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Introduction: Forest carbon accumulation is crucial to mitigate ongoing climate
change, as large individual trees store a substantial portion of the total carbon
in biomass. In this study, large trees and carbon storage were estimated in five
forests in the Peruvian Amazon.

Methods: For the study, 100 plots were selected (twenty 500 m? plots per
forest site), distributed between 382 to 2086 meters above sea level. Various
relationships were explored between the diameter at breast height (DBH) of
the most abundant tree species and above- and below-ground carbon. The
average carbon content in the tree was calculated based on 50% of the total
tree volume at five sites of the Peruvian Amazon.

Results: The site with most tree species (Alto Mayo Forest), had 59 tree species.
The species Brosimum alicastrum, Ficus insipida, Manilkara bidentata, Inga sp.,
and Pourouma cecropiifolia showed an average aboveground carbon of 2.31,
3.09, 2.52, 2.78, 2.93 t ha-1, respectively, and values of 0.35, 048, 0.38, 042
and 043 t ha-1 of belowground carbon in trees with > 46 cm DBH. Nectandra
sp. showed an above and belowground carbon of 2.50 and 0.38 t ha-1 in trees
with > 46 cm DBH, while Cedrelinga catenaeformis showed averages of 5.21
and 0.74 t ha-1 of above and belowground carbon in trees with > 61 cm DBH.
Discussion: It was concluded that given the urgency of keeping carbon reserves
out of the atmosphere, it is necessary to conserve trees larger than 41 cm,
this also allows conserving forest biodiversity and microfauna by buffering the
microclimate in the face of future climate changes.
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1 Introduction

Climate change and global warming represent the two of the most greatest global
challenges confronting our planet today. Recently, the rate of global temperature has risen
substantially. In July 2023, the global average temperature reached historic highs (Song et al.,
2024). Anthropogenic activities have increased the Earth’s temperature by 1 °C relative to
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pre-industrial levels, and this is projected to rise to 1.5 °C by 2052, if
current emissions rates continue (Huang and Zhai, 2021). Therefore,
countries have set targets to limit global temperature rise to below
2 °C within the framework of the Paris Agreement. In this context,
forests offer a viable solution as they cover about 31% of the Earth’s
surface (FAO, 2022) and sequester 15-20% of annual carbon (C)
emissions from human activity (Le Quéré et al., 2018; Case et al,,
2021). Globally, forest C removal was equivalent to approximately 30%
of fossil fuel emissions annually between 2009 and 2018 (Friedlingstein
etal,, 2019). Crucial to this C removal and biodiversity structuring of
forests, are large, old trees, which have declined worldwide (Hauck et
al., 2023).

Forests are the world’s largest carbon sink and play a pivotal role
in climate change mitigation through carbon sequestration. Assessing
forest carbon stocks is therefore essential for policymaking and
management decisions (Joshi et al., 2021). Recent studies demonstrate
that large trees accumulate and store a disproportionate share of
aboveground forest carbon (Mildrexler et al., 2023). Therefore,
protecting large trees to support climate stabilization is critically
important for managing forest ecosystems as socio-ecological systems.
This protection creates an opportunity for the public, decision-makers,
and forest managers to recognize the integral role of trees on climate
solution (Mildrexler et al., 2020). The protection of ancient forests is
also crucial because they play a strategic role in hosting unique
biodiversity (DellaSala et al., 2022) and regulating water and
nutrient cycles.

In Peru, forests cover about more than half of the territory
(57.3%), with the Amazon being the region with the largest forest area
(SERFOR, 2021). Peru ranks ninth globally in forest cover, fourth in
tropical forest cover, and second in Amazonian forest cover (MINAM,
2015; FAO, 2020). Of the country’s total 72 million hectares of forest,
more than 68 million hectares are located in the Amazon region,
representing approximately 94.6% of forest cover. In contrast, 3.7
million hectares are located on the coast (5.1%) and 0.22 million
hectares in the Sierra (0.31%) (MINAM, 2015). However, the effects
of climate change and greenhouse gas emissions in Peru are largely
driven by deforestation, as forests are converted into pastures and
agricultural lands, resulting in the loss of large carbon sink areas
(MINAM, 2016). Considering only aboveground carbon, the
Amazonian forests of Peru are estimated to store 6.928 million t CO,e
(Csillik et al., 2019). According to the National Forest and Wildlife
Inventory (“Inventario Nacional Forestal y de Fauna Silvestre”), most
of C is stored in lowland rainforests, with an aboveground carbon
density of 138.8 t C ha™, followed by forests in the hydromorphic zone
having a density of 85.63 tC/ha (SERFOR, 2021).

