'-) Check for updates

Received: 24 February 2025 | Accepted: 16 July 2025

DOI: 10.1111/1365-2745.70147

RESEARCH ARTICLE

BRIISH
Eggg}gf;m Journal of Ecology

Biomass production of tropical trees across space and time:
The shifting roles of diameter growth and wood density

Bruna Hornink!?2

| Pieter A. Zuidema® | Peter van der Sleen® | Amy E. Zanne* |

Gabriel Assis-Pereira®® | Daigard Ricardo Ortega Rodriguez? | Claudia Fontana®® |
Leif Armando Portal-Cahuana’ | Edilson Jimmy Requena-Rojas®’ |

Ana Carolina Maioli Campos Barbosa'® | Daniela Granato-Souza®! |

Lucas Guimaries Pereiral® | Claudio Sergio Lisi'?> | Itallo Romany Nunes Menezes'? |

Alejandro Venegas-Gonzalez®®

| Nelson Jaén-Barrios™'* | Fidel A. Roig">® |

Mario Tomazello-Filho? | Peter Groenendijk?

Correspondence
Bruna Hornink
Email: bhornink@gmail.com

Funding information

Fundacédo de Amparo a Pesquisa do
Estado de Sdo Paulo, Grant/Award
Number: 2009/53951-7, 2017/50085-
3,2018/01847-0, 2018/22914-8,
2019/22516-5,2019/26350-4,
2023/07753-6 and 2023/14668-5;
Coordenacao de Aperfeicoamento

de Pessoal de Nivel Superior, Grant/
Award Number: 88887.975357/2024-
00; Fundacao de Amparo a Pesquisa do
Estado de Minas Gerais, Grant/Award
Number: APQ-01544-22; ITTO, Grant/
Award Number: 046/12S; Conselho
Nacional de Desenvolvimento Cientifico
e Tecnolégico, Grant/Award Number:
160852/2022-6,2024/14406-3 and
403596/2023-8

Handling Editor: Toby Jackson

For affiliations refer to page 13.

Abstract

1. Woody biomass in tropical trees contributes significantly to global carbon stocks;

however, these stocks are increasingly affected by climate and land-use changes.
Understanding the growth mechanisms driving woody biomass production is
essential for assessing the short- and long-term contributions to carbon stocks

and dynamics in tropical forests.

. Trees accumulate biomass by increasing their size (wood volume) and/or tissue

density (wood density). However, estimates of tree biomass production are
often based solely on size increment through measurements of stem diameter
growth, overlooking the potential spatial and temporal variation in wood density
within trees. Tree-ring analysis can be applied to reconstruct past tree volume-
growth and wood-density variations, allowing the quantification of their relative

contributions when reconstructing past woody biomass production.

. Here, we studied trees of the widespread Neotropical genus Cedrela along an

environmental (climate and soil) gradient to address two key questions: (1) How
does temporal variation in tree diameter growth and wood density affect biomass
production? (2) To what extent do these relationships vary along the environmental
gradient? We examined both long-term (ontogenetic) and short-term (annual)
variations in diameter growth and wood density, covering eighteen sites in the

Amazon rainforest, Atlantic Forest, Cerrado savanna and Caatinga dry forest.

. We found that diameter growth and wood density drive short- and long-

term biomass production dynamics. Interestingly, diameter growth patterns

predominantly explained short-term variability in biomass production at all sites,
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1 | INTRODUCTION

Tropical forests are essential to the global carbon cycle, account-
ing for two-thirds of the terrestrial woody biomass (Pan et al., 2013)
and more than half of the world's aboveground forest carbon (Pan
et al., 2024). Trees store ~40%-50% of carbon in their dry biomass
across their lifespan (Martin & Thomas, 2011), serving as long-term
carbon reservoirs (Kéhl et al., 2017). However, climate change and
land-use intensification threaten tropical tree biomass dynamics in
the short- and long-term (Bauman et al., 2022; Locosselli et al., 2020;
Mitchard, 2018). Predicting future carbon budgets in these forests
requires a mechanistic understanding of the factors driving biomass
production and carbon stocks in trees, which remain understudied
at temporal and spatial scales (Zuidema et al., 2013).

Tree biomass production is a complex process shaped by the
morphology and functioning of xylem cells responsible for wood
formation (Lachenbruch & McCulloh, 2014), reflecting resource allo-
cation, mechanical and hydraulic architecture, defence mechanisms
(Philipson et al., 2014) and respiratory and maintenance costs (Anten
& Schieving, 2010). However, studies assessing biomass production
often use the relatively easy-to-measure tree's diameter growth from
permanent sample plots to reconstruct tree volumetric growth (Banin
et al., 2014; Chave et al., 2003). While this metric provides valuable
insights, it fails to capture total biomass gain, as it overlooks the role
of species-specific variations in the density of woody tissue within the
tree size-related progress across space and time (Mo et al., 2024).

In recent years, wood density has been recognised as a crit-
ical aspect of tree biomass production (Baker et al., 2004; Chave
et al.,, 2014; Phillips et al., 2019). Wood density reflects species-
specific acquisitive (low density, fast growth) to conservative
(high density, slow growth) growth strategies (Chave et al., 2009;
Reich, 2014) and is modulated by local environmental conditions
such as precipitation, temperature, soil fertility and soil water con-
tent (Muller-Landau, 2004; Poorter et al., 2017). Critically, wood
density also varies within individuals over time, responding to both
long-term ontogenetic trends (e.g. increasing density with tree size;
Bastin et al.,, 2015; Gonzalez-Melo, 2021) and short-term annual
climatic fluctuations (e.g. annual precipitation and temperature;

whereas wood density explained ontogenetic biomass patterns mainly at humid
sites. These results highlight the importance of accounting for both short- and
long-term variation, including climatic and ontogenetic drivers, to increase the
accuracy of biomass estimations in tropical trees, particularly in humid forest
ecosystems such as the Amazon.

5. Synthesis. Diameter growth is an important and good indicator of forest carbon
production. However, size-related changes in wood density, which are usually ne-
glected, are critical for accurate short- and long-term carbon assessments, espe-

cially in tropical humid sites.

