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Subtropical forests certainly contribute to terrestrial global carbon storage, but we have limited understanding
about the relative amounts and of the drivers of above-ground biomass (AGB) variation in their region. Here we
assess the spatial distribution and drivers of AGB in 119 sites across the South American subtropical forests. We
applied a structural equation modelling approach to test the causal relationships between AGB and environ-
mental (climate and soil), structural (proportion of large-sized trees) and community (functional and species
diversity and composition) variables. The AGB on subtropical forests is on average 246 Mg ha™'. Biomass stocks
were driven directly by temperature annual range and the proportion of large-sized trees, whilst soil texture,
community mean leaf nitrogen content and functional diversity had no predictive power. Temperature annual
range had a negative effect on AGB, indicating that communities under strong thermal amplitude across the year
tend to accumulate less AGB. The positive effect of large-sized trees indicates that mature forests are playing a
key role in the long-term persistence of carbon storage, as these large trees account for 64% of total biomass
stored in these forests. Our study reinforces the importance of structurally complex subtropical forest remnants
for maximising carbon storage, especially facing future climatic changes predicted for the region.

1. Introduction etal., 2011; Sullivan et al., 2020), two times more than temperate forests
(Fotis et al., 2017). In order to predict the future of the global carbon

Forests are an essential component of the global carbon cycle, being stocks, we need to understand the drivers behind this variation in AGB.

responsible for storing a substantial amount of carbon as living above-
ground biomass (hereafter, AGB) (Fahey et al., 2010; Pan et al.,
2013). However, carbon storage capacity varies greatly across forests.
Tropical forests are able to stock ca. 56% of global plant biomass (Pan
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Forest biomass is expected to be affected direct and indirectly by cli-
matic conditions and soil, through effects of forest structure, and species
composition and traits (Fig. 1; Poorter et al., 2017, 2015). Ground-based
studies on forest structure are still limited for particular ecosystems,
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Fig. 1. Conceptual framework showing the expected relationships of distinct
sets of factors — climate, soil, large-sized trees, diversity, and composition — on
above-ground biomass. Climate is represented by temperature and rainfall
variables. Soil is represented by fertility and texture variables. Large-sized trees
represent a proportion of large trees in the forest communities. Diversity is
represented by both species and functional diversity. Composition is repre-
sented by tree species and functional composition.

hampering our understanding of the distribution and mechanism behind
the variation in AGB. This is the case for subtropical forests, one of the
most threatened ecosystems in the world (FAO and UNEP, 2020), found
in China and the Neotropics. AGB in these forests have been assessed
only by a few studies (Ali and Yan, 2017a; Li et al., 2018), and never in
South America.

Climate effects on AGB are largely observed across many forest
ecosystems (Sullivan et al., 2020; Vilanova et al., 2018). Within tropical
forests temperature seems to be negative related to AGB (Ali et al.,
2019a), due to the negative effects of high temperatures on plant
metabolism, by increasing respiration rates (Alvarez-D4vila et al., 2017;
Sullivan et al., 2020). Thus, it may represent a stressful condition,
especially when accounting for the minimum temperatures or higher
temperature annual ranges. In addition to temperature, water avail-
ability is also an important driver of AGB, which tends to peak under
intermediate rainfall conditions, as a combination of the absence of
extreme droughts, and low levels of light limitation due to cloud cover
under high rainfall conditions (Poorter et al., 2015; Vilanova et al.,
2018).

Soil texture and fertility are the main edaphic factors for limiting
AGB and forest dynamics in the tropics, especially due to the importance
of soil texture for water retention, and fertility due to soil phosphorous
content (Quesada et al., 2012; van der Sande et al., 2017b). Soil fertility
was found to be negatively related to AGB in Asian subtropical forests,
acting as an environmental filter for nutrient-poor tolerant species (Ali
and Yan, 2017a), and modulating the structure and dynamics in South
American subtropical forests (Bordin and Miiller, 2019). Soil texture is
strongly related to water holding capacity, which is greater in clay-rich
soils (Quesada et al., 2012), also playing a key role in maintaining
ecosystem processes and AGB stocks (Castilho et al., 2006).

