restored forests to attain biomass levels observed in conserved forests. For
each study, we investigated: (1) how biomass stocks were assessed; (2) the allometric equations used for estimation; (3) and the resto-
ration techniques applied alongside the biotic and abiotic conditions at each site. We also examined whether local climatic conditions,
forest age, and the number of planted species influenced biomass accumulation. Despite the limited number of studies assessing carbon
stocks in restored Atlantic Forests, publications have increased recently. However, the equations used to estimate carbon stocks were
mainly adjusted to young forests (5—17 years). Moreover, studies lack a standardized protocol for converting biomass into carbon, and
few assessing root biomass. We found that age is the key factor explaining biomass accumulation. Finally, our projections indicate for-
ests over 25 years of restoration likely exhibit plant biomass similar to conserved forests. Still, different protocols and equations for
estimating plant biomass accumulation may lead to under- or overestimates compared to the projections presented here.
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successional trajectory (Holl 2017). Several sources of error

can bias the estimates of biomass accumulation in restoration

e Using equations inappropriate for forest age, tree compo- systems (Baker et al. 2004; Chave et al. 2004; Gardon
sition, or local wood density reduces the reliability of bio-

mass estimates.

e Biomass assessments that neglect root biomass, disregard
wood density, or rely on different and inconsistent allo-
metric equations may inaccurately estimate carbon stor-
age in restored forests.

e Establishing a consistent database with information on
carbon conversion for different species and ages can pro-
vide more reliable results on forest carbon stocks.

e Forest age is the primary factor influencing biomass and
carbon stocks, with Atlantic Forest restoration sites older
than 25 years approaching the biomass levels of con-
served forests.

e Biomass accumulation over the years can be projected Author contributions: GJIM, VLE conceived the idea and designed the study; GLM

: . _ collected the data; GIM, CSB, DSP performed the analysis; DSP validated the results;
and l'everage':d to access the carbon credit potential of res all authors wrote and edited the manuscript,
toration projects.

Implications for Practice

et al. 2020). Sources of error can arise from the quality of inven-
tory data (e.g. tree measurements and the representativeness of
the sampled area), the use of inappropriate allometric equa-
tions/models (e.g. those based on few trees and small samples),
and the non-use or misuse of wood density values, which vary
widely among species and sites, but enhance the robustness
and reliability of plant biomass estimates (Chave et al. 2004;
Flores & Coomes 2011).

Studies estimating biomass accumulation in forest systems
have also predominantly focused on the aboveground portion
(Azevedo et al. 2018; Brancalion et al. 2019; Arcanjo &
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Biomass and carbon stocks in restored Atlantic Forests

Torezan 2022), often overlooking the belowground component
(i.e. roots), which is crucial for achieving a comprehensive and
accurate estimate of the total biomass in a given forest system
(Nogueira Junior 2010; Gatto et al. 2014). Furthermore, differ-
ent allometric equations use different variables to estimate the
productivity of restored forests (e.g. whether plant height is
included or not), which can lead to disparities in biomass esti-
mates (Brown 1997; Baker et al. 2004; Chave et al. 2004,
2014; Van Breugel 2007). However, a comprehensive review
of the methods employed to estimate biomass stocks in many
tropical forests, such as the Atlantic Forest, is still lacking.

The Atlantic Forest of Brazil is renowned as the oldest and
most latitudinally expansive forest in South America, spanning
latitudes from 3 to 31°S (Ribeiro et al. 2009). Its long evolution-
ary history and high latitudinal range have facilitated numerous
interactions with adjacent and non-adjacent ecosystems, includ-
ing the African, Andean, and Amazonian flora (Joly et al. 2014),
resulting in an impressive number of 20,000 plant species, with
44% of them being endemic (Silva & Casteletti 2003; Mitterme-
ier et al. 2004). Recognized for its exceptional species richness
and high levels of endemism, the Atlantic Forest has been iden-
tified as one of the world’s top biodiversity hotspots for conser-
vation priorities (Myers et al. 2000). However, as primarily
situated along the Brazilian Atlantic coast, anthropogenic pres-
sures dating back to the 1500s have reduced the Atlantic Forest
to less than 16% of its original extent (Ribeiro et al. 2009). The
remaining fragments consist mostly of small, isolated patches
located outside protected areas, rendering them highly vulnera-
ble to ongoing human impacts (Ribeiro et al. 2009).

