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Abstract

Wood specific gravity (SG) is an essential indicator of wood quality, carbon stock,
and the universality of tree functional traits influenced by both genetic and
environmental factors. This study investigates the influence of natural physical
variables, topography, water availability, and wind exposure on the specific gravity

of the Quercus genus across a wide geographic range. Using a Bayesian regression
model, we analyzed the relationships between SG and the selected physical variables.
Our results indicate that these variables explain a significant proportion of the
variation in SG among oak species. Increased topographic complexity leads to higher
SG, likely due to stability and resource acquisition challenges in rugged terrain. Water
availability is negatively correlated with SG, as higher precipitation or proximity to a
river reduces water stress. Wind exposure was also associated with higher SG, likely
due to the structural adaptations required to withstand mechanical forces. Our
findings align with previous studies on SG variation in other tree species, supporting
the hypothesis that environmental stressors drive increases in wood density. These
results contribute to a broader understanding of how climate and landscape shape
wood properties in the Quercus genus, a keystone component in eastern deciduous
forest ecosystems in the United States.

Keywords Keystone species, Wood density, PyMC3

1 Introduction

Oak trees (Quercus spp.) are considered keystone species due to their critical role in
maintaining ecological structure and function [33]. The acorns produced by these
trees are a fundamental food resource for a wide range of animals, with up to 96 spe-
cies relying on them [54]. This includes numerous bird species, such as the ruffed grouse
(Bonasa umbellus) and northern bobwhite (Colinus virginianus), as well as mammals
like the black bear (Ursus americanus) and various species of squirrels, including the
gray squirrel (Sciurus carolinensis) and fox squirrel (Sciurus niger) [33]. Additionally, oak
trees play a pivotal role in seed dispersal, with species like the blue jay (Cyanocitta cris-
tata) actively transporting acorns. This facilitates the regeneration of oak populations
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and the dispersion of other plant species [103]. A reduction in acorn production, there-
fore, not only limits food availability for these species but also disrupts the broader eco-
logical processes of seed dispersal and forest regeneration [57]. The cascading effects
of diminished acorn availability contribute to a decline in biodiversity, as herbaceous
plants, understory species, and even larger animals that depend on oak-related ecosys-
tems face severe habitat disturbances [9]. These interconnected relationships emphasize
the role of oak trees as keystone species that sustain a diverse array of organisms and
ecosystem functions.

Globally, oak remains one of the most economically and culturally important hard-
wood genera. In 2017, U.S. red oak exports alone exceeded 374,000 m.?, with signifi-
cant demand from Asian and European markets [14]. Although comprehensive global
estimates of oak forest coverage are limited, regional studies highlight their ecological
importance across diverse landscapes, including Mediterranean ecosystems [19] and the
central Himalayas [62]. In the southeastern U.S., oaks are dominant in both volume and
area within upland hardwood forests, often comprising 40-50% of trees or more in these
ecosystems [37]

This region hosts a high diversity of oak species, including Quercus alba, Q. falcata, Q.
stellata, Q. nigra, and Q. laevis, all of which play essential roles in shaping forest struc-
ture and successional dynamics [15]. Rather than emphasizing individual species, oaks
as a genus function as ecological keystones due to their widespread distribution, struc-
tural dominance, and critical functional traits in temperate deciduous forests [33].

The long-term prognosis for oak trees across the United States particularly in the
Southeast has raised growing concern among ecologists and forest managers. Although
oaks remain ecologically and economically dominant in many upland forests, decades of
fire suppression, intensive land-use change, and expanding populations of mesophytic
competitors (e.g., red maple, American beech) have reduced their ability to regenerate
naturally [64]. In the Southeast, these pressures are compounded by habitat fragmen-
tation, invasive species, overbrowsing by deer, and climate-related stressors such as
increasing drought frequency and temperature extremes [33, 40, 57, 77]. Despite these
challenges, evidence suggests that active management strategies especially prescribed
burning, selective thinning, and midstory control can restore the disturbance regimes
necessary for sustaining oak-dominated systems over time [13]. Without such interven-
tions, many oak forests risk transitioning into alternative, non-oak-dominated states.

Wood specific gravity (SG) is an essential ecological trait that affects forest resilience
and ecosystem functioning. The moisture content of wood varies greatly; therefore,
researchers and foresters have used different methods to determine the specific density
of different wood species. Williamson and Wiemann [100] have recognized three main
ways of calculating wood density and its counterpart, specific gravity. These are listed
below:

1. Basic wood density and specific gravity:

Py = @(mdS'Gb R
Vg pwater

where my is the oven-dry mass, Vj is the green volume, and pyater is water density.

2. Air-dry wood density and specific gravity:



Febles Diaz et al. Discover Forests (2025) 1:55 Page 3 of 16

Pad = @andSGad — _Pad
Vad Pwater

where V4 is the air-dry volume at a standard moisture content (typically ~ 12%).

3. Oven-dry wood density and specific gravity:

Poi = =2 andSGoy = -2
Vo Pwater
where V) is the oven-dry volume.

It can be seen that in all three wood densities, the numerator is the same, i.e., kiln-
dried wood. It is the denominator that changes in the three different types of wood den-
sity. The advantage of SG is that it standardizes units when comparing densities and
provides information on other properties of wood, such as buoyancy.

SG impacts a tree's resistance to drought, pests, mechanical stress, longevity, and suc-
cessional dynamics [100]. Wood stiffness (modulus of elasticity) and strength (modu-
lus of rupture) are positively correlated with SG [65], which are essential for oak wood
used in traditional boatbuilding, interior joinery, furniture, and paneling [10].While oak
is no longer widely used in industrial shipbuilding, it remains relevant in traditional
boatbuilding and heritage restoration (e.g., Everso Marine Restorations, WoodenBoat
School), where its high density and durability are still valued. Similarly, oak continues
to be a premium material in high-end furniture markets due to its mechanical strength,
aesthetic grain, and longevity [90]. SG is also a critical factor in converting forest volume
data to biomass, and it is strongly related to carbon density per unit volume [29, 101].
Hence, it helps estimate ecosystem carbon storage and fluxes [53].

Variations in the SG of wood are influenced by multiple factors, including climatic
conditions, geographical location, and management practices [47]. Key determinants
include the geographical distribution of the species and site conditions [46]. Studies have
shown that slope and altitude increase the specific gravity in Persian oak [63]. Addition-
ally, water availability influences the stiffness, strength, and density of wood in pedun-
culate oak (Quercus robur) and other angiosperms [2, 35]. Exposure to wind also has an
influence, as it affects the morphology and stability of the leaves of the white oak [94]
and induces the formation of reaction wood, which is usually denser than normal wood
[115].

Several studies have linked annual ring width to wood density, though this relationship
varies by species and growing conditions [72, 111]. In ring-porous hardwoods like Eng-
lish oak (Quercus robur) and Sessile oak (Quercus petraea), wider rings often correspond
to higher wood density [93, 109]. This pattern contrasts with many softwoods, where
wider rings usually mean lower density [85, 112]. However, in oaks, the strength and
even direction of this relationship can differ widely across species and individual trees
due to genetic and environmental factors [87, 111].

Specific gravity tends to be higher under environmental stress, and the degree of stress
depends on the species [41, 67]. Older trees tend to have denser wood than younger
trees of the same species because they have a greater accumulation of mature wood [20,
73, 96]. Among trees of the same species and age, those that grow faster may have a
lower specific gravity than those that grow more slowly due to variations in cell structure
and lignin content [44, 83].
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Despite its ecological importance, there is a lack of comprehensive documentation
addressing the influence of natural physical variables on the specific gravity of Quercus
genus [3, 50, 51, 68, 86]. Most existing studies are limited to case studies focusing on
specific species rather than examining a broad range of Quercus genus [39, 45, 52, 66,
95, 97]. Moreover, there is limited documentation on the general effects of natural physi-
cal variables on the specific gravity of oaks in the USA. However, this information could
provide insights into the conditions that optimize growth and specific gravity in the
Quercus genus and may also help infer how these trees might respond to environmental
changes.