Variation in climatic and edaphic conditions are also expected to
affect the tree sizes in forest ecosystems (Slik et al., 2013). For instance,
large-sized trees are more often exposed to higher solar radiation (Pinho
et al., 2020), and are sensitive to water deficit (Bennett et al., 2015).
Large trees are an important driver of forest structure (Bastin et al.,
2018, 2015; Lutz et al., 2018; Slik et al., 2013), and account for the
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largest amount of AGB in forest communities, potentially overruling the
effect of remaining trees (Ali et al., 2019b). Large-diameter trees are
often related to old-growth forests, as they take a longer time to grow
and develop (Lindenmayer et al., 2012). Therefore, mature forests have
an essential function in maintaining carbon stocks due to the higher
proportion of large-sized trees.

Climatic and edaphic conditions may also have indirect effects on
AGB by acting as environmental filters for community structuring (Ali
et al., 2019¢c; Quesada et al., 2012; Rezende et al., 2015; Slik et al.,
2010), and by imposing physiological limitations to the distribution of
species (Esquivel-Muelbert et al., 2017; Marcilio-Silva et al., 2017; Pena-
Claros et al., 2012). These limitations are then translated in variations in
species composition and their functional trait values across climatic
gradients (Asefa et al., 2017; Bruelheide et al., 2018). Functional traits
are morpho-physio-phenological features of plants that affect their
fitness (Violle et al., 2007). The dominant trait value within an
ecological community is expected to be related to the environmental
conditions experienced by that community, varying along the
acquisitive-conservative spectrum of strategies (Garnier et al., 2004;
Lavorel and Garnier, 2002). An acquisitive strategy is frequently rep-
resented by investments on leaf traits to improve light assimilation, via
higher mean values of specific leaf area (SLA) or leaf nitrogen content
(LNC) (Wright et al., 2004), while a conservative strategy is often rep-
resented by greater investments in structures, via higher values of leaf
dry-matter content (LDMC) and wood density (WD) (Chave et al., 2009;
Wright et al., 2004). Following the mass-ratio hypothesis (Garnier et al.,
2004; Grime, 1977), the functional composition of the dominant species
often influence AGB by improving in resources acquisition in tropical
rain forests (van der Sande et al., 2017a), or resources conservation in
drier forests (Prado-Junior et al., 2016). However, subtropical forests
have a mixture of distinct elements of tree species (e.g. seasonal and
evergreen, tropical and austral origins), which often co-dominate the
ecological communities, thus the effect of functional composition on
biomass is still poorly understood (Ali and Yan, 2017b; Souza and
Longhi, 2019).

Diversity of species and functional traits are also expected to have a
positive effect on AGB (Cardinale et al., 2007; Poorter et al., 2017,
2015). Diversity is thought to affect biomass stocks as a consequence of
niche complementarity, where a greater number of species allow for
greater partitioning in resources use among coexisting species (Diaz and
Cabido, 2001). However, the relationship between diversity and carbon
stocks has not been observed across large spatial scales (Chisholm et al.,
2013; Finegan et al., 2015; Sullivan et al., 2017). Moreover, species and
functional diversity are related to community species composition, thus
increasing complexity in relationships between diversity and biomass
across spatial and temporal scales. For instance, forests with the high
dominance of one or a few species may have greater AGB despite lower
observed niche complementarity (Marimon et al., 2014).

In the Neotropical region in particular, we have a limited under-
standing of what drives the biomass variation at higher latitudes (Alves
et al., 2010; Poorter et al., 2017; Rosenfield and Souza, 2013; Vieira
et al., 2011). The South American subtropical forests correspond to the
second largest remnant of this forest type (FAO, 2012). These subtrop-
ical forests differ from tropical forests in terms of climatic seasonality,
which is characterised by great temperature variations across the year
with hot summer and cold winters (Rosenfield et al., 2019), while pre-
cipitation is well distributed across the year without the presence of
marked dry period (Oliveira-Filho et al., 2014). This region experiences
high biotic and abiotic heterogeneity, due to high environmental vari-
ation and diverse floristic origins that influence plant strategies
(Rezende et al., 2015), even along short distances (Rosenfield et al.,
2019). Therefore, we expect AGB within these forests to be driven by a
different set of drivers when compared to those controlling the variation
of AGB at lower latitudes, with temperature playing a greater role than
precipitation. The lack of understanding of the ecological patterns
within these unique highly diverse forests makes studying subtropical
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forests crucial for understanding the role of this climate in determining
AGB.