Although the Atlantic Forest is under significant pressure
from human activities and land use changes, it accommodates
approximately 65% of Brazil’s population and plays a crucial
role in providing ecosystem services for human well-being
(Joly et al. 2014). In this context, various restoration initiatives
are underway to connect and expand fragmented protected areas
(Rodrigues et al. 2009; Oliveira & Engel 2017). Yet, the accu-
racy of estimates regarding the effectiveness of these restoration
endeavors in terms of restoring forests structurally and function-
ally, and enhancing the ecosystem services they provide,
remains largely unexplored (DeLuca et al. 2010; Viani
et al. 2017; Ballarin et al. 2024). For instance, while the impact
of restoration practices on biomass accumulation in the Atlantic
Forest has been assessed (Gardon et al. 2020; Zanini et al. 2021),
discrepancies in biomass estimation methods—such as whether
or not to account for wood density and the use of different allo-
metric equations—may have resulted in significantly different
biomass estimates. Such unresolved issues hinder the develop-
ment of standardized protocols for biomass assessment in
restored tropical forests.

Numerous factors can influence the dynamics of biomass accu-
mulation in forests undergoing restoration (Gardon et al. 2020).
For example, it is established that the rate of biomass accumulation
in restored forests is influenced by topographic features (e.g. eleva-
tion; Tiwari et al. 2022), climatic variables (e.g. temperature and
precipitation; Peichl & Arain 2007; Zhang & Liang 2014; Wang
etal. 2016), age (Gardon et al. 2020), and plant community compo-
sition (Pontes et al. 2019; Gardon et al. 2020; Capellesso

et al. 2021). While the Atlantic Forest occupies a central position
in the neotropical ecological restoration agenda (Aradjo
et al. 2018; Brancalion et al. 2019; Arcanjo & Torezan 2022), with
restoration sites of different ages, strategies, and designs across a
spectrum of climatic and topographic contexts, there is still no syn-
thesis available to: (1) determine the current state of research dedi-
cated to estimating biomass in this ecosystem, (2) identify general
patterns in carbon stocks under different ecological conditions,
(3) forecast the effectiveness of restored forests in replenishing car-
bon levels compared to conserved forests through standardized pro-
tocols, and (4) compare methods employed to assess biomass
stocks in restored sites with biomass projected from conserved ref-
erence forests within different biotic and abiotic contexts. These
gaps need to be addressed as the role of tropical forests in carbon
sequestration has received increasing attention from researchers
and decision-makers in recent years (IPCC 2007; Palmer 2016;
Lewis et al. 2019).

We undertook a systematic review that focused on: (1) sum-
marizing the main methods and equations used in scientific stud-
ies to estimate plant biomass and carbon stocks in restored forest
ecosystems within the Atlantic Forest, and (2) investigating the
influence of various historical (e.g. age and type of restoration),
biogeographic (e.g. latitude), climatic (e.g. temperature and pre-
cipitation), and biotic (e.g. plant species richness) factors on bio-
mass and carbon accumulation in these sites undergoing
restoration. Additionally, we (3) estimated the time required
for tree biomass in restored forests to attain values commensu-
rate with those observed in conserved native forests. Using this
estimate as a threshold, we then (4) compared how different
methods employed to assess plant biomass consistently under-
or overestimate biomass stocks relative to our projections.

Methods

Search Protocol

Our search protocol focused on collecting all studies addressing
biomass and carbon stocks in restoration systems within the Atlan-
tic Forest, and included scientific papers, dissertations, and theses.
We included dissertations and theses in our review, recognizing
that some may remain unpublished but are likely to explore previ-
ously unstudied restoration sites, thereby increasing the spatial cov-
erage of the data collected. We excluded reviews, meta-analyses,
perspectives, and studies using geographic information systems
as they lacked data on tree species composition and did not assess
in situ biomass accumulation. We only considered studies con-
ducted within the Brazilian Atlantic Forest that assessed carbon
and plant biomass stocks in actively restored areas of known age.
Secondary forests (i.e. naturally regenerated) were excluded due
to uncertainty regarding their exact age, which could lead to poten-
tial pre-existing biomass accumulation at the onset of the carbon
stock assessment.

We searched the Scopus, Web of Science, and Google
Scholar databases for all available years (until December
2022). We selected studies that assessed carbon and biomass
stocks in restoration sites, using the following keywords: “bio-
mass” and “carbon” alongside: “restoration”, ‘“recovery”,
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“regeneration”, “re-sprout”, and “reforest”. These terms were
included in the title, abstract, and/or keywords of publications,
in both English and Portuguese (Fig. S1). We attempted to be
as inclusive as possible, as standardization of restoration termi-
nology is still in progress (McDonald et al. 2016).