The Peruvian Amazon rainforest has undergone significant
land-use changes, affecting biological diversity such as arbuscular
mycorrhizae (Corazon-Guivin et al., 2022; Vallejos-Torres et al.,
2022). These changes are largely driven by deforestation of the forest
ecosystem for the establishment of silvopastures and agricultural
crops, including coffee and cocoa, which has contributed to increased
atmospheric CO, (Vallejos-Torres et al., 2024). Therefore, forests are
undergoing constant change and are subject to multiple stressors and
2023). Further, the
fragmentation of these forests could lead to the extinction of

pressures  (Sabogal-Dunin-Borkowski,
numerous flora, fauna, and funga species with restricted or endemic
distributions in the area over the midium and long term (Garcia-
Villacorta, 2015). In the Amazon, it has been estimated that the point
of no return-where the ecosystem will no longer be able to renew itself
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due to insufficient resilience-will be reached when deforestation and
degradation exceed 20-25% (Almond et al., 2020). However, the
current level of deforestation and degradation has already reached
26% (Almond et al., 2020). If this trend continues, the ecosystem will
be seriously damaged and, despite its resilience, will not be able to
overcome the destruction. As large trees in forest play a crucial role in
carbon capture and resilience, this study is aimed to evaluate carbon
storage in large trees across five Peruvian Amazon forests.

2 Materials and methods
2.1 Study sites and sampling

This study was performed in five forests in the San Martin Region,
Peru, namely: (i) “Ojos de Agua Forest (OAF)” of 2357.62 ha, located
in Pucacaca district of Picota province, extending from coordinates
6°50'50.99”S and 76°27'52.24”W at 382 m.a.s.l, (ii) “Huallaga Forest
(HF)” 0f 2102.26 ha, located in Saposoa district of Huallaga province,
extending from coordinates 6°47'32.01”S and 70°4427.89”0 at
699 m.a.sl,, (iii) “Bajo Huallaga Forest (BHF)” with 191,000 ha,
located in Tocache district of Tocache province, extending from
coordinates 8°23'11.82”S and 76°44'29.76”W at 1,245 m.a.s.L, (iv)
“Alto Mayo Forest (AMF)” of 182,000 ha, located in Pardo Miguel
Naranjos town of Rioja province, extending from coordinates
5°39'16.64”S and 77°41"32.81”W at 1625 m.a.s.L,, and (v) “Alto Roque
Forest (ARF)” of 2722.39 ha, located in the Alonso de Alvarado Roque
district of Lamas province, extending from coordinates 6°22'9.67”S
and 76°50'36.73”W at 2086 m.a.s.l. (Figure 1). These forests are
threatened by extensive agricultural practices, such as corn plantations,
and by climate change (Vallejos-Torres et al., 2021). The San Martin
region covers about 51253.31 km?® area and is characterized by a
subtropical and tropical climate. Throughout the year, temperatures
generally range from 24 °C to 31 °C, with an average annual rainfall
of approximately 1,000 mm.

To study carbon storage in large trees in these Amazonian forests,
total of 100 plots (20 plots per forest site (Figure 1), each plot of 500
m?) were selected. The plots were located between 382 and 2086 m.a.s.l.
This study included the measurement of 535 trees.