The objective of this study is to investigate how natural physical variables, specifically
topography, water availability, and wind exposure, affect specific gravity in the Quercus
genus across a wide geographic range in the southeastern region of the United States.
Specifically, we hypothesize that H1: Specific gravity in the genus Quercus is influenced
by natural physical variables such as topography complexity, water availability, and wind
exposure. H2: As the natural physical environment becomes more hostile (e.g., complex
topography, limited water, and stronger winds), the specific gravity of the Quercus genus
will tend to increase. Understanding these influences is essential for assessing oak trees'
resistance to environmental stresses and their role in forest ecosystem dynamics, succes-

sion, and longevity.

2 Materials and methods

Oak specific gravity data between 1962 and 2013 were obtained from the open reposi-
tory LegacyTreeData, with 1981 being the most common year. The spatial boundar-
ies selected are the eastern United States, where oaks have been widely distributed.
(Fig. 1A). The repository is maintained by Virginia Tech and the Forest Inventory and
Analysis (FIA) program. It contains a comprehensive collection of individual tree mea-
surements, including volume, mass, and physical properties. As of May 1, 2016, the col-
lection held records from over 250,000 trees, with detailed stem measurements carried
out by private companies, government agencies, and university researchers over more
than 100 years. These records include data from felled trees, documenting stem taper,
volume, and mass (including wood, bark, branches, and foliage) for over 20,000 trees.
The repository also compiles study plans and field notes whenever available. There is no
evidence in the database of the type of management each plot presented.

Due to the varied temporal range, we chose to take explanatory variables (Fig. 1 B-E)
that did not vary significantly over time. The database contained records for 33 oak spe-
cies. Initially, it included 5,485 records but was reduced to 227 records containing spe-
cific gravity values (Fig. 1A, supplemental material).

According to the glossary of the database [75], SG was calculated from discs of specific
sections of the studied tree, in our case the stem, as the oven-dry (105 °C) mass per unit
of green volume of wood and/or bark, expressed as a proportion of the density of water.
Mathematically, it is defined as:

Oven - dry mass

SG =
Green volume - Density of water
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Fig. 1 A: Distribution of wood specific gravity points and B to F independent variables. B Wind speed at 10 m
[23], C Topography diversity [91], D Mean vapor pressure deficit [22], E Mean precipitation [22], F Hydrographic
network [61]

These records were linked to their respective coordinates by combining the variables
AUTHOR, LOC, and SPCD, which connected the LEGACY TREE table to the LEGACY
LOCATION table.

We employed the aggregation method of averages to address the issue of multiple
records within the same location. This approach was necessary because the coordi-
nates provided by the database represent a working polygon rather than individual tree
points. Consequently, this grouping process does not significantly impact the analysis,
as even disaggregated data at the individual tree level would be represented as a point



Febles Diaz et al. Discover Forests (2025) 1:55 Page 6 of 16

due to cartographic selection and generalization principles, leaving a total of 227 records
(Fig. 1A) with an average of 10 records per aggregate, with a minimum of 1 and a maxi-
mum of 71. With the filtered records and their corresponding coordinates, we extracted
the values of various natural physical variables (Fig. 1B-E, Table 1) for subsequent analy-
sis. Mean vapor pressure deficit, precipitation, and proximity to rivers were included in
the study due to the influence of climate documented in wood density worldwide [17].
Topography was included because of its demonstrated role in explaining tree-specific
gravity at a global scale [104]. Wind speed was considered due to its influence on tree
mechanics, as the specific gravity of wood is linked to its mechanical properties. This
connection affects the tree’s ability to withstand external forces, such as wind flow and
gravity, as well as internal factors like biomass distribution and crown structure [32]

2.1 Data analysis

The “st_distance” function of the R “sf” package was used to calculate the closest Car-
tesian distance between each point and the nearest river [69]. To assess the influence
of each variable on the response variable, a Bayesian linear model (Eq. 1) was used to
avoid relying on p-values to determine the significance of effects. This approach tests the
hypothesis of whether the impact of each variable is genuine. This approach is especially
relevant given the known effects of the natural physical variables on plant physiology. In
addition, the Bayesian model mitigates the risk of false positives by avoiding value hack-
ing that can arise when handling large volumes of data.

Weakly informative priors were used to provide light regularization and improve
model stability while still allowing the data to dominate posterior inference. A Normal
prior with mean 0 and standard deviation 10 was assigned to all regression coefficients
(Eq. 2), which offers a broad but finite parameter space and prevents extreme estimates
when predictors span heterogeneous environmental gradients. The residual standard
deviation ¢ was assigned a Half Normal prior with scale 100 (Eq. 3) to accommodate
potentially large unexplained variability across the wide geographic and ecological range
represented in the dataset. These choices avoid improper or overly diffuse priors, which
can lead to unstable posteriors in sparse or noisy ecological data, while remaining suf-
ficiently weak to avoid imposing strong prior structure. The model was implemented
using the PyMC3 library in Python [80], with a Markov Chain Monte Carlo (MCMC)
sampling method, 1000 samples, and 10 parallel chains.

yi ~ N (X;8,07) (1)

Table 1 Summary statistics of the input variables

Mean Std Min 25% 50% 75% Max
Wood specific gravity 0.60 0.03 0.51 0.57 0.61 0.63 0.70
Mean water vapor pressure 14.26 2.70 7.84 12.29 15.31 16.31 18.27
(hPa)
Mean precipitation 110.75 1745 55.65 100.56 110.99 120.71 176.65
(mm)
Topographic diversity 0.17 018 0.00 0.06 0.11 0.20 0.77
-1
Average wind speed at 10 m 298 0.91 1.1 235 2.78 344 574
(ms™)
Distances from the river 2813 2785 92 964 2111 4007 16,921

(km)
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where:

+ y; is the observed target SG value for data point i.
+ X, is the predictor variable for data point i.
+ [ is the vector of regression coefficients.

« 02 is the variance of the error term.

We modeled each observed target value y; as being generated from a normal (Gauss-
ian Egs. 2 and 3) distribution with mean X; [ (the predicted value based on the predic-
tors) and variance o2. Introducing the prior distributions for 3 and o2 we have:

B~ N (po, o) )
o~ Halfy (1) (3)
where:

+ Mo and Xy are the mean vector and covariance matrix of the prior distribution for f.
+ 7 is the scale parameter of the HalfNormal prior for the standard deviation o.

3 Result and discussion

We fitted the Bayesian regression model as described above, and it did not present any
convergence problems with the data provided. Our results demonstrated that the nat-
ural physical variables we considered in this study explained 0.36% of the variation in
the specific gravity of the oak genus (Table 2). Previous studies have shown that, for a
given tree, internal stand characteristics, such as the natural conditions in which the
tree is located, can explain between 4 and 36% of the variation. In comparison, tree age
can explain between 17 and 24% [28]. Additionally, 15% of the variation in SG can be
explained by the tree’s diameter at breast height [52], and ~ 90% can be explained by the
compressive strength parallel to the grain [4]. This indicator is closely related (R*=0.72)
to the angle of the microfibers, which varies from tree to tree [110].