Data Compilation

We compiled metadata on the publication year, research loca-
tion (i.e. longitude, latitude, and elevation), local climatic condi-
tions, physiognomy type, and the size and the age of the
restoration system for each study included in the database. We
used WorldClim 2 to assess the mean annual temperature and
cumulative annual precipitation as representatives of the local
climatic conditions (Fick & Hijmans 2017). Additionally, we
recorded the minimum size of plants selected for biomass calcu-
lation, the number of plant species used during restoration
implementation, the number of current plant species, the exper-
imental design adopted, whether biomass and carbon stocks
were compared between restored and adjacent native forests,
and the restoration technique used during system implementa-
tion (e.g. planting and seeding).

Furthermore, we accessed the protocols employed to estimate
tree biomass and carbon stocks. We extracted the following met-
rics: (1) type of measurement (e.g. aboveground and/or
belowground—root biomass); (2) method of measurement
(e.g. destructive or non-destructive); (3) allometric equations used
to estimate biomass (i.e. literature source or locally adjusted);
(4) inclusion of wood density in the equations; (5) the source of
wood density used in the equations (e.g. literature or locally mea-
sured); (6) whether carbon stock was estimated by converting bio-
mass into carbon; and (7) the metric used to convert biomass to
carbon. We considered destructive carbon estimation methods to
be those that involve ground-truthing by harvesting and weighing
tree organs to directly measure biomass, whereas non-destructive
methods were considered to be those that use allometric equations
and indirect measurements for estimation.

Data Analysis

We tested whether historical (e.g. age), biogeographic
(e.g. latitude and elevation), climatic (e.g. temperature and pre-
cipitation), and biotic factors (e.g. plant species richness) influ-
ence biomass and carbon accumulation in Atlantic Forest sites
undergoing restoration. This also allowed us to estimate the time
interval required for restored forests to reach biomass levels sim-
ilar to those of conserved native reference forests. Using this
estimate, we compared whether the type and method of mea-
surement, the allometric equation used, and the inclusion of
wood density consistently under- or overestimated biomass
stocks relative to our projections.

To assess whether historical, biogeographic, climatic, and
biotic variables influence biomass production in actively
restored Atlantic Forest sites, we included only those studies
(n = 29) from our database that provided the necessary informa-
tion on local, biotic, and abiotic conditions for each site
(n = 104). We then assessed the effects of these variables using

linear mixed models with the log-transformed biomass accumu-
lated at each site as the response variable fitted against all predic-
tor factors (i.e. temperature, precipitation, elevation, forest age,
and plant species richness). For forest age, we included linear,
quadratic, and cubic terms to capture potential non-linear rela-
tionships, as biomass stocks do not increase linearly over time.
We log-transformed precipitation and elevation to account for
scale differences and to improve the model fit. We also included
the study identity as a random effect, because studies used dif-
ferent protocols to estimate biomass stocks and often examined
multiple restoration sites. We used the corrected Akaike Infor-
mation Criterion for small sample sizes (AICc) to identify the
best model based on the lowest AICc obtained, comparing
the full model (all predictor factors) to all other models, includ-
ing possible combinations of predictors. Additionally, we
assessed the relative importance (Zwi) of each predictor variable
to the explanatory power of the model (Burnham & Ander-
son 2004) using the function “model.sel” in the MuMIn R pack-
age (Barton 2012). According to Symonds and Moussalli
(2011), Zwi values represent the probability that a given partic-
ular predictor variable is included in the best-fit model. Because
this analysis focused on restoration sites with specific spatial
locations, we used univariate spline correlograms to assess the
efficiency of each model in dealing with spatial autocorrelation
and partial Mantel correlograms to assess the significance of
spatial autocorrelation across 13 distance classes. Spatial auto-
correlation analysis was performed using the R packages spdep
(Bivand 2014) and mpmcorrelogram (Matesanz et al. 2011).
Finally, we assessed the variance inflation factor (VIF) between
predictors to test for collinearity using the car R package (Fox &
Weisberg 2019).