Cedrela, dendrochronology, environmental gradient, interannual variation, ontogeny, plant-
climate interactions, tree-ring

Ortega Rodriguez, Sdnchez-Salguero, Hevia, Granato-Souza, Assis-
Pereira, et al., 2023; Pompa-Garcia et al., 2024).

Short- and long-term variations in wood density across temporal
and spatial scales add complexity to the reconstruction and evaluation
of tree biomass production. Given that trees accumulate growth over
time in their cross-sections, it is possible to reconstruct the ontogenetic
and annual variation in tree diameter growth (Groenendijk et al., 2017
Lopez & Fontana, 2024) and wood density (Gongalves et al., 2021;
Kohl et al., 2017; Ortega Rodriguez, Sanchez-Salguero, Hevia, Granato-
Souza, Assis-Pereira, et al., 2023) using dendrochronological techniques
(Babst et al., 2014; Fritts, 1976; Groenendijk et al., 2025).

Here, we applied dendrochronology and X-ray densitometry
techniques to study the roles of short- and long-term variation in di-
ameter growth and wood density in driving biomass production shifts
for a widespread tropical genus: Cedrela spp. (Meliaceae). This genus
was selected due to its extensive distribution across various forest
types and its responsiveness to local climatic conditions (Fontana
et al, 2024; Granato-Souza et al., 2019; Menezes et al., 2022;
Venegas-Gonzalez et al., 2018) that allow us to assess tree growth
in diverse forest ecosystems. We addressed two key questions: (1)
How does temporal variation (ontogenetic and annual) in tree diam-
eter growth and wood density affect biomass production? and (2) To
what extent do these responses vary along an environmental gradi-
ent (climate and soil)? We expect that temporal variations in diameter
growth and wood density, driven by size-related factors (long-term)
and interannual conditions (short-term), significantly contribute to
biomass production along the climate gradient, with stronger effects

observed in resource-rich environments.

2 | MATERIALS AND METHODS
2.1 | Sample collection

Samples were collected from eighteen forest sites across Brazil and
Peru, covering a range of forest types and environmental character-
istics (Figure 1, Table 1, Tables S1 and S2). The study sites included
national, state and municipal parks and private forests located in
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FIGURE 1 (a)Location of the study sites (shapes) and the neotropical geographical distribution of the genus Cedrela (small brown dots;
based on the GBIF database: GBIF.org, 2024). (b) Distribution of study sites under the annual water stress gradient, expressed in Climatic
Water Deficit gradient (CWD is the difference between monthly rainfall and monthly evapotranspiration, from Chave et al., 2014). It is

a measure of water stress, where more negative values indicate greater soil water deficit and higher stress for plants). (c) Distribution of
study sites under the soil fertility gradient: Expressed in terms of Cation Exchange Capacity (CEC; SoilGrids 2.0; from ISRIC—World Soil
Information—soilgrids.org; Poggio et al., 2021): Represents the amount of positive charge that can be exchanged per mass of soil. (d) Kernel
density estimates of climate data for the entire neotropical distribution of the genus Cedrela P. Browne (black line; extracted from GBIF
2024, 17,898 records with valid coordinates) and the distribution of our 18 sampling sites (coloured line), for Mean Annual Precipitation
(MAP) and Mean Maximum Temperature (Tmax), both from TerraClimate, from 1991 to 2020 (Abatzoglou et al., 2018) and Climatic Water
Deficit (CWD), from Chave et al. (2014). Species: Cedrela fissilis Vell. (circles), Cedrela odorata L. (squares) and Cedrela montana Moritz ex

Turcz. (triangles).

tropical and subtropical regions (Table S1). These sites represent
ecosystems from the Amazon Rainforest, Atlantic Forest, Brazilian
Cerrado savanna and Caatinga dry forest (Table 1 and Figure 1a).
Samples from sites in the Amazon were collected in sustainable-
use conservation units (National and State Forests), where legal
forest management operations are conducted. In these areas,
samples were obtained by collecting cross-sectional wedges from
felled trees as part of authorised logging activities. It is important
to note that harvesting operations occur in native forests without
prior management. In the remaining areas, samples were collected
from state, municipal and private forests where forest manage-
ment is not legally authorised. In these cases, non-destructive cor-
ing methods were used to extract wood samples. Fieldwork permits
were obtained from environmental authorities where required (e.g.
SISBIO in Brazil; see authorisation numbers in Table S1). In forest

concession areas, authorisation was previously granted to the forest
management company responsible for the concession. On privately
owned land, sampling was conducted with prior authorisation from
the landowner.

Each population was sampled in different years for various
dendrochronological applications (dendroecology, dendroclima-
tology and forest management, Table 1). Additional details about
each site can be found in published studies and unpublished the-
ses (Table S1—Reference). To maintain consistency in our sampling
methodology, we included only samples that spanned from the
pith to the bark, contained the pith or were close enough to es-
timate the distance to the pith. At each location, the number of
trees we used ranged from eight to eighteen, due to the availabil-
ity of samples with complete pith and sufficient material for wood
density analysis.
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2.2 | Genus Cedrela

In this study, we focused on three Cedrela species: Cedrela odorata
L., Cedrela fissilis Vell. and Cedrela montana Moritz ex Turcz. Cedrela
is a genus widely distributed throughout the Neotropics (Pennington
et al., 2010). Among these species, C. odorata and C. fissilis are the
most common in a variety of forest types ranging from humid to
dry forests, typically in areas with well-drained soils (Pennington
et al., 2010). In Brazil, these species are found in the Caatinga (sensu
stricto), Cerrado (sensu lato), riparian or gallery forest, terra firme
forest, floodplain forest, deciduous seasonal forest, evergreen
seasonal forest, semi-deciduous seasonal forest and ombrophil-
ous forest (Flores, 2021). Cedrela species are typically described as
semi-deciduous or deciduous trees, losing their leaves partially or
completely during the dry season (Marcati et al., 2006; Mendivelso
et al., 2016). Studies have shown a direct relationship between leaf
expansion, radial growth and wood density, with cambial dormancy
occurring during the dry season (Andreacci et al., 2017; Mendivelso
et al., 2016). C. fissilis and C. odorata are usually described as
fast-growing species (Pennington et al., 2010; Tomazello Filho
etal., 2000) while C. montana is described as slow-growing (Brauning
et al., 2009). Cedrela reaches different diameters and heights de-
pending on the environment. For example, C. odorata and C. fissilis
can reach heights of 25-40m and diameters of 60-150cm in areas
with annual precipitation between 2500 and 4000 mm (Tomazello
Filho et al., 2000). In contrast, in drier regions, these species gener-
ally have diameters under 60cm and heights of 10-20m (Brienen
etal., 2010).