2.2 Estimation of above- and
below-ground biomass and carbon in
forest trees

Allometric models were employed to estimate aboveground
biomass using diameter at breast height (DBH), total height, and
wood basal density. Wood basal density values for each identified
species were obtained from the “Global Wood Density Database”
(Zanne et al., 2009). In cases where species data was not available in
the database, genus or family density values were considered.
Aboveground and root biomass were estimated using the regression
equations developed by Chave et al. (2014), which incorporates
variables such as DBH, tree height (H), and wood density (p).
Similarly, Cairns et al. (1997) derived based on the natural logarithm
of aboveground biomass. Biomass values for individual trees within
the same plot were aggregated to estimate the total biomass, which was
then extrapolated to estimate biomass and carbon stock per hectare.
The carbon fraction of 50% is a standard value widely used in biomass
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FIGURE 1

Map of the study sites. Location of the study area in the Peruvian Amazon. (A) country and (B) region.
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and carbon studies (Toochi, 2018); however, several studies have
documented variability in carbon content across tropical woody
tissues. The IPCC recommends default values between 0.47 and 0.50
for tropical woods (IPCC, 2014). In addition, Martin and Thomas
(2011) demonstrated that the carbon content in the topical wood
species can vary considerably among coexisting species, with an
average of 47.4% + 2.51%. Since this variability has been documented
for Amazonian species and may influence carbon estimates, a
sensitivity analysis was conducted. Taking these findings as reference
standards, above- and below-ground carbon stocks were estimated by
multiplying the biomass values with 0.5, under the assumption that
the total biomass contains 50% carbon content (Aye et al., 2022;
Eshetu and Hailu, 2020).

2.3 Statistical analyses

Tree biodiversity was assessed using metrics such as species
richness and the Shannon-Wiener, Simpson, and Pielou indices,
which were based on data on the abundance of plant species in each
forest independently.

The structural characterization of the forests was carried out
through measurements of DBH, total tree height, crown area, and
above- and below-ground carbon content. To evaluate whether
environmental or functional factors could influence the observed
structural and carbon patterns, a covariance analysis (ANCOVA) with
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Type III sum of squares was performed. In this model, forest type was
included as a fixed categorical factor, while altitude (m a.s.l.) and wood
basic density (gcm™) were considered as continuous covariates.
Treating altitude as a covariate preserved its continuous variation
along the altitudinal gradient (382-2086 m), thereby avoiding
arbitrary categorization. Wood density was also included, given its
well-documented functional role in biomass accumulation.
The general model used was given by the following formula:

Yl] :ﬂ+Bi+ﬂ1Aij +ﬁ2Dij +8ij.

where Yjrepresents the dependent variable (DBH, total height,
crown area, aboveground carbon, or belowground carbon); x is the
overall mean; B; corresponds to the effect of forest type; A,-j is the
altitude covariate; D,-j is the wood basic density covariate; fjand fS,are
the regression coefficients of each covariate; and &jj is the random
error term, assumed to follow a normal distribution and to be
independent among observations.

The assumptions of the ANCOVA were assessed using the
Shapiro-Wilk test for normality, Levene’s test for homogeneity of
variances, and residual-versus-fitted plots.

As the carbon content in woody tissues naturally varies among
tropical species, a sensitivity analysis was also performed to validate
whether the carbon fraction used affected the ANCOVA results.
Above- and below-ground carbon estimates were recalculated under
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TABLE 1 Biodiversity metrics of forest species in different sites of the San Martin region, Peru.

Average tree richness Shannon—Wiener index Simpson index Pielou index

Ojos de Agua Forest (OAF) 16 2269 0.867 0.818

Huallaga Forest (HF) 14 2.210 0.862 0.838

Bajo Huallaga Forest (BHF) 5 1.503 0.758 0.934

Alto Mayo Forest (AMF) 18 2.485 0.896 0.859

Alto Roque Forest (ARF) 6 1.664 0.802 0.929
three scenarios (48, 50, and 52% carbon content), and a Type III ~ TABLE 2 Partial effect sizes ().
ANCOVA was fitted for each scenario using the same predictors . : .