In this study, we determined the above-ground biomass stocks of
subtropical forests in Southern Brazil. We further tested the predictive
power of climatic variables, edaphic conditions, large-sized trees,
composition, and diversity in driving AGB in subtropical forests. To
evaluate the drivers of biomass stocks we used a conceptual model
(Fig. 1), and tested whether (1) climatic conditions are able to predict -
directly or indirectly - AGB; (2) edaphic factors are determining AGB in
terms of texture or fertility, directly limiting the biomass or filtering out
species or traits which in turn affect AGB; (3) large-sized trees determine
biomass stocks; (4) community composition and diversity, in terms of
species and functional traits, affect AGB in subtropical forests.

2. Material and methods
2.1. Study area

We investigated trends in above-ground biomass by analysing forest
inventories in subtropical forests in Southern Brazil. Our database
comprehends 119 sites with different sampling efforts (mean sampled
area: 0.25 ha; see Appendix A for details), established in old-growth
forests, with some minor level of past human disturbances, such as
cattle grazing and potential selective logging (but not clear cutting;
Fig. 2). The sites cover different forest types across the subtropical for-
ests in the southern portion of Brazilian Atlantic Forest and Pampean
forests (Holdridge, 1947; Oliveira-Filho et al., 2014), including the
Araucaria forests (mixed forests with large dominance of the Gymno-
sperm Araucaria angustifolia), Seasonal forests and Atlantic moist forests
(see Fig. 2; Appendix B). The Pampean forests are located in a grassland

Tropic of Capricorn

Atlantic Ocean
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matrix (often called Pampa biome), with forested areas along riverine
and hillslope areas. For our study, we selected just forest plots along
hillslope areas, which have similar species composition to Seasonal
forests (Oliveira-Filho et al., 2014). All sites are distributed along a
climatic and edaphic gradient (Appendix C).

2.2. Forest inventory data and AGB estimations

In each of our sampling sites, all alive trees with 10 cm of diameter at
breast height (dbh) or greater had their diameter measured and their
height estimated by eye, or laser tap. All trees were identified to the
species level.

To estimate AGB we used the pantropical allometric equation pro-
posed by Chave et al. (2014) (Eq. (1)):

AGB = 0.0673(WDdbi?*H)""" e))

where H represents tree height (m), and WD represents the wood density
of the species (g cm™2). Wood density information was obtained from
regional (Missio et al., 2017; Oliveira et al., 2019) and global databases
(Chave et al., 2009; Zanne et al., 2009). Total AGB per hectare was
calculated as the sum of the above-ground biomass of all trees in each
site and dividing by the area of the site in hectares (AGB, Mg ha™1). In
order to obtain an accurate measure per site, we used the average AGB
across multiple censuses whenever possible (see Appendix A). Biomass
was estimated by using the ‘computeAGB’ function, package BIOMASS
(Réjou-Méchain et al., 2017).

Analysis related to above-ground biomass in inventory plots with
different sample sizes, especially smaller plots, may present a large
variation to the overall biomass estimates. We tested the need for

Forest type
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Fig. 2. Distribution of South American subtropical forests, with the location of the 119 study sites. The forest types (i.e. Atlantic moist forest, Araucaria and Seasonal

forests) are also shown as the color of points.
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corrections and further implementation of weights in our analysis
following the protocol from Lewis et al. (2009). This analysis showed the
need to account for the plot area in our analyses by including the cubic
root of the sampling area as weights in our models (Appendix A).

2.3. Climatic and edaphic variables

All climatic variables were obtained at the WorldClim database (grid
cells of 30/, i.e. 1 km resolution) (Fick and Hijmans, 2017). The climatic
variables selected for predictive analysis were the minimum tempera-
ture of the coldest month (°C), temperature annual range (°C) and mean
annual precipitation (mm). We selected these variables based on
Rezende et al. (2015), which describes the strong climatic filter in
subtropical forests, mainly related to high humidity and low winter
temperatures. Across our study sites, the mean annual precipitation
varies from 1704 to 2206 mm yr~!, the minimum temperature of the
coldest month varies between 6 and 9.4 °C, the mean annual tempera-
ture varies from 11 to 20 °C, and the temperature annual range varies
between 16.3 and 23.2 °C.