To estimate the time interval required for restored forests to
attain biomass stocks similar to those of conserved native refer-
ence forests, we compiled data from research previously identi-
fied in this study, specifically focusing on those that compared
the restored area with the native reference forest (n = 5). In
addition, we identified pertinent studies from the same databases
and selected 11 sites with forest areas larger than 50 ha, resulting
in a total of 16 studies that evaluated biomass stocks in (n = 24)
native reference forests, including (n = 14). Seasonal Semide-
ciduous Forests and (n = 10) Dense Rainforests (Table S1).
Biomass data (Mg/ha) were recorded for each reference native for-
est, from which the mean and standard deviation values of biomass
accumulation were calculated. Using an interpolation method, we
determined the age (i.e. time in years) at which restored forests
are expected to attain mean and standard deviation values compara-
ble to those observed in conserved reference forests. We then calcu-
lated the residuals between predicted and observed biomass values
at the same forest age for each study. These residuals represent the
deviation of observed biomass in restored forests from our predic-
tions for that age, based on native reference forests. Because the
studies used different protocols for biomass assessment, we built
four linear models, each with residuals as the response variable,
to determine whether different aspects within these protocols led
to under- or overestimates relative to our predictions. The fixed fac-
tors in each model were: type and method of biomass measurement
(1), allometric equations (2), inclusion of wood density (3), and tree
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sampling criteria based on diameter at breast height (DBH) (4),
with each factor being used in a separate model. These factors
represented different aspects within the protocols used by
researchers to calculate biomass stocks. Differences were tested
using a Tukey post hoc test with the emmeans R package
(Lenth 2016).

Results

Out of 681 studies identified in our search protocol, 34 met the
inclusion criteria and were thus included in this review (Table S2;
Fig. S1). These studies were published between 2010 and 2022,
with a notable increase in the cumulative number of publications
after 2018, while the restoration projects spanned recovery periods
ranging from 1.4 to 53 years (Fig. 1). Study sites spanned a wide
elevational range (0-1550 m) and were conducted in only two dis-
tinct phytophysiognomies, with the Seasonal Semideciduous For-
est receiving greater attention (28 studies—82%) than the Dense
Rainforest (6-18%; Fig. 1B-D). There was a disproportionate

concentration of studies in the southeastern region, with compara-
tively fewer studies conducted in the southern- and northernmost
regions of the Atlantic Forest. Restored sites ranged in size from
0.2 to 1519 ha, but most of the studies were conducted on sites
smaller than 50 ha (26-76%). While site ages ranged up to
53 years, the majority of studies (26-74%) focused on sites with
less than 15 years of restoration.

Nearly a half of the studies monitored plants DBH 25 cm
(14-42%). Only three publications evaluated the herbaceous/
shrub layer, with biomass accumulation in this compartment
ranging from 0.20 to 10.62 Mg/ha. Only 12 studies (35%)
implemented some form of experimental design, testing differ-
ent spacings while assessing species growth rates. The remain-
ing studies (22-65%) adopted a standardized spacing of
3 x 2 m among trees. Moreover, while most studies provided
information on the number of species initially planted (28—
82%), only 13-38% tracked the current status of plant species
richness. Out of the 34 studies, 33 (97%) used seedling planting
as the restoration technique, of which five (15%) also used direct
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Figure 1. Number of publications assessing biomass and carbon stocks in the Atlantic Forest of Brazil. The left and right y-axes show the cumulative number of
studies and the number of studies per year, respectively (A). The green polygon shows the theoretical distribution of the Atlantic Forest biome within Brazil and
the points the location of restoration projects (B-D) and their respective elevations (C). Color gradients represent elevation, while point shapes depict different

forest phytophysiognomies within the Atlantic Forest (in green; D).
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Figure 2. Protocol for estimating biomass and carbon stock in Atlantic Forest within Brazil. Restoration techniques employed according to Atlantic Forest
phytophysiognomy (A). Assessed compartments for estimating biomass accumulation (B). Number of studies regarding the use of allometric equations for
biomass estimation (C). Number of studies regarding methods used to determine wood density for use in the allometric equation (D). Number of studies
converting biomass into carbon and the method employed for conversion (E).