Our results suggest that natural physical variables have a similar influence on specific
gravity as population (stand), age, and shape (DBH, height) variables, except for physi-
ological variables with much greater explanatory power. Furthermore, it is observed
that as environmental conditions become more adverse, the specific gravity of oaks
increases. This trend aligns with findings from other studies in both tropical and tem-
perate regions, where specific gravity or its proxy indicators exhibit similar patterns [18,
31, 60, 71, 102]. It is important to note that our data has a more tremendous sampling
effort in the southeastern region, so our results are more reliable (Fig. 2).

Table 2 Point Estimates and Uncertainty Indicators for Bayesian Regression Model Parameters
Variables and good-fitindicators  Point estimates (mean) Standard deviation Credible interval

Sigma 0.03191 0.00153 Min Max
Distances from the near river (km) 0.00164 0.00080 0.0001* 0.003*
Average wind speed at 10 m (m-s™h 0.005 0.00245 0.0002* 0.010*
Topographic diversity (0-1) 0.06295 0.01546 0.033* 0.09*
Mean precipitation (mm) —0.0003 —0.00015 —0.0005*  —0.00005"
Mean water vapor pressure (hPa) 0.00295 0.00106 0.0009* 0.005*
Intercept 0.56756 0.02152 0.525381*  0.609739*
Bayesian R? 036"

" Alpha 95%, * 90%, *good of fitness test in supplemental material

Page 7 of 16
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Fig. 2 Posterior distribution of regression coefficients

3.1 Topography

With a 95% credible interval (0.033—0.09), we can state that an increase in topographic
diversity (indicating greater complexity) results in a corresponding increase in spe-
cific gravity of approximately 0.06 units. As the terrain gets steeper, life development
conditions become more complex. According to de Castilho et al. [24], this effect is
more pronounced in dominant than in understory trees. Two factors explain this: first,
smaller trees have lower resource needs in hillside environments, but as they grow, their
resource demands increase, intensifying environmental pressure. Second, mature plants
require greater stability, particularly in rugged terrain, as steeper slopes tend to have
thinner soils due to the geomorphic potential of the relief to generate runoff.

According to our results, young oaks growing on slopes may initially exhibit a wood
density like that of those on flat ground, assuming all other environmental factors
remain constant except for the slope. However, as they grow, they begin to experience
the mechanical stress imposed by the incline, which leads to an increase in wood density

Page 8 of 16
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due to the need for additional structural support. Given that red oaks have a higher
growth rate (moderate: 30—60 cm per year) compared to white oaks (less than 30 cm per
year) [58, 79, 82], it is expected that the difference in SG between the two species will be
smaller in hillside environments than on flat terrain at the same age. As the complexity
of the terrain increases, environmental demands become more pronounced, leading to a
corresponding rise in SG [63, 105].

3.2 Water

We observe that for every millimeter of rain, there is an average decrease of approxi-
mately 0.0003 units in the specific gravity of the wood, with a credible interval of 90%
between -0.0001 and -0.00055 units (Table 2 and Fig. 1). Rainfall influences wood den-
sity by affecting tree growth rates and xylem structure [2, 7, 78]. An increase in rainfall
reduces water stress and promotes greater cambial activity [8], translating into wider
growth rings and a higher proportion of earlywood [31]. This early wood is composed
of larger vessels and thinner cell walls, which facilitate water transport but decrease the
overall density of the wood [35].

The 90% confidence in this relationship can be attributed to the efficiency of the
Quercus genus in stomatal closure under mild water stress [6, 48, 49]. This mechanism
increases resistance to the diffusion of CO, towards the leaf's interior and reduces tran-
spiration, limiting water loss in comparison with other tree species.

On the other hand, an increase of 1 hPa in vapor pressure deficit is associated with an
increase of 0.003 units in the specific gravity of wood (95% credibility interval: 0.0009—
0.005). Vapor pressure deficit is a key indicator of the atmosphere's evaporative demand
and has been linked to restrictions in photosynthesis due to the reduction of stomatal
conductance [56, 59, 81].

The decrease in stomatal conductance reduces transpiration and restricts the flow
of water in the xylem [88], which favors the formation of porous or smaller fibers with
thicker cell walls [55, 113]. This contributes to increased SG, as it increases the propor-
tion of material in the cell wall concerning the luminal area of the vessels [105]. In Quer-
cus, this process is related to the efficiency of water transport and the balance between
leaf area and sapwood allocation in wood formation [78].

Finally, a high and sustained mean vapor pressure deficit can reduce CO, absorption,
which limits the photosynthetic rate [56, 59, 81]. With less carbon available, trees adjust
their growth, prioritizing the formation of cellular structures over rapid expansion [70,
108]. Consequently, a slower growth rate, conditioned by carbon limitation, can some-
times generate an increase in the SG [21].

3.3 Distances
With a 95% credible interval, it can be stated that the specific gravity of wood increases
by 0.18-1072 units (0.0001- 0.003) for every meter we move away from the river. This may
be due to two reasons; firstly, how well adapted the stomata of oak trees are to tolerate
periods of drought [25, 107]. Secondly, in undisturbed forests, thermo-aquatic condi-
tions are stable, which means that changes are not as abrupt as in disturbed areas [74].
Rivers not only provide moisture but also act as a vital source of nutrients for the
soil. This occurs through direct flooding [36] and the indirect transportation of nutri-
ents from higher areas via runoff, which tends to accumulate in lower-lying regions [30].
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Living close to a water body has its benefits, such as receiving fertilization, irrigation,
and a water source during drought. According to Howard et al. [38] and Schreffler and
Sharpe [84], fertilization and irrigation positively and significantly affect biomass and
growth rates in oak trees. However, Svensson et al., [89] did not find such an effect in
Quercus robur and Quercus petraea, probably due to the high background nutrient lev-
els from past agricultural use, which leads to nutrient saturation. In addition, the deep-
rooting habit of the trees allowed access to deep soil moisture, which reduced the effect
of the irrigation provided compared to the control.

3.4 Wind

The response of trees to wind generally consists of developing a stronger wood that
allows structural adaptations to withstand mechanical forces [92]. Our research is con-
sistent with this approach because it was found that specific gravity in oaks increased
by 0.005 (0.0002—0.010) units for each increase (m-s™') in wind speed. While regional
wind speed data at 10 m may not apply uniformly to individual trees on the surface due
to local variations, it still provides valuable information. These variations in local con-
ditions can influence how wind interacts with individual trees. On average, areas with
higher wind speeds measured at 10 m tend also to experience higher wind speeds at
the surface. This pattern is especially noticeable compared to regions with lower wind
speeds at this height [114]. Even if local conditions, such as the location of trees in a
grove or the presence of barriers, affect the distribution of surface wind speed, the gen-
eral trend holds.

The way trees respond to wind loads varies with age and structural development.
Young trees primarily avoid excessive mechanical stress through flexibility, often rely-
ing on a more pliable composition. In contrast, mature trees endure wind loads through
structural reinforcement, developing wood with higher bending stiffness [27]. This aligns
with our findings, as increased wood density in response to wind may reflect a strength-
ening mechanism in older trees rather than mere flexibility.

Wind exposure can also induce the formation of reaction wood, which is typically
denser than normal wood [115]. Additionally, environmental stressors can influence bio-
mass allocation, leading to structural modifications that enhance wood density under
specific conditions [98, 99].