Information on edaphic conditions were based on clay content (%)
and cation exchange capacity (CEC, cmolc/kg, both at 15 cm depth),
which were available at the global soil database SoilGrids (grid cells of 1
km resolution) (Hengl et al., 2017). Soil clay content characterises the
soil texture, and CEC is a proxy for soil fertility, as it provides infor-
mation on available ions for plant use. The study sites show soil CEC
ranging from 16 to 24 cmol kg ™!, while soil clay content ranged from 33
to 44%.

2.4. Functional traits

Functional traits were collected and measured following standard-
ized protocols (Pérez-Harguindeguy et al., 2013). The traits measured in
our study were specific leaf area (SLA, cm? g 1), leaf dry-matter content
(LDMC, mg g’l), leaf nitrogen content (LNC, %), and wood density (WD,
g cm™3). Both high values of SLA and LNG are related to species that
invest in resources acquisition, while higher values of LDMC and WD are
related to species that invest in resources conservation (see Appendix D
for details). We used species leaf trait values for 90% of species; when
species value was unavailable, we used genus or family means. Species
trait values are derived from regional collections, from the database of
Plant Ecology Lab of the Federal University of Rio Grande do Sul (also
available at TRY database; Kattge et al., 2020) and from specialized
databases (Chave et al., 2009; Missio et al., 2017; Oliveira et al., 2019).

2.5. Diversity and composition metrics

We used metrics associated with species and functional traits
described above. We described taxonomic richness using rarefied spe-
cies richness, to control for the different number of stems found in our
sites. Thirty-nine individuals was our reference for the rarefied richness,
as it was the minimum number of individuals found amongst our plots.
For each site, we determined the number of tree species in the stand and
based on the number of individuals we calculated the Simpson’s species
diversity index. The species composition was represented by the first
axis of an ordination analysis, obtained through a non-metric multidi-
mensional scaling (NMDS) on a species basal area matrix, after Hellinger
transformation (Appendix E). These analyses were performed using the
functions ‘rarefy’, ‘diversity’ and ‘metaMDS’, package vegan (Oksanen
et al., 2019).

Functional diversity was obtained using Rao’s quadratic entropy
(Botta-Dukat, 2005) considering the Euclidean distance among species
using the four traits (SLA, LDMC, LNC, and WD). Functional composition
was estimated using community-weighted mean (CWM, Garnier et al.
(2004)) for each trait. Both CWM and functional diversity were calcu-
lated using the community matrix described by species basal area. We
calculated both metrics using ‘dbFD’ function, FD package (Laliberté
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et al., 2015).

2.6. Large-sized trees

Our conceptual model included the proportion of large-sized trees as
a driver of above-ground biomass in subtropical forests. Within each
plot, medium-large diameter trees (trees >30 cm dbh) were selected and
turned into a proportion, representing the state of each site in terms of
the large-sized trees.

2.7. Data analysis

We developed structural equation models (SEMs) to evaluate the
multiple relationships of biotic and abiotic factors and above-ground
biomass, based on the conceptual framework presented in Fig. 1. This
approach allows us to estimate direct and indirect correlations among
variables, and also to select the best statistically accepted model
(Shipley, 2016). We evaluated the direct and indirect effects of climatic
and edaphic variables and the direct effect of large-sized trees, compo-
sition, and diversity on AGB. Indirect effects were quantified through the
interaction between the direct effect of a given predictor (e.g., climatic
variable) on a mediator (e.g., diversity metric), and the direct effect of a
given mediator on above-ground biomass (Fig. 1).

Prior to applying the SEM, we used multiple regression analyses
followed by model selection, to pre-select the best subset of variables
from the diversity and composition components. The model selection
was performed using the ‘dredge’ function (MuMIn package, Barton
(2012)), and all subset models with the Akaike Information Criterion
(AIC) < 2 were selected (Burnham and Anderson, 2002). When models
were equally supported, we selected the model with the higher AIC
weight (see Appendix F for model selection results). We also evaluated
the presence of spatial autocorrelation on AGB, by using generalized
least-squares models (Beale et al., 2010), applying the maximum like-
lihood fitting method (‘gls’ function, nlme package (Pinheiro et al.,
2020). We fitted models (AGB ~ predictor variables) among sites with
and without spherical autocorrelation structure (i.e. local X and Y co-
ordinate), and selected the model with the lowest AIC (Ali and Yan,
2017a; Chisholm et al., 2013). This diagnosis showed no significant
spatial structure on AGB; therefore, this was not included in the SEM
analyses (Appendix F).