seeding (Fig. 2A). Only one publication did not mention the commonly used equations being those of Chave et al. (2014)
technique used. Finally, only 11 studies (32%) compared bio- and Ferez et al. (2015), in seven (21%) and six (18%) studies,
mass stock between restored and native reference forests. respectively (Fig. 2C). Furthermore, most of the studies
The non-destructive method was the most frequently used to (25-74%) included wood density in the allometric equations,
estimate biomass stocks among the studies analyzed (25 stud- but only 10 (38%) measured wood density on local trees
ies—74%; Fig. 2B). The focus was on aboveground biomass (Fig. 2D). The Global Wood Density Database was the most
assessment, but biomass stocks varied widely among studies commonly used data source by studies that obtained wood den-
(ranging from 2 to 360 Mg/ha). Furthermore, sites with contrast- sity externally (seven studies—21%), and four (12%) relied on
ing aboveground biomass accumulations did not necessarily dif- Chave et al. (2005). Fifteen (44%) studies converted biomass
fer in age. For example, the aboveground biomass in 12-year-old into carbon. The assumed conversion factor ranged from 41 to
restored forests ranged from 11.25 to 192 Mg/ha. However, 50% of the plant biomass (Fig. 2D).
older restoration systems have generally accumulated more bio- Biomass accumulation in restored sites within the Atlantic
mass over the years. For example, only seven out of 21 restored Forest was only explained by forest age (* = 0.84; p < 0.001;
forests that accumulated more than 150 Mg/ha of biomass were Fig. 3; and Table S3, Figs. S3 & S4 for relationships with all pre-
less than 15 years. Only nine studies (26%) considered below- dictors). Based on the interpolation method, we estimated that
ground biomass. They reported accumulations ranging from biomass accumulation in restored forests approached the mini-
2.1 to0 28.63 Mg/ha, representing (23 £ 3.4%) of the total forest mal value of conserved reference forests in 24.45 years, reach-
biomass. Six out of these nine studies (17%) used the destructive ing an accumulated biomass of 193.11 + 11.74 Mg/ha.
method to estimate biomass in this component. Biomass accumulation increased until 40 years, reaching its
Only 13 studies (38%) used locally adjusted allometric equa- maximum at 43 years (306.70 £ 26.79 Mg/ha), after which
tions to assess biomass stocks, and the remaining (21 studies— tends to stabilize, reaching values close to those observed in
62%) used equations from the literature, with the most conserved native forests (294.032 £ 15.04 Mg/ha; Fig. 4A).
Restoration Ecology 50f 12
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Figure 3. Relationship between forest age and biomass stock (Mg/ha) in
Atlantic Forest restoration sites. The fitted curve, based on a linear mixed
model, represents a polynomial relationship between observed biomass
accumulation and forest age at restoration sites. Green points indicate
biomass stocks measured at each restoration site.

Predictor variables showed low levels of collinearity
(VIF > 1.81). Spatial autocorrelation did not affect our model,
and partial Mantel correlograms indicated low levels of autocor-
relation with only two out of 13 distance classes showing some
autocorrelation (Fig. S2).

Type of study, that is, aboveground and/or belowground
(F11.1021 = 6.16); and measurement methods, that is, destructive
or non-destructive (F|; 1923 = 3.66) influenced biomass estimates
(r2 = 0.09), with non-destructive methods that assessed both above
and belowground compartments tending to underestimate biomass
stocks. The destructive method generally provided results closer to
the estimates in this study (Fig. 4B). Furthermore, allometric equa-
tions used to assess biomass yielded different biomass stocks
(Flago) = 14.42, =037, p < 0.001), with the equations from
Brown (1997) generally overestimating biomass, while other equa-
tions from the literature and locally calibrated equations yielded
biomass stocks closer to our projections (Fig. 4C). Equations that
included wood density generally yielded results more aligned with
our projections than those that omitted wood density
(Frza011 =932, 7 =0.16, p < 0.001), which tended to overesti-
mate biomass (Fig. 4D). Finally, no differences were found
between studies with different tree sampling criteria
(Fz.100 = 1.91, 7 = 0.05, p = 0.13; Fig. 4E).

Discussion

Forest restoration projects require long periods of time to restore
the structure and functioning of ecosystems, and the recovery of
biomass stocks is a slow process. Even when appropriate tech-
niques are adopted, it usually takes several decades for restored
areas to reach biomass levels similar to those of preserved natu-
ral forests (Jucker et al. 2020). This is associated with several
factors, such as the initial species composition, proximity to nat-
ural fragments, soil conditions, history of land use, and also the

effects of climate change, which can alter the dynamics of spe-
cies growth and succession (Crouzeilles et al. 2016; Feeley
et al. 2020). We have found few studies assessing biomass
stocks in restored Atlantic Forest. Although the restoration pro-
jects reviewed span recovery periods of up to 53 years, the stud-
ies were published between 2010 and 2022, underscoring that
research on this topic is still recent. A notable increase in publi-
cation frequency after 2018 suggests a growing interest in
understanding biomass recovery in this important ecosystem.
However, even though the Atlantic Forest encompasses a large
latitudinal range of Brazil, studies were mainly concentrated in
the southeastern region, showing a strong geographical bias.
Therefore, the exploration of new sites within the Atlantic Forest
domain may be crucial to promote a more robust understanding
of the effects of climatic conditions and local environmental
characteristics on the productivity of restored sites. This is par-
ticularly important given that vegetation types within this forest
domain vary with latitude, which may reflect differences in eco-
system function and productivity. For example, assessments of
biomass and carbon stocks in restored Subtropical Forests
(Araucaria forests) in the southernmost region and Deciduous
Forests in the northernmost region have not yet been conducted,
which impairs a holistic perspective regarding the carbon stor-
age potential of restored sites within these phytophysiognomies.
Therefore, understanding the differences in the structure, func-
tion, and productivity of restored sites located in different parts
of the Atlantic Forest could help to create a coherent manage-
ment plan to support the best strategies for restored forests with
different plant profiles (Pontes et al. 2019).