However, not all studies support a direct correlation between mechanical stress and
increased wood density. Ashby et al. [5] found that in sweetgum (Liquidambar), wood
density decreased under greater mechanical stress. While this contrasts with our results
in oaks, species-specific differences in growth strategies could explain these discrepan-
cies. Similarly, Woodcock and Shier [101] investigated whether treetops exhibited higher
radial growth rates but found no significant effect. However, they did observe that can-
opy species consistently had higher specific gravity than non-canopy species. Their study
included one oak species, but none of the sampled oaks were from the canopy, making it
difficult to directly compare their results with ours. This suggests that while wood den-
sity may increase in response to wind, the relationship is not uniform and may depend
on additional anatomical and ecological factors.
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3.5 Ecological context

The ecology of the Quercus genus is well documented, especially regarding its adapt-
ability to diverse environmental conditions and its functional role in temperate forest
dynamics. Oaks are often classified as disturbance-adapted, light-demanding species
that thrive in environments shaped by fire, drought, or wind exposure [1, 33]. Their deep
rooting systems, efficient stomatal regulation, and capacity to produce dense, struc-
turally resilient wood allow them to persist in xeric sites and on complex terrain [48,
64]. The positive associations observed in this study between specific gravity and topo-
graphic complexity, distance from water sources, and wind exposure are consistent with
these ecological traits, reflecting a functional shift toward increased mechanical and
hydraulic resistance under stressful conditions. These patterns also suggest that Quercus
species may respond to environmental gradients not only through morphological plas-
ticity but also through structural wood properties, which can serve as long-term records
of environmental filtering and adaptation [98, 99]. Incorporating this understanding
strengthens the ecological interpretation of our results and aligns with prior findings
that position oaks as keystone species in landscapes undergoing environmental change.

3.6 Sample size limitation

The small sample size, limited to the southeastern United States, affects the reliability
of the results because it reduces the representativeness and generalizability of the find-
ings. With only 227 records of specific gravity values from this specific region, there is a
limited ability to capture the full variability of genus Quercus across the eastern United
States or other regions where oaks are also present. This geographical constraint may
result in findings that reflect local environmental conditions, species characteristics, or
forest management practices rather than broader patterns [11]. Additionally, while the
explanatory variables were chosen to minimize temporal variation, the restricted spa-
tial extent still limits the ability to account for regional differences, potentially leading to
biased conclusions when applied beyond the study area.

3.7 Management implication

The results of this study have significant implications for forest management, particu-
larly for improving forest health, optimizing carbon sequestration, and increasing timber
production. Although natural physical variables account for only 0.36% of the variation
in oak specific gravity, the positive correlation between specific gravity and challenging
environmental conditions suggests that stress influences wood formation in complex
ways. For example, water stress can lead to irregular heartwood shapes, such as notched
cores at certain heights in oak trees [34]. High specific gravity wood, particularly from
small-diameter trees in harsh environments, is more prone to brittleness, splitting, and
warping due to internal stresses [16, 43]. The use of tension pre-harvesting techniques
could help reduce imbalances and improve timber quality [106]. On the other hand,
Divos and Tanaka [26] found in pines that the increase in tensile strength decreases the
number of knots. Given that topography significantly influences factors such as light
exposure, runoff, wind, and soil deposition, incorporating topographic data into plant-
ing and harvesting strategies can optimize timber quality. Additionally, bottomland
hardwoods play a crucial role in watershed management by stabilizing floodwaters,
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filtering nutrients, and reducing sediment loads. This creates a self-sustaining system
that enhances soil quality and long-term forest productivity [12].

Topography, the most influential variable, affects light exposure, runoff, wind, and soil
deposition. Thus, incorporating topographic data can optimize planting and harvest-
ing strategies, especially in areas of complex relief that produce higher specific gravity
timber. Bottomland hardwoods play a vital role in watershed management by storing
floodwater and reducing flood risks. They also improve water quality through nutrient
filtering, sediment reduction, and organic waste processing [76]. These wetlands create
a self-sustaining system where vegetation stabilizes water flow, preventing rapid miner-
alization of organic matter by maintaining a reducing regime [12]. This process allows
organic matter to accumulate gradually, enriching the soil and detritus layer [42]. As a
result, this organic buildup enhances soil quality and traps sediment from upper slopes.
This process increases soil thickness and promotes long-term forest productivity and
stability.

4 Conclusions

This study confirms that natural physical variables, such as topography, water availabil-
ity, and exposure to wind, significantly influence the specific gravity of Quercus species.
Our Bayesian regression model demonstrates that these environmental factors explain
a considerable proportion of specific gravity variability (R?>=0.36). This effect is compa-
rable to the influence of stand characteristics, tree age, and morphology.

In accordance with H1, our findings indicate that topography, water availability, and
wind exposure play a key role in the formation of specific gravity in Quercus. Further-
more, in support of H2, the results support the hypothesis that an increase in envi-
ronmental adversity leads to higher specific gravity values. Specifically, more complex
terrain is associated with higher specific gravity, due to the need for structural rein-
forcement in trees growing on steep slopes with limited resources. Higher precipitation
correlates with lower specific gravity values, as increased water availability encourages
wider growth rings with lower wood density. In contrast, a higher vapor pressure deficit
is associated with increased specific gravity. This may be due to lower stomatal conduc-
tance, which favors the formation of denser wood. As the distance from rivers increases,
so does specific gravity, due to lower soil moisture and nutrient availability. Specific
gravity increases with wind speed, suggesting that trees develop stronger wood to resist
mechanical stress.

These findings are consistent with previous research on the response of specific grav-
ity and wood density to environmental conditions in different forest types. However,
the spatial distribution of our dataset suggests that the conclusions are more robust for
the southeastern regions, where sampling was more intensive. Looking ahead, it is rec-
ommended that the geographical coverage be expanded. Additionally, incorporating
physiological and genetic factors will help refine the understanding of the variability of
specific gravity in Quercus. These results have valuable implications for forest manage-
ment and timber production. The selection of optimal locations, considering topogra-
phy, water availability, and wind exposure, can inform forest management strategies to
optimize specific gravity values.

In terms of practical applications for timber production: (1)Planting species on mod-
erately sloping land can favor higher specific gravity values than flat areas or areas with
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extreme slopes. (2) Areas with high rainfall and desirable water availability may be more
suitable for species with lower specific gravity. And (3) Regions with strong winds, espe-
cially with frequent gusts, can benefit from selecting species with naturally more resis-
tant wood structures. By integrating these environmental factors into forestry planning,
timber managers and producers can improve the quality and value of their products.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1007/544415-025-00058-5.

Supplementary Material 1

Supplementary Material 2

Author contributions

Author Contributions: Conceptualization: José Miguel Febles Diaz, Emma Schopen, Zhaofei Fan Methodology: José
Miguel Febles Diaz, Zhaofei Fan Writing - Original Draft Preparation: Favour Onyido, José Miguel Febles Diaz, Emma
Schopen Writing - Review & Editing: Emma Schopen, Zhaofei Fan, Haomin Huang, Favour Onyido, José Miguel Febles
Diaz Data Curation: Haomin Huang, Emma Schopen Discussion: Emma Schopen, Martin A. Spetich.

Funding
USDA Forest Service Southern Research Station FS-22JV-113330180-64.

Data availability
All data can be found in LegacyTreeData [https://charcoal2.cnre.vt.edu/TreeData/biomass\_tools/biomass-tools/web/ ] .

Declarations

Ethics approval and consent to participate

The authors declare no conflict of interest. All ideas expressed in this document do not necessarily represent the views
of the organizations/institutions to which the authors are affiliated. As this study does not involve human or animal
subjects or biological material, the relevant ethical declarations (e.g.,, Consent to Participate, Consent to Publish) do not
apply.

Competing interests
The authors declare no competing interests.

Received: 15 February 2025 / Accepted: 25 November 2025
Published online: 13 December 2025

References

1. Abrams MD. Adaptations and responses to drought in Quercus species of North America. Tree Physiol. 1990. https://doi.or
9/10.1093/treephys/7.1-2-3-4.227.