After the composition and diversity variable selection previously
described, we tested between 18 candidate SEM models considering
climatic variables (minimum temperature of the coldest month, tem-
perature annual range or mean annual precipitation), soil variables
(fertility: CEC or texture: clay content), large-sized trees, functional di-
versity, and CWM of traits (SLA, LNC and LDMC). As we were interested
in characterising the general patterns across the region, we controlled
for the effect of the different forest types (i.e., Atlantic moist forest,
Seasonal, or Araucaria forest), by including it as random effect (Ap-
pendix G). The candidate SEMs were developed using the ‘psem’ func-
tion from the piecewiseSEM package (Liefecheck, 2015), which allows for
evaluation of both fixed and random factors on the response variable. In
order to access the potential differences in biomass stocks among forest
types in subtropical forests (i.e. Atlantic moist forest, Araucaria and
Seasonal forests), we fitted an Analysis of Variance (ANOVA), using
‘aov’ function.

For each endogenous variable in SEM, we evaluated the R? marginal
(Rzm, related to fixed effect variance), and R? conditional (ch; related
to both fixed and random effect variance). All variables were stan-
dardized to mean zero and unit variance to allow direct comparisons
(‘decostand’ function, vegan package). All well-fitted SEM models (P >
0.05) were subjected to a model selection following the lowest AIC
value. All analyses were conducted at R environment for statistical
computing (R Core Team, 2020).
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3. Results

The above-ground biomass stocks across the subtropical forests
evaluated in this study were on average 246.5 Mg ha™! (+sd 105.1 Mg
ha~'; weighted mean AGB: 231.6 Mg ha™!), ranging from 80.9 Mg ha!
to 539.5 Mg ha~!. When analysing by forest types, we found no differ-
ence between the AGB stocks (Fig. 3).

The best SEM to understand the drivers of biomass stocks across
subtropical forests includes temperature annual range, soil texture,
large-sized trees, functional diversity, and CWM of leaf nitrogen content
(LNC) (Fig. 4). Large-sized trees and temperature annual range are the
two most important variables explaining AGB (significant correlations of
0.62 and —0.28, respectively; Fig. 4, Fig. 5d and e). On the other hand,
soil texture, LNC and functional diversity have no effect in AGB (Fig. 4).
However, functional diversity is positively predicted by temperature
annual range, leaf nitrogen content and soil texture (indirectly, via LNC;
Fig. 5a, b, and c, see Appendix H for details). All the relationships
established according to SEM are shown in Fig. 4, and the corresponding
explained variance is presented in Table 1. The random effect, expressed
through RZc indicates the potential influence spread throughout the
forest types, by controlling the relationship among the predictor vari-
ables, but not overall AGB.

4. Discussion

The South American subtropical forests have the capacity of storing a
great amount of biomass, equivalent to tropical forests, but here the
climatic drivers of AGB stocks differ from those observed in lower lati-
tudes. Above-ground biomass was strongly explained by the proportion
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of large-sized trees (>30 cm dbh) in forest communities, and tempera-
ture annual range. The importance of such forest structural feature on
biomass stocks reinforces the needs for protection of the old-growth
remnants across these endangered subtropical forests.

4.1. Above-ground biomass stocks in subtropical forests

Our results support the great capacity of subtropical forests in storing
biomass. The AGB stocked in South American subtropical forests here
studied is within the range of tropical dry forests in Brazil (Prado-Junior
etal., 2016), higher than temperate forests (Fotis et al., 2017), but lower
than tropical Amazon forest and pan-tropical estimations (Castilho
et al., 2006; Sullivan et al., 2020). We highlight that South American
subtropical forests store twice as much AGB than Asian subtropical
forests (Zhang et al., 2019).

Field estimations shown here are a valuable contribution to our
understanding of global estimates of biomass stocks. Avitabile et al.
(2016), in a great effort for providing global estimations of above-
ground biomass, developed a pan-tropical biomass map combining
two locally calibrated and high-resolution biomass maps. However, no
field-based AGB information was used for the estimations in this region.
It led to an underestimation of AGB stocks in these forests (about half of
the mean AGB estimated for the same areas in this study, i.e. 140 Mg
ha™1). Our findings should be used to improve future global biomass
estimates, providing a broader cover of distribution of AGB in subtrop-
ical forests.