In Cedrela species, growth rings are reliably annual (Baker
et al., 2017), characterised by marginal parenchyma bands associ-
ated with semi-porous or porous xylem, and such structures are
well defined via X-ray densitometry (Tomazello Filho et al., 2000).
The annual nature of ring formation and response to climate in
Cedrela species has been well demonstrated across a wide range of
forests, including the Amazon (Granato-Souza et al., 2019; Ortega
Rodriguez, Sanchez-Salguero, Hevia, Granato-Souza, Assis-Pereira,
et al., 2023), high mountain (Briuning et al., 2009), Atlantic (Fontana
et al., 2024; Venegas-Gonzalez et al., 2018) and dry (Menezes
et al., 2022; Pagotto et al., 2021) forests. One exception occurs in
Suriname, where C. odorata forms two rings per year under a bi-
modal annual rainy season (Baker et al., 2017). The reliability of mea-
surable rings of known frequency makes Cedrela an ideal model for
studying tree-ring growth across various forest ecosystems, offering
insights into the ecological mechanisms that drive short- and long-

term biomass production in tropical trees.

2.3 | Sample preparation and wood density
analyses

We selected one radius from each tree to perform the analyses
(Table 1). All the cores were previously polished and scanned at high
resolution (1200-2400dpi); tree rings were marked following the
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marginal parenchyma bands associated with semi-porous or porous
xylem.

To measure growth rates and wood density, cores were sec-
tioned transversely into radial sections of 0.5-2cm wide and
1.5mm thick, while wedges were cut into sections of 2cm wide
and 1.5mm thick. Wood density was determined following the
protocol established by Quintilhan et al. (2021) and Tomazello
et al. (2009). Radial sections were conditioned in a climatic cham-
ber at 20°C and 60% relative humidity until they reached a stable
moisture content of 12%. All samples were scanned in an X-ray
densitometry chamber (Faxitron X-Ray, lllinois, USA) equipped
with a measurement unit scale and a cellulose acetate calibration
wedge for wood density calibration. Digital X-ray images of the ra-
dial section samples (96 dpi, .tiff) were analysed with WinDendro
Density 2017a® software (Regent Instruments Inc., Canada) to
obtain the tree-ring width (TRW) and tree-ring wood density at
12% moisture content (WD, ,,,) per year. Sample preparation, X-
ray imaging and wood density measurements were performed at
the Tree-Ring and Wood Anatomy Laboratory of the University
of S3o Paulo (Piracicaba, S3o Paulo—Brazil). Data processing
and data analysis were conducted at the Dendroecology and
Wood Biology Laboratory at the State University of Campinas—
UNICAMP (Campinas, Sdo Paulo—Brazil).

2.4 | Diameter reconstruction and biomass
estimation

For each tree, the cumulative diameter (D) and cumulative basal area
(BA) during the year of ring formation were reconstructed by sum-
ming the subsequent tree-ring widths from pith to bark, assuming a
circular growth pattern. For tree-ring samples without a visible pith,
we estimated the missing distance based on the concentric circle
method in CDendro and CooRecorder® software.

To calculate the aboveground biomass production per year, we
first reconstructed the total historical aboveground biomass per year
(B) using the pantropical equation described by Chave et al. (2014)
(Equation 1). Not all sites had tree height data available; therefore,
we used the pantropical equation that included a diameter-height
allometric model. This model has a stress factor (E, Table S2) that
represents the environmental conditions of the site where the trees
grow. Chave et al. (2014) demonstrated that factor E is strongly de-
pendent on the diameter-height allometry relationship and is par-
ticularly useful for improving model accuracy in the absence of tree
height data.

For each tree and year, biomass was estimated based on D and
a tree-level weighted average wood density (WD,, ). The WD,
value was obtained from the weighted average of the WD, ,,, val-
ues by the basal area increment of each year (Equation 2). This
calculation was designed to prevent the influence of the wood
proportion near the pith (Williamson & Wiemann, 2010). Before
weighing, WD,;,,, was transformed into basic wood density
(WD) by multiplying WD,;,,, by 0.838 (Vieilledent et al., 2018).
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The absolute ABP was obtained by subtracting the total biomass
from the present year minus the total biomass of the previous year
(ABP=Bt— B,.,). We also calculated the relative change in biomass
per year by dividing the ABP from the present year by the total
biomass from the previous year (ABP,=ABP,/B, ;) to reduce the
size-ABP relationship bias.

B=exp| - 18.03 — 0.976E +0.976 In(WDys) + 2673 In(D) - 0.0299 [In(?|

(1)

where B is the historical aboveground biomass (kg); D is the total di-
ameter of each tree per year reconstructed by the accumulated tree-
ring width increment (cm); WD, is the average basic wood density
weighted by basal area increment (g/cms); E is the environmental
stress factor unitless for each site obtained from the raster file avail-
able in Chave et al. (2014).

n  BAIt+WDt
WDya =D, At (2)

where WD, is the weighted average wood density (g/cms); BAlt is
the basal area increment in year t (m?); WD is the basic wood density
(g/cm®), obtained from WD,j;,5 * 0.838 in year t; BAt is the total basal
areain year t (m?).

2.5 | Environmental data

Studies have shown that rainfall patterns (Mendivelso et al., 2016),
photoperiod and temperature (Andreacci et al., 2017) drive the cam-
bial activity of Cedrela species and that precipitation levels during
the dry season (Zuidema et al., 2022) mainly contribute to diameter
growth of tropical species. Based on these relationships, we tested
nine climatic variables: Mean Annual Total Precipitation (MAP, mm),
Mean Annual Precipitation of the Wettest Quarter (MAPgmax, mm),
Mean Annual Precipitation of the Driest Quarter (MAPgmin, mm),
Mean Annual Maximum Temperature (TMAX, °C), Mean Annual
Minimum Temperature (TMIN, °C), Mean Annual Vapour Pressure
Deficit total (VPD, kPa), Mean Annual Solar Radiation total (SRAD,
W/m?) and Climatic Water Deficit (CWD, mm). Except for CWD, cli-
matic variables were obtained for each Cedrela spp. population from
TerraClimate, considering the historical temporal extension from
1991 to 2020 (Abatzoglou et al., 2018) (Table S2). CWD was ob-
tained for each site from the raster available by Chave et al. (2014),
representing the difference between rainfall and evapotranspiration
during dry months in mm/year, when evapotranspiration exceeds
rainfall.