2. Alfaro-Sanchez R, Valdés-Correcher E, Espelta JM, Hampe A, & Bert D. (2020). How do social status and tree architecture
influence radial growth, wood density and drought response in spontaneously established oak forests? Annals of Forest
Science, 1-17.

3. Arenas-Navarro M, Oyama K, Garcia-Oliva F, Torres-Miranda A, de la Riva EG, Terrazas T. The role of wood anatomical traits
in the coexistence of oak species along an environmental gradient. AoB Plants. 2021. https://doi.org/10.1093/acbpla/plab
066.

4. Armstrong JP, Skaar C, de Zeeuw C. The effect of specific gravity on several mechanical properties of some world woods.
Wood Sci Technol. 1984. https://doi.org/10.1007/BF00350472.

5. Ashby WC, Kolar CA, Hendricks TR, & Phares RE. (1979). Effects of shaking and shading on growth of three hardwood spe-
cies. Forest Science, 212-216.

6. Bahari ZA, Pallardy SG, Parker WC. Photosynthesis, water relations, and drought adaptation in six woody species of oak-
hickory forests in central Missouri. For Sci. 1985. https://doi.org/10.1093/forestscience/31.3.557.

7. Barotto AJ, Monteoliva S, Gyenge J, Martinez-Meier A, Fernandez ME. Functional relationships between wood structure
and vulnerability to xylem cavitation in races of Eucalyptus globulus differing in wood density. Tree Physiol. 2018. https://d
0i.0rg/10.1093/treephys/tpx138.

8. Begum S, Nakaba S, YamagishiY, Oribe Y, Funada R. Regulation of cambial activity in relation to environmental conditions:
understanding the role of temperature in wood formation of trees. Physiol Plant. 2013. https://doi.org/10.1111/}.1399-305
4.2012.01663 x.

9. Blake JG. Effects of prescribed burning on distribution and abundance of birds in a closed-canopy oak-dominated forest,
Missouri, USA. Biol Conserv. 2005. https://doi.org/10.1016/j.biocon.2004.06.021.

10.  Borrés Padrosa M. (2019). Construccién de embarcaciones de madera. Bachelor's thesis, Universidad Tecnoldgica de Panama.

11, Boshoff N, Ngwenya S, Koch S, Dudek J, Strelnyk O, Costas R, et al. Geographical inequalities in global forest science: a
bibliometric perspective. For Policy Econ. 2024. https://doi.org/10.1016/j.forpol.2024.103250.


https://doi.org/10.1007/s44415-025-00058-5
https://charcoal2.cnre.vt.edu/TreeData/biomass
https://doi.org/10.1093/treephys/7.1-2-3-4.227
https://doi.org/10.1093/treephys/7.1-2-3-4.227
https://doi.org/10.1093/aobpla/plab066
https://doi.org/10.1093/aobpla/plab066
https://doi.org/10.1007/BF00350472
https://doi.org/10.1093/forestscience/31.3.557
https://doi.org/10.1093/treephys/tpx138
https://doi.org/10.1093/treephys/tpx138
https://doi.org/10.1111/j.1399-3054.2012.01663.x
https://doi.org/10.1111/j.1399-3054.2012.01663.x
https://doi.org/10.1016/j.biocon.2004.06.021
https://doi.org/10.1016/j.forpol.2024.103250

Febles Diaz et al. Discover Forests (2025) 1:55

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45,

Bridgham SD, & Ye R. (2013). Organic matter mineralization and decomposition. Methods in biogeochemistry of wetlands,
385-406.

Brose P, Dey D, & Waldrop T. (2014). The fire—oak literature of eastern North America: synthesis and guidelines. Joint Fire Sci-
ence Program Synthesis Reports.

Bumgardner M. Overview of oak markets and marketing. US Department of Agriculture Forest Service. Asheville, NC: South-
ern Research Station; 2019.

Burns RM, & Honkala BH. (1990). Hardwoods. In Silvics of North America. Washington, DC: U.S. Department of Agriculture,
Forest Service.

Cassens DL, & Serrano JR. (2004). Growth stress in hardwood timber. In Proceedings of the 14th central hardwood Forest
conference (pp. 16-19).

Chave J, Coomes D, Jansen S, Lewis SL, Swenson NG, Zanne AE. Towards a worldwide wood economics spectrum. Ecol
Lett. 2009. https://doi.org/10.1111/j.1461-0248.2009.01285 x.

Chave J, Muller-Landau HC, Baker TR, Easdale TA, Steege HT, Webb CO. Regional and phylogenetic variation of wood
density across 2456 neotropical tree species. Ecol Appl. 2006. https://doi.org/10.1890/1051-0761(2006)016[2356:RAPVOW]
20.C0;2.

Chazette M, Chazette P, Reiter IM, Shang X, Totems J, Orts JP, et al. Assessment of carbon mass in a Mediterranean downy
oak ecosystem using airborne lidar and NASA Global Ecosystem Dynamics Investigation (GEDI) data. 2024. Biogeosci-
ences. https://doi.org/10.5194/bg-21-3289-2024.

Chen L, Xiang W, Wu H, Lei P, Zhang S, Ouyang S, et al. Tree growth traits and social status affect the wood density of
pioneer species in secondary subtropical forest. Ecol Evol. 2017. https://doi.org/10.1002/ece3.3110.

Craven D, Dent D, Braden D, Ashton MS, Berlyn GP, Hall JS. Seasonal variability of photosynthetic characteristics influences
growth of eight tropical tree species at two sites with contrasting precipitation in Panama. For Ecol Manage. 2011. https://
doi.org/10.1016/j.foreco.2010.09.017.

Daly C, Smith JI, Olson KV. Mapping atmospheric moisture climatologies across the conterminous United States. PLoS
ONE. 2015. https://doi.org/10.1371/journal.pone.0141140.

Davis NN, Badger J, Hahmann AN, Hansen BO, Mortensen NG, Kelly M, et al. he Global Wind Atlas: a high-resolution
dataset of climatologies and associated web-based application. Bull Am Meteorol Soc. 2023. https://doi.org/10.1175/BAM
S-D-21-0075.1.

de Castilho CV, Magnusson WE, de Aratjo RN, Luizao RC, Luizao FJ, Lima AP, & Higuchi N. (2006). Variation in aboveground
tree live biomass in a central Amazonian Forest: Effects of soil and topography. Forest ecology and management, 85-96.
Dickson RE, Tomlinson PT. Oak growth, development and carbon metabolism in response to water stress. Ann For Sci.
1996. https://doi.org/10.1051/forest:19960202.

Divos F, Tanaka T. Lumber strength estimation by multiple regression. Holzforschung. 1997. https://doi.org/10.1515/hfsg.1
997.51.5467.

Eder M, Riiggeberg M, & Burgert I. (2009). A closeup view of the growth strategies of arborescent plants at different levels
of hierarchy-Mechanical requirements and structural solutions. New Zealand Journal of Forestry Science, 115-124.

Farmer Jr, RE, & Nance WL. (1969). Phenotypic variation in specific gravity and fiber length of cherrybark oak. . The Journal
of the Technical Association of the Pulp and Paper Industry, 317-319.

Fearnside PM. Wood density for estimating forest biomass in Brazilian Amazonia. For Ecol Manage. 1997. https://doi.org/10
.1016/50378-1127(96)03840-6.

Febles Diaz J, Febles Gonzalez J, Azanza Ricardo J, Gonzélez Calvo T, Sotelo Pérez M. Management of nitrogen nutrient
flow under legume practice from La Teresa basin to the Bataband Gulf. SN Appl Sci. 2022. https://doi.org/10.1007/s4245
2-022-05138-.