In addition to climate and edaphic factors, the legacy of previous
land use profoundly influences the trajectory and outcomes of for-
est restoration (Crouzeilles et al. 2016; Jakovac et al. 2021). For
example, sites formerly subjected to intensive agriculture or cattle
ranching often experience soil compaction, nutrient depletion,
and altered microbial communities, all of which can delay biomass
accumulation and hinder forest recovery (Krause et al. 2016; Parré
et al. 2023). Furthermore, the proximity of restoration sites to con-
served forest fragments plays a crucial role by facilitating ecologi-
cal processes that underlie forest regeneration (Chazdon &
Uriarte 2016; Ballarin et al. 2022). Consequently, both land use his-
tory and the surrounding landscape matrix must be taken into
account when interpreting variations in biomass stocks across
restored areas, thereby justifying the exploration of new sites that
vary in these factors.

Root biomass has been overlooked in biomass assessments of
restored forests. This trend also extends to other Brazilian
biomes (Gardon et al. 2020), compromising the accuracy of esti-
mates. Biomass estimates that do not consider the belowground
compartment are biased because root biomass represents a sig-
nificant proportion of the total biomass, ranging from 19.8%
(Nogueira Junior 2010) to 33% of it (Ferez et al. 2015), depend-
ing on the species studied. As a result, biomass assessments that
do not take into account the biomass from the belowground
compartment may underestimate it by 1.7 Mg/ha (Ferez
et al. 2015) to 38 Mg/ha (Watzlawick et al. 2003), depending
on the age, composition of the plant community, and the man-
agement system adopted. We posit that this underestimation
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Figure 4. Predictions of biomass accumulation according to forest age and comparison of different methodological approaches used to assess biomass stocks in
Atlantic Forest restored sites. Restored forests tend to achieve biomass stocks comparable to those observed in conserved forests at 24.45 years (vertical dashed

green line; A). Black dashed and solid lines represent the mean (£ SD) of biomass

stocks in conserved reference forests, respectively. Different methodological

approaches to assess biomass accumulation in restoration sites may under- or overestimate biomass stock. Destructive methods generally yield biomass estimates
more closely aligned with predictions based on forest age (B). Using the allometric equations proposed by Brown (1997) tends to overestimate biomass stock (C).
Similarly, omitting wood density in equations results in overestimated values (D). Finally, no significant differences were observed among biomass assessments

based on different DBH thresholds used as tree sampling criteria (E).

could be much higher, given our limited understanding of the
representation of root biomass for the majority of native species
in the Atlantic Forest. Thus, assessing root biomass is critical not
only for calibrating biomass stock assessments but also for
advancing our understanding of the proportion of biomass that
roots represent in various native tropical tree species, a dimen-
sion that remains largely unexplored. Nevertheless, we recog-
nize that not all studies have well-developed allometric
equations for estimating root biomass (Vieira et al. 2008) and
that destructive method adjustment is time-consuming and
costly (Chave et al. 2014). In this case, the use of the non-
destructive method is a viable alternative to estimate root bio-
mass, as it can be easily applied using variables such as DBH,
height, or aerial biomass (Cairns et al. 1997; Nogueira Junior
et al. 2014; Rasera 2019).

The most commonly used method for biomass estimation was
the non-destructive approach, mainly employing locally cali-
brated equations or those developed by Chave et al. (2014).
Most of the allometric equations retrieved from the literature
were calibrated for tropical forests, but did not include sites from
the Atlantic Forest, with the exception of Chave et al. (2014), which
focused only on a coastal sandbank rainforest. This underscores the
urgent need to develop equations that are specifically tailored to the
Atlantic Forest domain. For example, coastal sandbank rainforests
have different structural and functional characteristics in terms of
tree architecture and biomass accumulation compared to Semide-
ciduous Seasonal Forests and Dense Rainforests within the Atlantic
Forest. Such differences may compromise indirect estimates for
restored habitats that aim to restore tropical rainforests, rather than
coastal sandbank rainforests.