Additionally, soil fertility has been reported to influence bio-
mass production (Van Der Sande et al., 2018), leading to variation
even between the western and eastern Amazon Basin (Quesada
et al,, 2012). High soil fertility is linked to a near-neutral pH (5.5-
7.5), high soil organic carbon, clay fraction and cation exchange
capacity (CEC) (Brady & Weil, 2016). pH tends to optimise nutrient

availability and minimises the toxicity of elements such as alu-
minium and manganese. SOC improves soil structure, moisture
retention and the supply of essential nutrients to plants. Clay frac-
tion influences the soil's capacity to retain water and nutrients,
whereas CEC reflects the soil's potential to store and provide es-
sential cations such as calcium, magnesium and potassium. Based
on this, we tested four soil variables: pH measured in water (pH,
H,0), soil organic carbon (SOC, g/kg), clay content (Clay, %) and
cation exchange capacity (CEC, cmolc/kg), extracted from the in-
ternational soil database—SoilGrids (Poggio et al., 2021), at three
depths: 0-5, 5-15 and 15-30cm. We used a weighted mean to av-
erage the values between 0 and 30cm (e.g. average soil values=pH
0-5cmx5/30+pH5-15cmx 10/30+pH 15-30cmx 15/30).  For
two sites (MTV and BAH) that were too close to urban areas and
were not available in the SoilGrids database, we used the National
Soil Profile Database for Brazil available to international scientists
(Cooper et al., 2005; Muniz et al., 2011), also considering 0-30cm
depth (Table S2).

2.6 | Dataanalysis

Prior to analyses, TRW, WD, ABP, ABP, and D values were log-
transformed toreduce skewnessintheirdistributions. Subsequently,
all variables were standardised per site (mean-centred and scaled
by their standard deviations) to facilitate the comparison of the ef-
fect sizes. We operationally defined ontogeny as long-term changes
in TRW, WD, ABP and ABP, associated with size-dependent devel-
opmental stages (Hérault et al., 2011). Thus, we quantified ontoge-
netic changes using the cumulative diameter (D) per tree to reflect
the progression of the developmental stage. This approach is justi-
fied because (i) our samples have a strong relationship between age
and diameter growth (see Table S3, Figure S11), potentially due to
the fast growth and light-demanding behaviour of Cedrela (Peters
et al., 2015) and (ii) size rather than age is often a better predictor
of an individual's ontogenetic stage in tropical forests (Groenendijk
et al., 2017; King et al., 2005).

2.6.1 | Diameter growth and wood density effect
on biomass production

To answer the first question, we investigated the relationships
among TRW, WD, ABP, ABP, and D over time, conducting a path
analysis per site using structural equation modelling (Shipley, 2016;
Figure 2 and Figure S12). The path analysis allowed us to parti-
tion the total ontogenetic effect on biomass production (ABP and
ABP,) into direct and indirect effects mediated by TRW and WD
(Figure 2). The analysis was conducted by employing generalised
linear mixed-effects models (GLMMs) (Equation 3, Table S4; Zuur
et al., 2009). These models can account for the repeated meas-
urement and the hierarchical structure of the data (trees within
sites). Individual tree identity interacting with site (site: tree) was
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FIGURE 2 Structural diagram of the path analysis model showing the hypothesised relationships between tree size (D), tree-ring width
(TRW), wood density (WD) and relative biomass production (ABP). Arrows indicate direct and indirect pathways with standardised
coefficients. The model accounts for long-term ontogenetic effect (tree size) and short-term variation in tree-ring and wood density. Direct
effects represent the immediate influence of one variable on another (r1, r2, w1, w2, bl). Indirect effects represent the influence of one
variable on another mediated by one or more intermediate variables and are calculated as the product of the path coefficients (r1xr2,
wixw2). Direct effect: Tree size effect on ABP,, (b1), TRW (r1) and WD (w1); TRW effect on ABP, (r2) and WD effect on ABP,, (w2). Indirect
effects: Tree size effect via TRW (r1xr2) and WD (w1 xw?2). The total effect is the sum of direct and indirect effects (b1 +r1xr2+wilxw?2).

included as a random intercept, allowing us to model the unique
growth trajectories of each tree. The predictors D, WD and TRW
were included as a random slope, allowing their effects on biomass
production to vary among individual trees. The models were fitted

(i) TRWj = B + B4 Dyjic +Ugj + Uy Dy + e

(i) WDy = o + 1 Djj+Ugjj +uy;; D + €53

(iii) ABPpjj = fio + 1 TRW + ; WDy + i3 Dy +ugj + g TRW +up; WDy +ug; D+ (3)

using restricted maximum likelihood, which optimises the likeli-
hood estimation under fixed effects while considering the vari-
ability of random effects. The proportion of variance explained by
the fixed effects alone and by the entire model, including random
effects, was quantified by the marginal and conditional R?, respec-
tively (Nakagawa & Schielzeth, 2013).

To derive site-level representations of the direct and indirect ef-
fects, we extracted the random slopes (pathway estimates) associ-
ated with each tree within each site (Site: Tree) and then computed
their mean per site. The direct ontogenetic effect of D on TRW, WD
and ABP or ABP,, was represented by r1, wil and b1, respectively.
The direct interannual effect of TRW and WD on ABP or ABP,, was
quantified by r2 and w2, respectively. We used a complete model to
quantify r2, w2 and b1. This approach allowed us to simultaneously
control the impact of each variable (Equation 3 iii). By including
random effects to capture differences among trees within a site,
the model facilitated the explanation of total variability and mini-
mised residual error, resulting in more robust and comprehensive
conclusions about the factors influencing ABP or ABP,,. The indirect
ontogenetic effect via TRW and WD was calculated as the product
of the path coefficients along the mediated pathways, representing
the ontogenetic effect via TRW and WD on ABP or ABP. The in-
direct effect of diameter via TRW was computed as r1 xr2, and the
indirect effect via WD was w1l xw2. The total ontogenetic effect
of D was the sum of the direct effect of diameter on ABP and the
indirect effects through TRW and WD.