. . 8 P Variable Forest Altitude Wood density
(forest type, altitude, and wood density). The p-values for each
predictor were compared across scenarios to assess whether the DBH 0.83 0.043 0.045
assumed carbon fraction influenced the statistical significance of Total height 0.77 0.018 0.079
the effects. Crown area 0.42 ~0.00002 ~0.00002
In addition, partial effect sizes (%) were calculated for each
. ] . ] . Aboveground
dependent variable to quantify the proportion of variance explained b 073 0.002 0.02
carbon

by each predictor (forest type, altitude, and wood density). This
approach determined whether the observed variability in structural Belowground 0.72 0.004 0.014
traits and carbon storage was mainly associated with forest type or carbon

with environmental gradients and functional wood properties, thus
distinguishing structural from environmental effects, a one-way
analysis of variance (ANOVA) was used to evaluate differences among
forests, followed by Tukey’s multiple comparison test (p < 0.05) to
identify statistically distinct groups.

Additionally, the relationship between tree diameter and carbon
content (above and belowground) was calculated using the Spearman
correlation coefficient (p < 0.05). Dispersion graphs were also
employed to assess the relationships between the DBH of the most
abundant tree species, the proportion of each tree species,
aboveground carbon, and belowground carbon. The most abundant
species were grouped according to different minimum DBHs
considered for felling: greater than 41 cm, 46 cm, and 61 cm. These
values were based on the “Resolucion Jefatural No. 458-2002-
INRENA” for forest species in the Peruvian Amazon. All statistical
analyses were done in R Studio version 4.0.3 (R Core Team, 2024).

3 Results

3.1 Biodiversity metrics an analysis of tree
dasometric variables and above- and
below-ground carbon in forests

A total of 59 tree species were recognized across all sites, ranging
from 5 to 18 forest species per forest. The Shannon-Wiener index
indicated a high level of diversity in the AME, followed by the OAF,
and HF with 2.485, 2.269, and 2.210, respectively (Table 1). Meanwhile,
the Simpson and Pielou indices where generally high across the five
forests, indicating high evenness and low dominance across all forests,
thus no single species is found to be extremely dominant in each of
these sites. Specifically, the Simpson index reaffirms the high diversity
in AME, followed by OAF and HF with average values of 0.896, 0.867,
and 0.862, respectively (Table 1).

The covariance analysis (ANCOVA, Type III sum of squares)
depicted that forest type had a highly significant effect on all evaluated
dasometric variables (DBH, total height, and crown area), as well as
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on above- and below-ground carbon (p < 0.001). In contrast, altitude
and wood basic density did not exhibit significant effects on any of the
variables (p > 0.05), and their effect sizes were very low (17* < 0.02),
indicating that their direct contribution to the model was limited
within the altitudinal and functional range sampled (Table 2). The
sensitivity analysis demonstrated that, across all scenarios, forest type
remained highly significant (p ~ 10™""), whereas altitude and wood
density consistently remained non-significant (p > 0.65 and p > 0.41,
respectively). This confirms that the model inferences are robust and
independent of the assumed carbon fraction.

Nevertheless, given the dataset size and the uneven sampling
distribution among forests, these results should be interpreted with
caution. A lack of statistical significance does not necessarily indicate
the absence of ecological effect. Overall, these findings suggest that the
variability observed in structural characteristics and carbon storage is
driven primarily by differences among forest types, while altitude may
exert indirect influences through shifts in forest structure and floristic
composition along the altitudinal gradient.

The analysis of covariance revealed that forest type had a highly
significant effect on all dasometric variables (DBH, total height, and
crown area), as well as on aboveground and belowground carbon
(p <0.001). In contrast, wood density and altitude showed no
significant effect within the sampled range for any of the evaluated
variables (p >0.05). Nevertheless, altitude may exert indirect
influences through shifts in forest structure and floristic composition
along with altitudinal gradient (Supplementary Table 1).