Fortunel C, Ruelle J, Beauchéne J, Fine PV, Baraloto C. Wood specific gravity and anatomy of branches and roots in 113 A
mazonian rainforest tree species across environmental gradients. New Phytol. 2014. https://doi.org/10.1111/nph.12632.
Fournier M, Dlouha J, Jaouen G, Aimeras T. Integrative biomechanics for tree ecology: beyond wood density and strength.
JExp Bot. 2013. https://doi.org/10.1093/jxb/ert279.

Fralish JS. (2002 ). The keystone role of oak and hickory in the central hardwood forest . In Upland Oak Ecology Symposium:
History, Current Conditions, and Sustainability (pp. 73-78). Southern Research St.

Fromm JH, Sautter |, Matthies D, Kremer J, Schumacher P, Ganter C. Xylem water content and wood density in spruce and
oak trees detected by high-resolution computed tomography. Plant Physiol. 2001. https://doi.org/10.1104/pp.010194.
Gleason SM, Butler DW, Zieminiska K, Waryszak P, Westoby M. Stem xylem conductivity is key to plant water balance across
Australian angiosperm species. Funct Ecol. 2012. https://doi.org/10.1111/j.1365-2435.2012.01962.x.

Gordon BA, Dorothy O, Lenhart CF. Nutrient retention in ecologically functional floodplains: a review. Water. 2020. https://
doi.org/10.3390/w12102762.

Hanberry BB, Brzuszek RF, Foster HT, Schauwecker TJ. Recalling open old growth forests in the Southeastern Mixed Forest
province of the United States. Ecoscience. 2019. https://doi.org/10.1080/11956860.2018.1499282.

Howard VW, Cox JR, Southward GM. Response of wavyleaf oak to nitrogen fertilization. J Range Manage. 1980. https://doi.
0rg/10.2307/3898584.

Hutchinson TF, Adams BT, Dickinson MB, Heckel MR, Thomas-Van Gundy MA. Sustaining eastern oak forests: synergistic
effects of fire and topography on vegetation and fuels. Ecol Appl. 2024. https://doi.org/10.1002/eap.2948.

Iverson L, Prasad A, Matthews S. Modeling potential climate change impacts on the trees of the northeastern United
States. Mitig Adapt Strateg Glob Change. 2008. https://doi.org/10.1007/511027-007-9129-y.

JelonekT, Kopaczyk J, Neumann M, Tomczak A, Pazdrowski W, Grzywiriski W. (2022). How wood quality can be shaped:
Results of 70 years of experience. Forests.

Jenkins MA, Webster CR, Parker GR, & Spetich MA. (2004). Coarse woody debris in managed central hardwood forests of
Indiana, USA. Forest Science, 781-792.

Jin-Kyu'S, S-Y. K, & Sang-Won O. (2007). The compressive stress—strain relationship of timber. In International conference on
sustainable building Asia (pp. 977-982).

Kallarackal J. (2024). Functional Correlations of Wood Density. In Wood density: functional trait in plants. Springer Nature.
Keating CD. (2015). An assessment of the whole tree weight, wood density, and specific gravity of four species groups in Wash-
ington County. PhD Thesis, University of Missouri, Columbia.

Page 14 of 16


https://doi.org/10.1111/j.1461-0248.2009.01285.x
https://doi.org/10.1890/1051-0761(2006)016[2356:RAPVOW]2.0.CO;2
https://doi.org/10.1890/1051-0761(2006)016[2356:RAPVOW]2.0.CO;2
https://doi.org/10.5194/bg-21-3289-2024
https://doi.org/10.1002/ece3.3110
https://doi.org/10.1016/j.foreco.2010.09.017
https://doi.org/10.1016/j.foreco.2010.09.017
https://doi.org/10.1371/journal.pone.0141140
https://doi.org/10.1175/BAMS-D-21-0075.1
https://doi.org/10.1175/BAMS-D-21-0075.1
https://doi.org/10.1051/forest:19960202
https://doi.org/10.1515/hfsg.1997.51.5.467
https://doi.org/10.1515/hfsg.1997.51.5.467
https://doi.org/10.1016/S0378-1127(96)03840-6
https://doi.org/10.1016/S0378-1127(96)03840-6
https://doi.org/10.1007/s42452-022-05138-
https://doi.org/10.1007/s42452-022-05138-
https://doi.org/10.1111/nph.12632
https://doi.org/10.1093/jxb/ert279
https://doi.org/10.1104/pp.010194
https://doi.org/10.1111/j.1365-2435.2012.01962.x
https://doi.org/10.3390/w12102762
https://doi.org/10.3390/w12102762
https://doi.org/10.1080/11956860.2018.1499282
https://doi.org/10.2307/3898584
https://doi.org/10.2307/3898584
https://doi.org/10.1002/eap.2948
https://doi.org/10.1007/s11027-007-9129-y

Febles Diaz et al. Discover Forests (2025) 1:55

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

Keduolhouvonuo & Kumar H. (2017). Variation in wood specific gravity of selected tree species of Kohima district of Naga-
land North Eastern parts of India . Journal of Pharmacognosy and Phytochemistry, 70-74.

Ketterings QM, Coe R, van Noordwijk M, & Palm CA. (2001). Reducing uncertainty in the use of allometric biomass equa-
tions for predicting above-ground tree biomass in mixed secondary forests. Forest Ecology and management, 199-209.
Kloeppel BD, Abrams MD, & Kubiske ME. (1993). Seasonal ecophysiology and leaf morphology of four successional Penn-
sylvania barrens species in open versus understory environments. Canadian Journal of Forest Research, 181-189.

Kubiskem ME, Abrams MD. Stomatal and nonstomatal limitations of photosynthesis in 19 temperate tree species on
contrasting sites during wet and dry years. Plant Cell Environ. 1993;16(9):1123-9. https://doi.org/10.1111/].1365-3040.1996
tb02070.x.

Lei H, Milota MR, & Gartner BL. (1996). Between-and within-tree variation in the anatomy and specific gravity of wood in
Oregon white oak (Quercus garryana Dougl.). IAWA journal, 445-461.

Maeglin RR, & Quirk JT. (1984). Tissue proportions and cell dimensions for red and white oak groups. Canadian Journal of
Forest Research, 101-106.

Maingi JK. Specific gravity and estimated physical properties of emory oak in southeastern Arizona. Master’s Theses: The
University of Arizona; 1992.

Mani S. (2007). Above-ground biomass estimation in ten tropical dry evergreen forest sites of peninsular India. Biomass
and bioenergy, 284-290.

Martin AC, Zim HS, & Nelson AL. (1961). American wildlife & plants: a guide to wildlife food habits: the use of trees, shrubs,
weeds, and herbs by birds and mammals of the United States. Courier Corporation.

Martinez-Cabrera HI, Jones CS, Espino S, Schenk HJ. Wood anatomy and wood density in shrubs: responses to varying
aridity along transcontinental transects. Am J Bot. 2009. https://doi.org/10.3732/ajb.0800237.

McDowell NG, Allen CD. Darcy's law predicts widespread forest mortality under climate warming. Nat Clim Chang. 2015.
https://doi.org/10.1038/nclimate2641.

McShea WJ, Healy WM, Devers P, Fearer T, Koch FH, Stauffer D, et al. Forestry matters: decline of oaks will impact wildlife in
hardwood forests. J Wildl Manage. 2007. https://doi.org/10.2193/2006-169.