where ABP,, is the proportion of aboveground biomass production;
TRWU.,( is the tree-ring width; WDUk is the tree-ring wood density; Dijk
is the accumulated diameter, all measured for the k-th year of the j-th
tree in the i-th site. 4, is the fixed intercept. f, is the fixed effect coef-
ficient for diameter in model (i) and (ii). 4, #, and 3, are the fixed effect
coefficients for tree-ring width (TRW), wood density (WD) and diam-
eter (D) in model (iii), respectively. Ui is the random intercept for the
j-th tree within the i-th site. Uy Uggs and Uy; are the random slopes for
TRW, WD and D for the j-th tree within the i-th site. €k is the residual
error for the k-th year for the j-th tree in the i-th site. All values were
log-transformed to reduce skewness in their distributions and were
standardised per site.

All analyses were performed using both ABP and ABP,. As
ABP, reduces size-related bias, its results are presented in the main
text, while ABP results are available in Supporting Information
(Figures S12 and S13, Table S5).

2.6.2 | Association with climatic characteristics

Further, to address the second question, we used bootstrap corre-
lation tests to assess the statistical significance and robustness of
the relationships between the direct and indirect effects and the
climatic and soil conditions at each site. By resampling the data with
replacement (1000 bootstrap iterations), we generated empirical dis-
tributions of the correlation coefficients. Additionally, we performed
linear regression analyses to quantify the strength and direction of
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the relationships between the effects derived from the path analy-
sis (direct and indirect effects) and the interaction between climatic
variables and soil condition at each site.

All statistical analyses were conducted using R software (version
4.4.1; R Core Team, 2022). The following packages were used: piece-
wiseSEM (Lefcheck, 2016) for running the path analysis; Ime4 (Bates
et al., 2015) for fitting linear mixed-effects models; boot (Canty &
Ripley, 1999) for performing bootstrap resampling and calculating boot-
strap statistics; and ggplot2 (Wickham, 2016) for data visualisation.

3 | RESULTS
3.1 | Tree-ring width, wood density and biomass
production

Across sites, we observed variation in the mean WD, TRW and the
absolute and relative annual biomass (ABP and ABP,) (Figure 3
and Figure S1). Mean WD ranged from 0.3910.08g/cm3 (ALT) to
0.56+0.09g/cm® (BAH) with relatively low variability within sites
(ranging from FNJ with 2.28 to PER 5.41-fold change, Figures S2
and S3). In contrast, mean TRW ranged from 1.34+1.14mm (MOA)
to 5.26+3.41mm (CNS), showing substantial variability within sites
(ranging from FNJ with 72.13 to CNS with 1196.77-fold change,
Figures S4 and S5). Mean ABP ranged from 4.03 + 6.55 kg/year (MTV)
to 109 +119kg/year (CNS), and mean ABP, ranged from 0.1+0.19
(CNS) to 0.64 +5.52 (CVCE). Both presented the highest temporal and
spatial variation (>600-fold variation, Figures S6-59).

Sites in dry forests and transition zones had the highest WD
values, ranging from 0.47+0.1g/cm® (MTV) to 0.56+0.09g/
cm® (BAH), but the lowest TRW, ranging from 1.60+1.34mm
(MTV) to 3.67+3.07mm (BAH), and the lowest ABP, ranging
from 4.08 +6.55kg (MTV) to 19.29 +18.3kg (BAH) (Figure 3 and
Figure S1). In contrast, sites in the western Amazon and Atlantic
Forest had the highest TRW, achieving 5.26+3.41mm with C.
montana (CNS). Amazonian sites exhibited the highest ABP (over
20kgyear™), but also the lowest ABP, (<0.10year ). This suggests
that trees produce large amounts of biomass annually but exhibit
low relative growth rates when scaled to total biomass. In contrast,
both the transition zones (e.g. LGT, CVCE) and the wettest Atlantic
Forest (e.g. JU, SS) sites showed lower ABP (<10kgyear™?), yet con-
sistently higher ABP, (from 0.15-0.64year™®). This suggests that
although trees in these regions produce less biomass in absolute
terms, they grow rapidly when scaled to total biomass. A summary
of the statistical differences among sites and species is provided in

Supporting Information (I1).
3.2 | Effect of tree size, tree-ring width and wood
density on biomass production

The path analysis revealed significant relationships between tree
size and its direct effect on TRW (r1: r? cond.=0.27, p-value < 0.001)

and WD (w1: r? cond.=0.61, p-value <0.001) (Figure 4, Table S5).
The direct path coefficient rl1 was, in general, significantly negative
(r1=-0.16), ranging from -0.36 (FNT) to 0.08 (PUR) across sites
(Figure 4a). This result suggests that larger trees tend to produce
narrower tree rings as they grow. In contrast, the direct path coef-
ficient wi was, in general, significantly positive (w1=0.33), ranging
from -0.006 (PER) to 0.82 (CCB) across sites (Figure 4a). This sug-
gests that larger trees produce denser wood as trees become larger.
No correlation was found between r1 and w1 (Figure S14C), indi-
cating that long-term ontogenetic changes in TRW and WD, caused
by tree size in diameter, were uncoupled along the environmental
gradient.

The direct effect of TRW and WD on ABP, was also signif-
icant (r2 and w2: r? cond.=0.99, p-value <0.001). The direct path
coefficients r2 and w2 contributed, in general, positively to ABP,
(r2=0.69 and w2=0.09, Figure 4). However, w2 presented low vari-
ance in the standardised estimates across sites (Figure 4b), ranging
from 0.07 (CVCE, p-value <0.001) to 0.12 (LGT, p-value <0.001). The
standardised estimates across sites for r2 were approximately five
times greater than w2, ranging from 0.56 (FNJ) to 0.85 (JU) across
sites (Figure 4b). This result suggests that annual variation in TRW
plays a variable but stronger role on ABP, than annual variation in
WD across sites. There was no significant correlation between r2
and w2 (Figure $14D), suggesting no coupling between interannual
changes in TRW and WD along the environmental gradient.