The HF presented the highest values of dasometric variables,
showing an average DBH of 74.24 cm, an average tree height of 20.65 m,
and an average tree canopy area of 48.84 m* with significant differences
between forests. Likewise, the highest values of above and belowground
carbon were found in HF with averages of 331.06 t ha-1 and 47.41 t ha-1,
respectively. Meanwhile, the lowest above and belowground carbon
contents were found in the OAF with values of 86.83 tha-1 and
15.18 t ha-1, respectively. Significant differences were observed among
the five forest sites in all measured dasometric parameters (Table 3).
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TABLE 3 Analysis of tree dasometric variables and above and belowground carbon in the five forest sites across the San Martin region, Peruvian

Amazon.
Forest site Tree diameter Total height (m) = Tree crown area Carbon Carbon
(cm) (m?) aboveground (t ha™) belowground (t ha™)

Ojos de Agua

32.68+ 1.79¢ 13.23 +0.35 cd 35.44 + 3.13bc 116.19 + 0.80d 18.92 +0.13¢
Forest (OAF)
Huallaga Forest
) 74.24 +2.67a 20.65 + 0.54a 48.84 +2.29 331.06 + 4.41a 47.41 +0.63a
Bajo Huallaga

48.72+2.73b 13.76 + 0.39¢ 20.61 + 1.86d 160.47 + 1.73b 24.61 +0.26b
Forest (BHF)
Alto Mayo Forest

36.11 + 1.12¢ 12.11 +0.27d 44.29 + 2.08ab 86.83 + 0.67d 15.18 + 0.12¢
(AMF)
Alto Roque Forest
(ARE) 44.24 +2.09b 15.43 = 0.58b 31.99 + 4.25 cd 124.99 + 1.37bc 19.80 + 0.22b

Different letters in bars indicate significant differences between treatments according to the Tukey test (p < 0.05).

Tree aboveground carbon ( t ha')

FIGURE 2

Tree diameter (cm)

Aboveground carbon content in forest species with > 46 cm DBH (dashed line).
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3.2 Above- and below-ground carbon
content in forest species

In general, a very high positive correlation was observed between
DBH and carbon content, both above (p =0.932, p-value <0.001)
(Figure 2) and belowground (p = 0.946, p-value <0.001) (Figure 3). The
tree species Brosimum alicastrum presents an average above and
belowground carbon storage of 0.32 and 0.06tha-1 per tree,
respectively, in trees with diameters less than 41 cm, meanwhile, it
shows respective averages of 2.31 and 0.35 t ha-1 in trees greater than
or equal to 41 cm DBH. Ficus insipida presents an above and
belowground carbon storage of 0.33 and 0.06 t ha-1 per tree respectively,
in trees with diameters less than 41 cm, meanwhile, it shows averages
of 3.09 and 0.48tha-1 in trees greater than or equal to 41 cm
DBH. Manilkara bidentata presents an above and belowground carbon
storage of 0.90 and 0.48 tha-1 per tree, respectively, in trees with
diameters less than 41 cm, meanwhile, it shows averages of 2.52 and
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0.38 t ha-1 in trees greater than or equal to 41 cm DBH. Inga sp. presents
an above and belowground carbon storage of 0.27 and 0.05 t ha-1 per
tree, respectively, in trees with diameters less than 41 cm, meanwhile, it
shows respective averages of 2.78 and 0.42 t ha-1 in trees greater than
or equal to 41 cm DBH. P, presents an above and belowground carbon
storage of 0.38 and 0.07 tha-1 per tree, respectively, in trees with
diameters less than 41 cm, while it shows respective averages of 2.93 and
0.43 tha-1 in trees greater than or equal to 41 cm DBH (Figures 2, 3).

3.3 Proportion of above- and
below-ground carbon in forest species
larger and smaller than 41, 46 y 61 cm in
diameter

For the main forest species, the highest percentage of trees was
found with DBH > 41 cm, for example with B. alicastrum,
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FIGURE 3
Belowground carbon content in forest species with > 46 crn DBH (dashed line).

TABLE 4 Proportion of total trees and carbon content in trees less than and greater than 41 cm DBH.