Restoration Ecology
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Our results show that the use of inappropriate equations can
lead to significant deviations from actual biomass stock values.
In particular, we caution against using allometric models from
the literature to infer biomass stocks, as different equations—
particularly those omitting wood density or based on non-
destructive methods that assess only the arboreal aboveground
compartment—can Yyield results that deviate significantly from
biomass projections. Such wide variations are undesirable in
biomass assessments. For example, within the same site, differ-
ent equations can yield aboveground biomass estimates ranging
from 215 to 461 Mg/ha (Chave et al. 2004).

We show that few studies have adjusted allometric equations
using the destructive method. However, these equations provide
biomass estimates that are more consistent with the biomass
accumulated over time in conserved forests. We argue that equa-
tions based on the destructive method provide more accurate
biomass estimates because trees are harvested and their organs
are weighed, avoiding the biases that occur when proxies such
as tree height and DBH are used to infer biomass (Tavoni
et al. 2007). For example, the floristic composition of restored
forests typically differs from that of conserved forests
(Suganuma & Durigan 2015), with early successional and fast-
growing species (Rodrigues et al. 2011; Charles et al. 2018)
being more prevalent in the early stages of succession in restored
sites. As a result, the physical and chemical properties of tree
wood may differ between conserved and restored forests. Rely-
ing on allometric equations based on non-destructive methods
may overlook these in situ differences, potentially affecting bio-
mass estimates (Baker et al. 2004). This highlights the impor-
tance of accounting for such differences when assessing
ecological parameters in restored habitats.

However, because adjusting models using destructive
methods is time-consuming and costly (Watzlawick et al.
2009; Chave et al. 2014), we recommend incorporating plant
functional traits, such as wood density, to more accurately
reflect biomass accumulation in restored sites. Incorporating
wood density measurements into allometric equations is more
consistent with our biomass projections. In fact, wood density
emerges as a crucial factor in allometric equations to explain plant
biomass (Baker et al. 2004; Goodman et al. 2013; Chave
etal. 2014). For instance, most of the publications used wood den-
sity as an independent variable in their models. However, a signif-
icant proportion of studies relied solely on wood density data
from existing literature databases. This approach can be challeng-
ing, as local wood density is strongly correlated with forest age
and local environmental conditions (Baker et al. 2004; Swenson &
Enquist 2007; Ribeiro et al. 2020). Although the Global Wood
Density Database (Zanne et al. 2009) is a useful source, it has
been recommended to estimate wood density in situ whenever
possible, as even the same plant species can show strong dispar-
ities in wood density depending on its provenance, age, and local
conditions (Savva et al. 2010; Pompa-Garcia & Venegas-Gonza-
lez 2016; Assad et al. 2020).

Some studies have employed allometric equations with vary-
ing ages, in which equations developed for 6-year-old forests
were applied to estimate biomass in forests from 2.5 to 15 years
old (Brancalion et al. 2019; Badari et al. 2020). This approach

can lead to erroneous biomass estimates (Mores 2024) as hypso-
metric relationships (i.e. height/diameter) change with forest age
(Jones et al. 2019). Therefore, greater rigor is needed in the
selection of predictive models, with attention to the tree sizes
used in equation fitting (Brown 1997; Chave et al. 2004).

Carbon content has generally been estimated at 50% of dry
biomass (Shimamoto et al. 2014; Azevedo et al. 2018). How-
ever, the IPCC (2007) recommends 47%, and in our review,
we found studies using values as low as 41.2% (Meira
et al. 2020). This variability can lead to errors in carbon storage
estimates, highlighting the importance of more accurate carbon
assessments (Zanini et al. 2021). For example, inaccuracies in
estimates of total carbon stocks could underestimate the stored
value by about 6 t/ha in 21-year-old restored forests (Silva
et al. 2015). On a global scale, a mere 1% deviation in carbon
content from the standard 50% results in a difference equivalent
to 7 billion tons (Jones & O’Hara 2016). We suggest that further
research is needed, albeit costly, to assess the carbon content of
native species at different ages. Such efforts would culminate in
the creation of a database of carbon values for each species, sim-
ilar to the wood density database (Zanne et al. 2009), providing
more accurate carbon estimates by avoiding the use of fixed
values that do not reflect the reality of forests.