The indirect effects of tree size on ABP,, via TRW (r1xr2) and
WD (wixw?2), reflected the direction of their respective direct ef-
fects (Figure 4c). The indirect effect of wlxw2 was consistently
positive, reflecting the combination of the positive influence from
the long-term (w1) and short-term effects (w2). This effect was
slightly stronger in humid sites, particularly in the Atlantic Forest
(e.g. CCB, JU). In contrast, r1xr2 was predominantly negative,
driven by the combination of the negative long-term effect (r1)
and the strong positive short-term effect (r2). Because r2 is sub-
stantially stronger than w2, the magnitude of r1 xr2 generally ex-
ceeded that of wlxw2. This negative indirect effect was most
pronounced in dry forests and transition zones (e.g. PER, BAH,
CVCE) and parts of the Atlantic Forest (CCB, VRP), while it was
close to zero in wetter Amazonian sites (e.g. FNJ, CNS). These
patterns suggest that ontogenetic effects on ABP, are primarily
mediated by long-term changes in WD in wetter sites, whereas
in drier regions, the annual effects on ABP, are strongly driven
by short-term changes in TRW. The same pattern of direct and
indirect effect was observed considering ABP (Figures S12 and
S13, Table S5).

The direct effect bl was consistently negative across all sites
(Figure 4d), with standardised estimates ranging from -0.53 (CCB)
to -0.84 (ALT). This result indicates that larger trees contributed
proportionally less to ABP, over their lifespan. However, when con-
sidering absolute biomass production (ABP), b1 was consistently
positive (Figures S12 and S13, Table S5), reflecting that, despite
lower relative growth rates, larger trees accumulate greater total
biomass over time.
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FIGURE 3 (a)tree-ring wood density in g/cm3 (WD), converted to basic wood density by multiplying by 0.838 (Vieilledent et al., 2018); (b)
tree-ring width in mm (TRW); (c) absolute annual biomass productivity in kg (ABP), calculated from Chave et al.'s (2014) pantropical equation
across sites; and (d) annual relative biomass productivity (ABP,). All variables were natural-log transformed. Sites are arranged from left to
right by decreasing climatic water deficit (CWD from -800 to Omm, representing water stress, where more negative values indicate greater
soil water deficit and higher stress for plants). CWD values close to zero represent the wettest forests. The black shape indicates the mean
value. The dashed line represents the natural logarithm of 0.44 g/cm?®, indicating the mean wood density (g/cm?®) of Cedrela fissilis and Cedrela
odorata in South America, obtained from a global wood density database (Zanne et al., 2009) and measured as oven-dry mass per fresh

volume.
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FIGURE 4 Structural diagram of the path analysis model showing general relationships between tree size (D), tree-ring width (TRW),
wood density (WD) and relative biomass production (ABP,). Arrows indicate standardised path coefficients extracted from the generalised
linear mixed models (Equation 3), indicating the strength (slope) of the direct and indirect relationships. Direct effects represent the
immediate influence of one variable on another (r1, r2, wi, w2, b1). Direct effect: (a) Standardised estimates of the path coefficients of r1
and w1 across study sites. (b) Standardised estimates of the path coefficients of r2 and w2 across study sites. (d) Standardised estimates
of the path coefficients of b1 across study sites. Indirect effect: (c) Standardised estimates of the path coefficients of r1xr2 and w1l xw2
for each site. Each left-side panel presents the standardised estimated path coefficients, illustrating the strength and significance of the
relationship in each site (scatterplot), ordered according to the decreasing climatic water deficit (CWD from -800 to Omm, representing
water stress, where more negative values indicate greater soil water deficit and higher stress for plants). Each right-side panel presents the
standardised estimates in boxplots to represent the main direction of the effect (positive or negative). Species: Cedrela fissilis (CF), Cedrela
odorata (CO) and Cedrela montana (CM).
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FIGURE 5 Linear relationship between cation exchange capacity (CEC) and climatic water deficit (CWD) with the strength of the
standardised path coefficients of each site extracted from the generalised linear mixed models. The path coefficients showed a significant
linear relationship between (a) the direct effect of tree-ring width on relative biomass production (r2) and CEC and (b) the tree size indirect
effect via wood density on relative biomass production (w1l xw2) and CWD. The red and blue lines represent a significant linear regression
(p<0.05). Species: Cedrela fissilis (CF, circles), Cedrela odorata (CO, squares) and Cedrela montana (CM, triangles). Species colour represents

the CWD and CEC gradient.

3.3 | Relationship of biomass production with
climatic and soil characteristics

The direct effect w1 and indirect effect wl x w2 presented a positive
linear association with CWD (Figure 5, Figures S16 and S20). This
indicates that in more humid environments (sites with lower CWD
and VPD), the ontogenetic effect on WD has a positive contribu-
tion to ABP,, via WD. The direct effect r2 presented a positive linear
association with CEC (Figures 5 and Figure S17) and a quadratic as-
sociation with CWD (Figure S16). This suggests that the contribution
of TRW to ABP, is higher in more fertile soils and varies non-linearly
along the CWD gradient. Specifically, the effect of TRW on ABP,
was higher in sites with either very low or very high CWD. A similar
pattern was observed for ABP in relation to CWD (Figure 5$18), indi-
cating that wetter sites not only support relative but also absolute
biomass production. However, no significant relationship was found
considering CEC (Figure S19).

4 | DISCUSSION

Here we evaluated how spatio-temporal variation in tree-ring
width (TRW) and wood density (WD), driven by both ontogenetic

(long-term) and interannual (short-term) factors, shape tree biomass
production across a large environmental gradient. As expected,
temporal variation in TRW and WD independently plays a significant
role in biomass production, but their relative contributions differ
depending on the timescale. TRW emerged as the dominant driver
of short-term variation in biomass production, with WD playing a
smaller role. Over the long term, ontogenetic changes in WD became
the primary driver of biomass production, particularly in humid
sites. Contrary to our expectation, only the ontogenetic effect via
WD on biomass production was positively associated with water
availability, indicating that long-term adjustments in WD play a
crucial role in sustaining biomass production in wetter environments
(Figure 6). These results highlight the importance of integrating both
short-term variation in TRW and WD, as well as the critical role of
long-term changes in WD, particularly in humid sites, to accurately

capture biomass production dynamics across space and time.
4.1 | Interannual changes in tree biomass
production