The mean AGB stored in these forests does not vary across forest
types (i.e. Atlantic moist forest, Araucaria and Seasonal forests), indi-
cating the major influence of large-sized trees and temperature annual

®
500 | °
[ ]
[ ]
400
<
@
e
(@]
= 300
m
Q) °
< . |—— °
|
200
100 .

Araucaria forest

Atlantic moist forest

Seasonal forest

Forest type
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range over the geographical gradient marked by significant differences
in floristic, structure, and plant strategies between these forest types
(Oliveira-Filho et al., 2014; Rosenfield et al., 2019). Moreover, as the
Brazilian Atlantic Forest experienced historical devastation (Ribeiro
et al., 2009), related to deforestation for timber products, crop planta-
tions and pastures (Fonseca, 1985), and also selective logging, the
structure and AGB stocks of current remnants are potentially distinct
from former pristine forests. Nevertheless, the key role of these forests in
maintaining carbon stocks, by preventing emissions derived from
deforestation and forest degradation, reinforces the priority for habitat
protection and sustainable management of the complex and heteroge-
neous subtropical forests (Bergamin et al., 2017).

4.2. Temperature annual range and large-sized trees drive AGB variation

Temperature annual range is an important variable associated to
biomass stocks in subtropical climatic conditions, as shown for AGB in
our results. Temperature is frequently associated with plant metabolism,
which is related to growth and respiration rates, further affecting forest
productivity and carbon storage (Ballantyne et al., 2017; Vilanova et al.,
2018). Recent reports have indicated the thermal sensitivity of tropical
forests, which is closely related to higher maximum temperatures, which
affects the potential carbon stocks of these forests (Sullivan et al., 2020).
The negative effect of temperature annual range on above-ground

Table 1
Variance explained by fixed (R?m) and fixed + random (R2c) effects of re-
lationships established in the structural equation model presented in Fig. 1.

Response variable R’m R%

Large-sized trees 0.05 0.07
Functional diversity 0.27 0.29
Leaf nitrogen content 0.01 0.34
Above-ground biomass 0.36 0.36
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Fig 5. Significant bivariate relationships for hypothesized causal paths used in the structural equation model shown in Fig. 4.



K.M. Bordin et al.

biomass observed in the present study may be related to a stressful
environmental condition for trees, associated with the great thermal
amplitude along the year (Oliveira-Filho et al., 2014; Oliveira-Filho and
Fontes, 2000). For instance, these tree species must invest more re-
sources to tolerate the environmental change instead of biomass storage.
This is likely to be related to Seasonal forest’s species, which are sub-
jected to a deciduous condition during the winter time and to high
transpiration rates during hot summers, leading to a higher investment
in leaves and metabolism maintenance than AGB. Additionally, Arau-
caria forests are under the influence of cold winters with frequent frost
and cloud conditions, which limit productivity through photosynthesis
constrains, contrasting with hot summer periods.

We show that large-size trees are an important predictor of AGB, as
expected. Similarly to our results, large-sized trees are related to higher
AGB stocks in tropical forests (Poorter et al., 2015; Slik et al., 2013),
reflecting their capacity for storing great amounts of biomass per stem.
Also, large trees account for 64% of the AGB in these forests, about 158
Mg ha~! on average (see Appendix I), reinforcing their importance for
the global carbon cycle. This result further reflects the importance of the
conservation of large-diameter trees, and the maintenance and conser-
vation of old-growth forests (Lutz et al., 2018). Large trees also play a
key role in creating habitat conditions for epiphytic flora, contributing
for litter production, nesting sites, and microclimatic environments for
arthropod species (Lindenmayer et al., 2012; Lohbeck et al., 2015).
Therefore, conserving old-growth forests not only guarantees greater
carbon stocks (due to large-sized trees protection), but also promotes the
conservation of biodiversity at the most diverse trophic levels.