An important aspect that deserves attention in our analysis is
the predominant focus of studies on the tree component alone, as
it represents the primary biomass stock. Nonetheless, herbs,
shrubs, and lianas together can account for approximately
5.9% of the total biomass (Torres et al. 2013), while soil carbon
and accumulated litter can represent 56.2 and 9.1%, respec-
tively, of the total biomass stock of a given forest (Zanini
et al. 2021). The relative contribution of these different ecosys-
tem components is expected to be substantial in restored forests
(Parré et al. 2023), potentially exceeding 50% of the total accu-
mulated biomass (Nogueira Junior 2010; Zanini et al. 2021), and
should not be overlooked.

Nevertheless, uncertainty in biomass assessments can arise
even when only the tree component is considered. In our review,
a significant proportion of studies did not follow the most com-
monly used size inclusion criteria of DBH 25 cm (Chave
et al. 2014) when sampling trees to estimate biomass stock. Fur-
thermore, we show that sampling all plant individuals or those
with DBH greater than 1 cm to assess biomass stocks results
in less variation in biomass estimates than using higher DBH
thresholds as the sampling criteria. We suggest that selecting
plants with a larger minimum inclusion diameter, along with
allometric equations with parameters that are not locally cali-
brated and omitting wood density, may lead to under- or overes-
timation of total biomass accumulation. This is particularly
relevant in young restoration sites, where small-sized young
trees and the understory plant community contribute more sig-
nificantly to the biomass stock and may have different wood
physical and chemical properties compared to older and larger
trees (Guerin et al. 2021; Arcanjo & Torezan 2022).

Age emerged as the primary factor explaining biomass stocks
in Atlantic Forest restoration sites. Older forests generally have
higher biomass due to the time required for ecological succes-
sion and the stronger relationship between ecosystem
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functioning and tree growth in mature forests (Crouzeilles
et al. 2016; Jucker et al. 2020). While existing studies highlight
the influence of biodiversity on biomass stocks (Forrester 2014;
Pontes et al. 2019; Capellesso et al. 2021) and suggest that
higher temperature and precipitation promote greater vegetation
biomass (Zhang & Liang 2014; Wang et al. 2016; Tiwari
etal. 2022), our findings indicate that forest age serves as a reliable
proxy for biomass stocks in the Atlantic Forest. However, as we
found a geographic bias in our systematic review, we suggest that
incorporating novel biomass assessments across different Atlantic
Forest phytophysiognomies will broaden the spatial scope of the
analysis, potentially increasing the importance of climatic variables
on biomass accumulation in restoration sites. This is particularly
important given the predicted increase in temperature and the like-
lihood of extreme climate events due to climate change in Brazil
(Ballarin et al. 2023), which may affect forest biomass accumula-
tion and productivity in the future (Liu et al. 2014).

Some restored forests have reached biomass levels close to
190 Mg/ha (Suganuma 2013; César et al. 2018; Guerin
etal. 2021). We predict that after 25 years, the average biomass
stock in restored forests will closely resemble that of conserved
native forests, a trend observed in other local studies in the
Atlantic Forest (Melo & Durigan 2006; Suganuma & Durigan
2015). However, after 40 years, we observed a stabilization of
biomass stocks within restoration sites, which may be attributed
to tree mortality from natural system exits or competition lead-
ing to self-thinning (Westoby 1984; Hood et al. 2018; Brown
et al. 2019). However, it is important to note that, although the
conserved forests used as reference sites are considered well
conserved, the extent to which their history of past disturbance
(e.g. timber exploitation) has influenced their current structure
remains uncertain, which may have influenced biomass accumu-
lation rates and the biomass predictions developed in our study.

In this study, we aimed to identify gaps and trends in biomass
and carbon estimates in actively restored sites within the Atlan-
tic Forest and suggest directions for future research. Our find-
ings reveal several key trends in biomass studies in restoration
systems: (1) Although the interest in the topic has increased sig-
nificantly in recent years, the number of studies remains limited.
(2) There is a significant geographic and physiognomic bias,
with a concentration of studies in the Southeast Region and
Semideciduous Seasonal Forests, limiting the ability to general-
ize biomass assessments across the Atlantic Forest. (3) Few
studies have adjusted equations to estimate root biomass, which
may lead to significant underestimation of total biomass. (4) The
number of publications adjusting allometric equations using
local wood density is relatively low, especially for older restored
forests. (5) Forest age stands out as the most important proxy for
inferring biomass stocks in the Atlantic Forest. Taken together,
these results highlight the need for increased research on bio-
mass and carbon stock estimation in restored Atlantic Forests,
especially in regions outside the Southeast and under different
environmental conditions. Future research should prioritize the
use of locally calibrated equations for similar forests, incorpo-
rate local wood density data, and include root biomass estimates
to improve the accuracy of biomass assessments.
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