Short-term variation in TRW and WD positively contributed to an-
nual biomass production. However, the direct effect of TRW on
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FIGURE 6 Structural diagram of the path analysis model showing general relationships between tree size (D), tree-ring width (TRW),
wood density (WD) and relative biomass production (ABP) in the dry forest/transition zones (n=>5 sites), the Eastern and Western Amazon
Rainforest (n=5 and 4 sites, respectively) and the Atlantic Forest (n=4 sites). Arrows indicate mean standardised path coefficients extracted
from the generalised linear mixed models (Equation 3), indicating the strength (slope) of the direct and indirect relationships. Values are

the medians of the standardised path coefficients of each site extracted from the generalised linear mixed models. The size of the arrows
represents the magnitude of the effect via WD (blue colour) and TRW (red colour). Grey arrows represent paths that are significant in some
of the populations. The colour gradient red-yellow-blue represents the Climatic Water Deficit gradient from the driest to the wettest place

(CWD near 0).

biomass production was, on average, five times stronger than that
of WD, highlighting that diameter growth is the primary mechanism
regulating year-to-year fluctuations in biomass production. This pat-
tern is consistent with the large interannual variation in TRW ob-
served in our data (up to 1000-fold within sites), contrasting with
the substantially lower variability in WD (<6-fold changes within
sites). Our findings are not surprising given that interannual varia-
tion in TRW of tropical tree species has often been reported to be
high and strongly regulated by annual climatic fluctuation (Brienen
et al., 2016; Schweingruber, 1989; Zuidema et al., 2022). In con-
trast, WD is commonly characterised by more pronounced low-
frequency variation (Bjoérklund et al., 2013; Schweingruber, 1989),
potentially driven by genetic factors (e.g. Hylen, 1999; Louzada &
Fonseca, 2002).

Although the contribution of WD to interannual biomass pro-
duction was smaller, it was remarkably consistent across sites
(Figures 4b and 6). These finds indicate that even subtle interannual
fluctuations in WD can meaningfully affect biomass production and
need attention. This is particularly relevant given that recent studies
have shown that drought can induce shifts in annual WD in tropical
trees (Ortega Rodriguez, Sanchez-Salguero, Hevia, Granato-Souza,
Assis-Pereira, et al.,, 2023; Ortega Rodriguez, Sanchez-Salguero,
Hevia, Granato-Souza, Cintra, et al., 2023), and much of our current
knowledge about WD interannual variation comes from temperate
species (Correa-Diaz et al., 2020; Olivar et al., 2015; Pompa-Garcia
et al., 2024). Together, these findings reinforce that WD variation,
although limited, remains an important contributor to shaping bio-

mass production.

4.2 | Ontogenetic changes in tree biomass
production

Long-term ontogenetic changes in WD play an important positive role
in shaping biomass production, particularly in humid sites, such as the
Amazon rainforest and Atlantic Forest (Figures 4a and 6). This under-
scores the importance of structural adjustments in tissue density to
maintain growth under favourable water conditions. The pattern likely
reflects the greater mechanical, hydraulic and defensive demands
(Philipson et al., 2014; Wright et al., 2010) along with increased res-
piratory and maintenance costs (Anten & Schieving, 2010), associated
with the larger sizes attained by trees in humid forests compared to
those in dry regions (Murphy & Lugo, 1986). For example, in dry envi-
ronments, the limitation of tree height in C. odorata and C. salvadoren-
sis is linked to smaller basal vessel sizes, which reduce embolism risk as
an adaptive response to water stress (Chambers-Ostler et al., 2022).
In contrast, the ontogenetic effect via TRW was more evident
in dry forest (Figures 4a and 6), where diameter growth declined
with tree size. This pattern is likely attributable to the prolonged
and severe drought conditions experienced by trees, leading to the
rapid depletion of shallow water reserves and the reallocation of re-
sources towards sustaining growth (Borchert, 1999). The rapid water
storage traits, such as bark and wood structures, can be of great im-
portance to ensure the functioning of many physiological processes,
mainly for acquisitive species (Fagundes et al., 2022). During these
processes, trees in dry forests may have low long-term variation in
wood density to resist embolisms and maintain low vulnerability to

drought across the tree's life (Janssen et al., 2020).
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Surprisingly, we did not observe a consistent relationship be-
tween ontogenetic effect via TRW and WD, commonly reported
for fast growth strategies (Chave et al., 2009; Hietz et al., 2013;
Nock et al., 2009), as a strategic investment in enhanced struc-
tural strength at lower construction costs (Larjavaara & Muller-
Landau, 2010). This suggests that the growth-density trade-off may
be limited to specific life stages, environments or species.

These findings have direct implications for biomass estimation,
particularly in humid forests. Relying on a single value (~0.43g/cm®)
from a global wood density database for C. fissilis and C. odorata (Zanne
et al., 2009) introduces systematic errors exceeding 20% between dry
and humid sites (calculations shown in Supporting Information Il1).
This leads to biomass overestimation for individuals in humid forests
(especially between 10 and 20cm in diameter in the Amazon forest)
and an underestimation in dry forests throughout their adult stage.
Incorporating ontogenetic WD variation into biomass models could
significantly enhance their accuracy, mainly in humid sites.

However, while these ontogenetic effects are evident in fast-
growing species like Cedrela, further research is needed to determine
whether similar patterns occur in conservative species with slower
growth rates and higher baseline WD, where wood density varies
minimally with tree size (Bastin et al., 2015; Gonzalez-Melo, 2021;
Osazuwa-Peters et al., 2014).

4.3 | Environmental control of short and long-term
biomass production

Water availability plays a central role in modulating long-term bio-
mass production through its influence on wood density. This finding
indicates that, although higher WD in dry forests provides mechani-
cal and hydraulic resistance to drought, the investment in denser tis-
sues becomes even more relevant in humid forests, where larger tree
sizes demand greater structural support throughout ontogeny. This
result offers a mechanistic explanation for macroecological patterns
frequently reported in the tropics, where spatial variation in WD is
strongly related to climate (Yang et al., 2024). Our findings suggest
that the well-established relationship between water availability and
biomass production (Becknell et al., 2012; Poorter et al., 2017; Souza
et al., 2019) is, at least in part, mediated by ontogenetic adjustments
in wood density in fast-growing species.