Large trees are often more susceptible to atmospheric drought (Ali
et al., 2019b), due to higher evaporative demands (Bennett et al., 2015),
especially in higher temperatures. Such relationship of large trees and
temperature annual range shed light on the importance of climatic
variables in subtropical forests structure (Ali et al., 2019c¢), and on
biomass storage, as evidenced here. On the other hand, potential
extreme climatic events derived from future climate changes in this
subtropical region, such as increasing in temperature, precipitation and
extreme events, may have a strong negative impact on the forest biomass
stocks and accumulation capacity (Baker et al., 2004; Souza and Longhi,
2019). These changes in climate may lead to higher tree mortality rates,
and the further consequences in forest dynamics are related to faster
carbon sequestration of young trees, but an overall lower carbon storage
due to the increase in mortality rates in extreme events (Aleixo et al.,
2019; Brienen et al., 2015).

4.3. Soil, diversity, and composition do not predict AGB in subtropical
forests

We did not find a relationship between soil texture and AGB for the
set of studied subtropical forests, but soil texture is positively related to
AGB in tropical forests (Castilho et al., 2006). As our result is associated
with clay content, it may indicate that AGB is not constrained by soil
moisture in subtropical forests. Nevertheless, temperature annual range
and soil texture (indirectly via LNC), positively affects functional di-
versity of these forest communities. This result indicates that environ-
mental conditions imposed by higher temperature variability and
potential soil water availability on species traits shape the diversity of
traits in these forest communities (Bruelheide et al., 2018). Such con-
ditions may maximise trait values for resources acquisition strategies in
this condition (e.g. more photosynthetically efficient leaves, as there
was a positive relationship between LNC and diversity). Regardless of
the influence of soil, climate and LNC on functional diversity, diversity
itself did not explain the AGB in subtropical forests, as previously re-
ported for tropical forests (Finegan et al., 2015; Sullivan et al., 2017).
This might be related to a potential saturation of niche complementarity
effects in old-growth forests (Lasky et al., 2014).

Despite of the absence of relationship among functional traits and
AGB, these variables are often good predictors of forest dynamics and
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AGB stocks (Finegan et al., 2015; Prado-Junior et al., 2016). For
instance, higher mean LNC values in communities is potentially related
to investments in resources acquisition, which may in turn lead to higher
AGB along the time (Wright et al., 2004). Also, wood density is an
important component to account for forest AGB (Baker et al., 2004).
Surprisingly, we found that WD had no influence on the spatial variation
of AGB across subtropical forests. This might be explained by the
negative relationship between large-sized trees and community mean
wood density (Appendix S9), with sites that had a greatest proportion of
large trees also having lower community means of WD. For instance,
these trees may be old and senescent trees, being remaining in old-
growth forests. However, these large trees might be replaced along
local forest dynamics (e.g. gap dynamics), as higher mortality rates are
associated to big trees in subtropical forests (Bordin and Miiller, 2019;
Ma et al., 2016), influencing the biomass stocks in the long-term
ecosystem functioning. Our data also show a negative relationship be-
tween mean individual basal area and stem density (Appendix I), sug-
gesting that we have a range in the development characteristics of
studied forest remnants, which can be related to the historical selective
logging experienced by these forests in the past (Fonseca, 1985). Thus,
some of these subtropical forests may have stocked more biomass in the
past and, if competition processes are acting now on communities with
high density of trees (i.e., self-thinning, see Pillet et al. (2018)), they
have a greater potential for storing biomass in the future, when
achieving a more mature state.

5. Conclusions

The South American subtropical forests have a great capacity to store
AGB, which is strongly influenced by the climate and forest structure.
The negative effect of temperature annual range shows that forest
communities experiencing stable temperatures throughout the year
contribute greatly to the AGB stocks in this region. Additionally, struc-
turally complex forests with large-sized trees play a key role in the long-
term persistence of carbon storage, and ecosystem processes mainte-
nance. It reinforces the importance of preserving old-growth forests
(Pyles et al., 2018), and of protecting regenerating secondary forests
(Capellesso et al., 2020), by allowing them to achieve complex struc-
tures in order to maximize the carbon stocks in these forests, especially
facing future climatic changes predicted for this region.

Quantifying the biomass stocks in subtropical forests is essential for
understanding the potential of these forests to mitigate future carbon
emissions. Future work based on long-term monitoring, should assess
how these stocks vary over time. The maintenance of long-term plots is
crucial for understanding forest dynamics and the potential carbon sink
of these forest (Phillips et al., 1998), especially in the understudied
subtropical forests (Bordin and Miiller, 2019).
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