Species Total % of trees % of aboveground carbon % of belowground carbon
<4lcm >41cm <41 cm >41cm <41 cm >41cm
Anaxagorea
dolchocarpa 100 0 100 0 100 0
Brosimum alicastrum 46.88 53.12 11.35 88.65 13.73 86.27
Ficus insipida 50 50 9.56 90.44 11.69 88.31
Manilkara bidentata 26.92 73.08 6.53 93.47 7.94 92.06
Inga sp. 50 50 7.74 92.26 9.9 90.1
Pourouma cecropiifolia 45 55 9.65 90.35 11.94 88.06

M. bidentata, and P. cecropiifolia (Table 4). Likewise, with respect to
the aboveground (Figure 4) and belowground carbon (Figure 5), the
highest proportions were found in trees with DBH > 41 cm, reaching
93.47% in M. bidentata. The tree species B. alicastrum had an above-
and below-ground carbon storage of 11.35 and 13.73%, respectively,
in trees with DBH <41 cm, in contrast, it exhibited respective
averages of 88.65 and 86.27%, in trees with DBH > 41 cm.
Accordingly, E insipida presents an above- and below-ground
carbon storage of 9.56 and 11.69%, respectively, in trees with <41 cm
DBH, meanwhile, it exhibited respective averages of 90.44 and
88.31%, in trees with DBH >41 cm. Manilkara bidentata had an
above- and below-ground carbon storage of 6.53 and 7.94%,
respectively, in trees with DBH <41 cm, meanwhile, it exhibited
respective averages of 93.47 and 92.06% in trees with DBH > 41 cm.
Furthermore, Inga sp. had an above- and below-ground carbon
storage of 7.74 and 9.90% respectively, in trees with DBH <41 cm,
while it exhibited averages of 92.26 and 90.0% in trees with
DBH > 41 cm; and P, cecropiifolia had an above- and below-ground
carbon storage of 9.65 and 11.94% respectively, in trees with DBH
<41 cm, while it exhibited averages of 90.35 and 88.06%, in trees
with DBH > 41 c¢m (Table 4 and Figure 6).
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Further based on this study, for Nectandra sp. the highest
percentage of trees was found with DBH < 46 cm (Table 5). Likewise,
with respect to the percentage of aboveground (Figure 7) and
belowground carbon (Figure 8), the highest proportions were found
in trees with DBH > 46 cm (59.32 and 54.69%, respectively) (Table 5).
This species presents an aboveground and belowground carbon
storage of 40.68 and 45.31%, respectively, in trees with DBH <46 cm,
while it shows respective averages of 59.32 and 54.69% in trees with
DBH > 46 cm. The species also presents an aboveground and
belowground carbon storage of 0.39 and 0.07 tha-1 per tree,
respectively, with DBH <46 cm, while it exhibited averages of 2.50 and
0.38 t ha-1 in trees with DBH > 46 cm (Table 5 and Figure 9).

In the case of C. catenaeformis, the highest percentage of trees was
found with DBH > 61 cm (Table 6). Likewise, with respect to the
percentage of aboveground (Figure 10) and belowground carbon
(Figure 11), the highest proportions were found in trees with
DBH > 61 c¢m, reaching up to 93.24. The species of C. catenaeformis
presents an aboveground and belowground carbon storage of 6.76 and
7.94%, respectively, in trees with DBH <61 cm, while it exhibited
respective averages of 93.24 and 92.06% in trees with DBH > 61 cm.
The species also presents an aboveground and belowground carbon
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Relationship between tree diameter at breast height to carbon in forest species with > 41 cm DBH (dashed line): percentage of all forest trees in the
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storage of 0.70 and 0.12 t ha-1 per tree, respectively, in trees with DBH
<61 cm, while it had averages of 5.21 and 0.74 t ha-1 in trees with
DBH > 61 cm DBH (Table 6 and Figure 12).