In contrast, water availability showed no significant effect
when modulating long-term biomass production through its influ-
ence on diameter growth. This suggests that radial growth trajec-
tories are less constrained by long-term climatic water balance but
rather by annual climatic fluctuations (Brienen et al., 2016; Zuidema
et al., 2022). However, we found that the direct effect of diameter
growth on biomass production increased significantly with greater
soil nutrient availability (high CEC). This indicates that, more than
annual climate fluctuation, the soil fertility condition contributes
more strongly to relative biomass production, likely reflecting the
increased capacity for carbon allocation to stem growth when nutri-
ent limitations are reduced (Van Der Sande et al., 2018).
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Altogether, these findings show that environmental drivers dis-
tinctly influence the mechanisms behind biomass production. Water
availability primarily shapes the long-term contribution of wood
density, especially through ontogenetic changes, whereas soil fer-
tility amplifies the direct contribution of radial growth to annual
biomass accumulation. This dual environmental control reinforces
the importance of integrating both climate and soil gradients when

modelling biomass dynamics and carbon stocks in tropical forests.

5 | CONCLUSIONS

Our findings show that both wood density and diameter growth
positively influence short-term variance in biomass output, but the
effect of diameter is more pronounced and varied than that of wood
density. Over time, we demonstrate that ontogenetic modifications
in wood density, especially in humid environments, are more impor-
tant than diameter expansion. Our results demonstrate the impor-
tance of considering both diameter growth and wood density when
evaluating biomass and carbon storage across environmental gradi-
ents. Moreover, tropical trees face increasing impacts from climate
change, including how long they can live and how they can grow in
volume and wood density. Given the key role of wood density in
driving tree biomass production, we suggest more studies quantify
the amount of radial variation and wood density. Further, we recom-
mend that biomass models and allometric equations be adapted to
incorporate not only single-species estimates of wood density but
also variation in radial wood density and climate to improve their
accuracy.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
Supporting Informationl (SI-1):

Table S1. Characteristics of the Cedrela spp. populations and their
local characteristics.

Table S2. Geographical, climatic, and soil data for each of the study
sites.

Figure S1. (A) tree-ring wood density in g/cm® (WD), converted
to basic wood density by multiplying by 0.838 (Vieilledent et al.,
2018); (B) tree-ring width in mm (TRW); (C) absolute annual biomass
productivity in kg (ABP), calculated from Chave et al's (2014)
pantropical equation, across sites; and (D) annual relative biomass
productivity (ABPP).

Figure S2. Relationship between tree cumulative diameter (cm) and
tree-ring wood density (WD, g/cm®) across the different sites.
Figure S3. Relationship between tree cambial age (years) and tree-
ring wood density (WD, g/cm3) across the different sites.

Figure S4. Relationship between tree cumulative diameter (cm) and
tree-ring width (TRW, mm) across the different sites.
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Figure S5. Relationship between tree cambial age (years) and tree-
ring width (TRW, mm) across the different sites.

Figure Sé. Relationship between tree cumulative diameter (cm) and
biomass production (ABP, kg) across the different sites.

Figure S7. Relationship between tree cambial age (years) and biomass
production (ABP, kg) across different sites.

Figure S8. Relationship between tree cumulative diameter (cm) and
proportional change in biomass (ABPp:ABP(t)/BP(t-1)) across the
different sites.

Figure S9. Relationship between tree cambial age (years) and
proportional change in biomass (ABPp: ABP(t)/BP(t-1)) across
different sites.

Table S3. Summary of the linear mixed-effects model relating log-
transformed tree age (from pith to bark) to log-transformed stem
diameter.

Figure S10. Relationship between tree cambial age (years) and
increment in diameter (cm) across the different sites.

Figure S11. Relationship between tree cambial age (years) and
cumulative diameter (cm) across different sites.

Table S4. Model comparison to select generalised linear mixed
models with different fixed and random effects structures.

Table S5. General path coefficients from the structural equation
model (SEM) showing the direct and indirect effects of diameter (D)
on tree-ring width (TRW), wood density (WD), and annual biomass
production (ABP or ABPp).

Figure S12. Structural diagram of the path analysis model, showing
hypothesised relationships between tree size (D), tree-ring width
(TRW), wood density (WD), and absolute biomass production (ABP,,).
Figure S13. Structural diagram of the path analysis model showing
general relationships between tree size (D), tree-ring width (TRW),
wood density (WD), and absolute biomass production (ABP).

Figure S14. Linear relationships between standardised path
coefficients in the structural equation model, considering relative
annual biomass production (ABPp).

Figure S15. Linear relationships between standardised path
coefficients in the structural equation model, considering absolute
annual biomass production (ABP).

Figure S16. Relationship between path coefficients in the structural
equation model with climatic water deficit (CWD). Direct effect:
Tree size.

Figure S17. Relationship between path coefficients in the structural
equation model with cation exchange capacity (CEC).

Figure S18. Relationship between path coefficients in the structural
equation model with climatic water deficit (CWD).

Figure S19. Relationship between path coefficients in the structural
equation model with cation exchange capacity (CEC).

Figure S20. Bootstrap correlations between path coefficients and
environmental variables with confidence intervals.

Figure S21. Bootstrap correlations between path coefficients and
environmental variables with confidence intervals.

Supporting Information Il (SI-11):

Figure S1. Partitioning of variance for tree-ring width (TRW), wood
density (WD), absolute aboveground biomass production (ABP), and
relative aboveground biomass production (ABPp) in log scale.
Figure S2. Estimated marginal means (with 95% confidence intervals)
of tree-ring width (TRW), wood density (WD), aboveground biomass
production (ABP), and relative aboveground biomass production
(ABPy) in log scale across sites.

Figure S3. Estimated marginal means (with 95% confidence intervals)
of tree-ring width (TRW), wood density (WD), aboveground biomass
production (ABP), and relative aboveground biomass production
(ABPp: ABP(t)/BP(t-1)) in log scale across sites.

Supporting Information I (SI-111):

Figure S1. Relative error in cumulative biomass estimates when
considering radial variation in wood density versus literature-based
wood density across diameter classes.

Figure S2. Relative error in cumulative biomass estimates when
considering radial variation in wood density versus literature-based

wood density across diameter classes.
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