MDC. (2025). Tree Growth Information. From https://mdc.mo.gov/trees-plants/tree-seedlings/tree-growth-informationi#:~:t
ext=Fast:%20Has%20the%20potential%20to,inches%200f%20growth%20per%20year.

Mediavilla S, Escudero A. Stomatal responses to drought of mature trees and seedlings of two co-occurring Mediterra-
nean oaks. For Ecol Manage. 2004. https://doi.org/10.1016/j.foreco.2003.07.006.

Muller-Landau HC. Interspecific and inter-site variation in wood specific gravity of tropical trees. Biotropica. 2004. https://d
0i.0rg/10.1111/}.1744-7429.2004.tb00292 x.

National Weather Service; NOAA. (2007). GIS Data Sets. From National Operational Hydrologic Remote Sensing Center:
https://www.weathergov/gis/Rivers

Naudiyal N, Schmerbeck J. Potential distribution of oak forests in the central Himalayas and implications for future ecosys-
tem services supply to rural communities. Ecosyst Serv. 2021;50:101310.

Nazari N, Bahmani M, Kahyani S, Humar M, Koch G. Geographic variations of the wood density and fiber dimensions of the
Persian oak wood. Forests. 2020. https://doi.org/10.3390/f11091003.

Nowacki G, Abrams M. The demise of fire and “mesophication” of forests in the eastern United States. Bioscience. 2008.
https://doi.org/10.1641/B580207.

Panshin AJ, & de Zeeuw C. (1980). Textbook of wood technology: structure, identification, properties, and uses of the commer-
cial woods of the United States and Canada. McGraw-Hill series in forest resources.

Pati PK, Kaushik P, Khan ML, Khare PK. Wood specific gravity in Indian forests: a review. Int J Ecol Environ Sci. 2022. https://d
0i.org/10.55863/ijees.2022.0111.

Paul BH. (1963). The application of silviculture in controlling the specific gravity of wood. US Department of Agriculture.

Paul BH, Dohr AW, & Drow JT. (1965). Some properties of California white oak and Oregon white oak. USDA.

Pebesma E. Simple features for R: standardized support for spatial vector data. R J. 2018. https://doi.org/10.32614/RJ-201
8-009.

Peguero-Pina JJ, Sancho-Knapik D, Barrén E, Camarero JJ, Vilagrosa A, Gil-Pelegrin E. Morphological and physiological
divergences within Quercus ilex support the existence of different ecotypes depending on climatic dryness. Ann Bot. 2014.
https://doi.org/10.1093/aob/mcu108.

Poorter L, McDonald |, Alarcén A, Fichtler E, Licona JC, Pefia-Claros M, et al. The importance of wood traits and hydraulic
conductance for the performance and life history strategies of 42 rainforest tree species. New Phytol. 2010. https://doi.org
/10.1111/.1469-8137.2009.03092.x.

Pretzsch H, Biber P, Schiitze G, Kemmerer J, Uhl E. Wood density reduced while wood volume growth accelerated in
Central European forests since 1870. Ecol Manag. 2018;429:589-616. https://doi.org/10.1016/j.foreco.2018.07.045.

Putz FE, Coley PD, Lu K, Montalvo A, Aiello A. Uprooting and snapping of trees: structural determinants and ecological
consequences. Can J Forest Res. 1983. https://doi.org/10.1139/x83-133.

Rabbai A, Wendt DE, Curioni G, Quick SE, MacKenzie AR, Hannah DM, et al. Soil moisture and temperature dynamics in
juvenile and mature forest as a result of tree growth, hydrometeorological forcings, and drought. Hydrol Process. 2023.
https://doi.org/10.1002/hyp.14919.

Radtke P, Walker D, Frank J, Weiskittel A, MacFarlane D, Affleck D. LegacyTreeData v2. University Libraries, Virginia Tech.
Dataset. 2023.

Renninger HJ, Miles CH, Ezell AW. Seasonal physiology and growth of planted oaks with implications for bottomland
hardwood restoration. New For. 2020. https://doi.org/10.1007/511056-019-09730-z.

Riitters KH, Coulston JW, Wickham JD. Fragmentation of forest communities in the eastern United States. For Ecol Manage.
2012. https://doi.org/10.1016/}.foreco.2011.09.022.

Robert EM, Mencuccini M, & Martinez-Vilalta J. (2017). The anatomy and functioning of the xylem in oaks. In Oaks physi-
ological ecology. Exploring the functional diversity of genus Quercus L. (pp. 261-302).

Rogers, R. (1990). Quercus alba L. In Silvics of North America: Volume 2. Hardwoods (pp. 605-6013). FIA.

Salvatier J, Wiecki T, Fonnesbeck C. Probabilistic programming in Python using PyMC3. Peer Comput Sci. 2016. https://doi.
org/10.7717/peerj-cs.55.

Page 15 of 16


https://doi.org/10.1111/j.1365-3040.1996.tb02070.x
https://doi.org/10.1111/j.1365-3040.1996.tb02070.x
https://doi.org/10.3732/ajb.0800237
https://doi.org/10.1038/nclimate2641
https://doi.org/10.2193/2006-169
https://mdc.mo.gov/trees-plants/tree-seedlings/tree-growth-information#:~:text=Fast:%20Has%20the%20potential%20to,inches%20of%20growth%20per%20year
https://mdc.mo.gov/trees-plants/tree-seedlings/tree-growth-information#:~:text=Fast:%20Has%20the%20potential%20to,inches%20of%20growth%20per%20year
https://doi.org/10.1016/j.foreco.2003.07.006
https://doi.org/10.1111/j.1744-7429.2004.tb00292.x
https://doi.org/10.1111/j.1744-7429.2004.tb00292.x
https://www.weather.gov/gis/Rivers
https://doi.org/10.3390/f11091003
https://doi.org/10.1641/B580207
https://doi.org/10.55863/ijees.2022.0111
https://doi.org/10.55863/ijees.2022.0111
https://doi.org/10.32614/RJ-2018-009
https://doi.org/10.32614/RJ-2018-009
https://doi.org/10.1093/aob/mcu108
https://doi.org/10.1111/j.1469-8137.2009.03092.x
https://doi.org/10.1111/j.1469-8137.2009.03092.x
https://doi.org/10.1016/j.foreco.2018.07.045
https://doi.org/10.1139/x83-133
https://doi.org/10.1002/hyp.14919
https://doi.org/10.1007/s11056-019-09730-z
https://doi.org/10.1016/j.foreco.2011.09.022
https://doi.org/10.7717/peerj-cs.55
https://doi.org/10.7717/peerj-cs.55

Febles Diaz et al. Discover Forests (2025) 1:55

81.

82.
83.
84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

9.
97.

98.

99.

100.
101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1

112

113.

114.

115.

Sancho-Knapik D, Mendoza-Herrer O, Alonso-Forn D, Saz MA, Martin-Sanchez R, dos Santos Silva JV, et al. Vapor pressure
deficit constrains transpiration and photosynthesis in holm oak: a comparison of three methods during summer drought.
Agric For Meteorol. 2022. https://doi.org/10.1016/j.agrformet.2022.109218.

Sander IL (1990). Quercus rubra. In Silvics of North America: Volume 2. Hardwoods (pp. 727-733). FIA.

Savidge RA. Tree growth and wood quality. In Wood quality and its biological basis: CRC Press; 2003.

Schreffler AM, Sharpe WE. Effects of lime, fertilizer, and herbicide on forest soil and soil solution chemistry, hardwood
regeneration, and hardwood growth following shelterwood harvest. For Ecol Manage. 2003. https://doi.org/10.1016/S037
8-1127(02)00452-8.

Schweingruber FH. Wood structure and environment. Berlin: Springer, Berlin Heidelberg; 2007.