4 Discussion

The results of this study are consistent with those reported by
Valdez et al. (2018), in their evaluation of a thorn scrub forest in
Mexico, documented a Shannon-Wiener index of 2.426 and a
Pielou index of 0.694. Similarly, Medrano et al. (2017) reported
Shannon-Wiener index of 1.94 to 2.67 very close to that found in
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this study. Meanwhile, Kumar et al. (2022) observed Shannon-
Wiener index values greater than 2.06 and Pielou index of 0.99. The
Simpson diversity index had higher values in the case of AMF,
reflecting indicating a pronounced dominance of certain forest
species. The Pielou evenness index value in this study ranged from
0.82 to 0.93, very close to 1, already noted by Kanieski et al. (2018).

This study results are also consistent with those by Mildrexler et
al. (2020), whom demonstrated that large-diameter trees store
disproportionately large amounts of carbon and also play an important
driver of carbon cycle dynamics in forests worldwide. The marked
increase in carbon storage with increasing tree diameter found in the
San Martin region validates the importance of conserving and
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TABLE 5 Proportion of total trees and carbon content in trees less than and greater than 46 cm diameter at breast height (DBH).

Species Total % of trees % of aboveground carbon % of belowground carbon
<46 cm >46 cm <46 cm >46 cm <46 cm >46 cm
Nectandra sp. 77.05 22.95 40.68 59.32 45.31 54.69
Aniba guianensis 100 0 100 0 100 0
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Relationship between tree diameter at breast height to carbon in forest species with > 46 cm DBH (dashed line): percentage of all forest trees in the
study.

maintaining large trees to maintain levels of stored carbon in the forest
ecosystem (Law et al, 2018). This study also exposes large
aboveground and belowground carbon pools, especially in species

with DBH > 41 cm. This findings highlight the potential for significant
losses of both the aboveground and belowground carbon resulting
from felling of large trees.

Frontiers in Forests and Global Change 08 frontiersin.org



Lozano et al. 10.3389/ffgc.2025.1711078

1
30

I
~ |
& I
N—
3 e |
O 20 Tree species
B ®
= ® e I —_— Ne_ctandrfar sp .
5 I — Aniba guianensis
o o
> ° o I
= 10
b |
3
= o 9

(] ( o O (
oo 60 o ©o ® | o o
° I
20 40 60 80
Tree diameter (cm)
FIGURE 8
Relationship between tree diameter at breast height to carbon in forest species with > 46 cm DBH (dashed line): aboveground carbon content.

[

30
= |
c
5 1
0
o~ I
R ® I ®
3 @ 20 I Tree species
&3 ® o N
S 5 | — Nectandra sp
o c o I — Aniba guianensis
Y= = .
o 8 :
¢ 10 I ®
& 6 o o
c 1 O
8 r
= o
« o Qo °e 1 °

o oo Ve :

20 40 60 80

Tree diameter (cm)

FIGURE 9
Relationship between tree diameter at breast height to carbon in forest species with > 46 cm DBH (dashed line): belowground carbon content.

TABLE 6 Proportion of total trees and carbon content in trees less than and greater than 61 cm diameter at breast height (DBH).

Species Total % of trees % of aboveground carbon % of belowground carbon
<6lcm >61cm <61 cm >61cm <61cm >61cm
Cedrelinga
34.88 65.12 6.76 93.24 7.94 92.06
catenaeformis
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Carbon storage associated with the forest species studied in the
different Peruvian Amazon forests is a significant benefit of this
measure that guarantees the protection of forest species. The tree
species B. alicastrum, F. insipida, M. bidentata, Inga sp., P. cecropiifolia,
Nectandra sp., and C. catenaeformis with DBH > 41 cm store
198.031 tha-1 of aboveground carbon and 30.06tha-1 of
belowground carbon. This finding highlights the important role of
large trees in carbon storage in forest ecosystems and is consistent with
previous findings regarding the disproportionately important role of
large trees in the forest carbon cycle (Lutz et al., 2018; Stephenson et
al., 2014; Mildrexler et al., 2020). The obvious increase in carbon
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storage with increasing tree diameter (Figure 2), particularly after
41 cm DBH, highlights to the importance of conserving large trees in
order to store adequate amount of carbon in the forest ecosystem,
where it remains for centuries (Law et al., 2018; Lutz et al., 2018). For
Nectandra sp. regarding the percentage of aerial and underground
carbon, the highest proportions were found in trees with DBH > 46 cm
(59.32 and 54.69%). The results found in this study are close to those
reported by Ma et al. (2018), who calculated an average carbon content
of 47.9% in trees on a global scale.