Snow RD, Shmulsky R, Bobadilha G, & Lopes DV. (2022). Bending strength and stiffness of three-ply bolt-laminated mixed
oak and hardwood industrial mats. BioResources, 1354.

Sousa VB, Louzada JL, Pereira H. Variation of ring width and wood density in two unmanaged stands of the Mediterranean
Oak Quercus faginea. Forests. 2018;9(1):44.

Sperry JS. Hydraulic constraints on plant gas exchange. Agric For Meteorol. 2000. https://doi.org/10.1016/50168-1923(00)0
0144-1.

Svensson C, Bader MK, Lof M, Johansson U, & Bergh J. (2023). Fertilisation and irrigation have no effects on growth of oak
(Quercus robur, Q. petraea) stands on abandoned farmland in southwest Sweden. Forest Ecology and Management, 1207.
The Oak Store. (2025). Premium white oak lumber for furniture and flooring. From https://www.theoakstore.com

Theobald DM, Harrison-Atlas D, Monahan WB, Albano CM. Ecologically-relevant maps of landforms and physiographic
diversity for climate adaptation planning. PLoS ONE. 2015. https://doi.org/10.1371/journal.pone.0143619.

Vargas G. (2017). Mechanical strategies of arborescent plants: structural teachings of trees. Ingeniare. Revista chilena de
ingenieria. https://doi.org/10.4067/50718-33052017000300510

Vavrcik H, Gryc V. Analysis of the annual ring structure and wood density relations in English oak and Sessile oak. Wood
Res. 2012,57(4):573-80.

Vogel S. Leaves in the lowest and highest winds: temperature, force and shape. New Phytol. 2009. https://doi.org/10.1111/
j.1469-8137.2009.02854 .

Wang SY, Wang HL. Effects of moisture content and specific gravity on static bending properties and hardness of six wood
species. J Wood Sci. 1999. https://doi.org/10.1007/BF01192329.

West. (2014). Growing plantation forests. . Springer-Verlag.

Westfall JA, Sonti NF, Wiemann MC, Eberhardt TL, So CL. Urban tree specific gravity and ash content: a case study from
Baltimore, Maryland USA. Urban For Urban Green. 2020. https://doi.org/10.1016/j.ufug.2019.126556.

Wiemann MC, Williamson GB. Radial gradients in the specific gravity of wood in some tropical and temperate trees. For
Sci. 1989. https://doi.org/10.1093/forestscience/35.1.197.

Wiemann MC, Williamson GB. Wood specific gravity gradients in tropical dry and montane rain forest trees. Am J Bot. 1989.

https://doi.org/10.1002/].1537-2197.1989.tb 15070 x.

Williamson GB, & Wiemann CM. (2010). Measuring wood specific gravity... correctly . American Journal of Botany , 519-524.

Woodcock DW, & Shier AD. (2003). Does canopy position affect wood specific gravity in temperate forest trees? Annals of
botany, 529-537.

Woodcock D, Shier A. Wood specific gravity and its radial variations: the many ways to make a tree. Trees. 2002. https://doi.
0rg/10.1007/500468-002-0173-7.

Wright J. (2022). Dynamics of a seed dispersal mutualism between avian seed-hoarders and nut-bearing trees: Implications for
oak management and American chestnut restoration. PhD Thesis, Ohio State University.

Yang H,Wang S, Son R, Lee H, Benson V, Zhang W, et al. Global patterns of tree wood density. Glob Change Biol. 2024.
https://doi.org/10.1111/gcb.17224.

Yilmaz M, Serdar B, Altun L, & Usta A. (2008). Relationships between environmental variables and wood anatomy of Quer-
cus pontifica C. Koch (Fagaceae). fresenius environmental bulletin, 902-910.

Yin Q, Liu HH. Drying stress and strain of wood: a review. Appl Sci. 2021. https://doi.org/10.3390/app11115023.

Yocum LE. The stomata and transpiration of oaks. Plant Physiol. 1935. https://doi.org/10.1104/pp.10.4.795.

Yuan H, Zhao L, Guo W, Yu Y, Tao L, Zhang L, et al. Exogenous application of phytohormones promotes growth and regu-
lates expression of wood formation-related genes in Populus simoniix P. nigra. Int J Mol Sci. 2019. https://doi.org/10.3390/ij
ms20030792.

Zeidler A, Borlvka V. Wood density of northern red oak and pedunculate oak grown in former brown coal mine in the
Czech Republic. BioResour. 2016;11(4):9373-85.

Zhang SY, Zhong Y. Structure-property relationship of wood in East-Liaoning oak. Wood Sci Technol. 1992. https://doi.org/
10.1007/BF00194469.

. Zhang SY, Owoundi RE, Nepveu G, Mothe F, Dhote JF. Modelling wood density in European oak (Quercus petraea and

Quercus robur) and simulating the silvicultural influence. Can J Forest Res. 1993;23(12):2587-93.

Zhu JY, Scott CT, Scallon KL, & Myers GC. (2007). Effects of plantation density on wood density and anatomical properties
of red pine (Pinus resinosa Ait.). Wood and fiber science, 502-512.

Zieminska K, Butler DW, Gleason SM, Wright IJ, & Westoby M. (2013). Fibre wall and lumen fractions drive wood density
variation across 24 Australian angiosperms. AoB Plants, plt046.

Zimmer RP, Justus CG, Mason RM, Robinette SL, Sassone PG, & Schaffer WA. (1975). Benefit-cost methodology study with
example application of the use of wind generators. NTRS-NASA.

Zobel BJ, & Van Buijtenen JP. (1989). Wood variation: its causes and control. Springer Science & Business Media.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 16 of 16


https://doi.org/10.1016/j.agrformet.2022.109218
https://doi.org/10.1016/S0378-1127(02)00452-8
https://doi.org/10.1016/S0378-1127(02)00452-8
https://doi.org/10.1016/S0168-1923(00)00144-1
https://doi.org/10.1016/S0168-1923(00)00144-1
https://www.theoakstore.com
https://doi.org/10.1371/journal.pone.0143619
https://doi.org/10.4067/S0718-33052017000300510
https://doi.org/10.1111/j.1469-8137.2009.02854.x
https://doi.org/10.1111/j.1469-8137.2009.02854.x
https://doi.org/10.1007/BF01192329
https://doi.org/10.1016/j.ufug.2019.126556
https://doi.org/10.1093/forestscience/35.1.197
https://doi.org/10.1002/j.1537-2197.1989.tb15070.x
https://doi.org/10.1002/j.1537-2197.1989.tb15070.x
https://doi.org/10.1007/s00468-002-0173-7
https://doi.org/10.1007/s00468-002-0173-7
https://doi.org/10.1111/gcb.17224
https://doi.org/10.3390/app11115023
https://doi.org/10.1104/pp.10.4.795
https://doi.org/10.3390/ijms20030792
https://doi.org/10.3390/ijms20030792
https://doi.org/10.1007/BF00194469
https://doi.org/10.1007/BF00194469

	﻿Exploring the influence of natural physical variables on wood specific gravity in oak across a broad geographic range
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and methods
	﻿2.1﻿ ﻿Data analysis

	﻿3﻿ ﻿Result and discussion
	﻿3.1﻿ ﻿Topography
	﻿3.2﻿ ﻿Water
	﻿3.3﻿ ﻿Distances
	﻿3.4﻿ ﻿Wind
	﻿3.5﻿ ﻿Ecological context
	﻿3.6﻿ ﻿Sample size limitation
	﻿3.7﻿ ﻿Management implication

	﻿4﻿ ﻿Conclusions
	﻿References