It is important to note that a diameter limit that emphasized the
protection of carbon stocks would ideally conserve trees starting
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with a DBH limit of >41 cm. It is therefore recommended that this
Chief Resolution be annulled, and that concessionaires be obligated
to determine and justify the DBH for the species they intent to
harvest (Kometter, 2019). Otherwise, human exploitation would
accelerate species extinction, causing events that naturally occur
over millennia to repeat within few decades (Romero et al., 2021;
Fearnside, 2021). It negotiations the ecological integrity of the
habitats of the forest species presented in the study. Meanwhile,
previous research shows that overexploitation of key species,
particularly large trees of commercial interest that store significant
amounts of carbon, generates significant ecological imbalances
(Udali et al., 2024; Romero et al., 2025).

Factoring in the spatial variation of wood density notably
changes the estimates of forest carbon stocks, causing differences of
up to 21% within biomes. Therefore, wood density is another key
factor of tree carbon investment strategies, impacting productivity
and carbon storage (Mo et al., 2024). Further, forest ecosystems play
a vital role in global carbon sequestration, with the majority of
forest carbon stored in biomass (Chen et al., 2024). Meanwhile,
dominant trees across different forests contributed substantially to
carbon storage in both biomass and forest soils, thereby enhancing
carbon credits and facilitating forest ecosystem carbon trading
(Joshi and Garkoti, 2025).

The next step in this research on tree species in San Martin, is to
assess how different above- and below-ground functional groups
might explain both species coexistence and species-specific carbon
accumulation. For example, after analyzing 145 co-occurring tropical
tree species in Malaysia, Iida et al. (2012) found that wood density (at
standardized tree heights) correlated negatively with stem diameter
and height of the lowest foliage, and positively with stem biomass and
crown density. Thus, species with low wood density tend to have
thicker stems but lower biomass costs, whereas species with high
wood density exhibit wider and deeper crowns (lida et al., 2012).
Despite this, other studies have reported contrasting patterns. For
instance, in Amazonian forests, recently Menezes et al. (2025) found
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‘no evidence for architectural trait linkage to wood density’ when they
assessed traits such as DBH, total and stem height, crown length, and
many others. However, they did find that trees with higher wood
density had smaller leaf size, lower foliar base cations, and reduced
stem water content and sapwood fraction, consistent with the fast—
slow plant economics spectrum (Reich, 2014). Based on these finding,
a next step in this research will be to assess those functional traits
(Menezes et al., 2025) but also belowground traits that might explain
species-specific carbon accumulation.

5 Conclusion

It is important to note that a diameter threshold emphasizing
carbon stock protection would ideally safeguard trees with a
DBH > 41 cm. However, the current cmD standards based on 41 cm
for the forest species B. alicastrum, F. insipida, M. bidentata, Inga sp.,
and P cecropiifolia, 46 cm for Nectandra sp., and 61 cm for
C. catenaeformis, as regulated by Resolution No. 458-2002-INRENA,
could pose serious challenges for forest conservation and carbon
storage. Quantitative assessments of dasymetric characteristics and
the application of allometric equations have demonstrated the
substantial carbon storage potential of different forest species in the
Peruvian Amazon. The loss of these carbon stocks could have severe
climatic consequences, particularly if large trees are felled. Logging
large trees with DBH > 41 cm would release very large amounts of
biogenic carbon into the atmosphere, making Peru’s net-zero carbon
goal difficult, if not impossible, to achieve. Young trees will not be able
to recover or accumulate the carbon stored in mature and older forests
within the next critical decades, and would only reach comparable
levels in a century or more from now. This knowledge of aboveground
and belowground carbon storage potential in Amazonian tree species
creates an opportunity for the public, decision-makers, and forest
managers to recognize that these trees are integral part of the
climate solution.
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