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ABSTRACT

Vertical stratification in forests acts as an ecological filter, driving woody plants to evolve specialized survival strategies.

Angiosperms, in particular, develop secondary xylem with three interdependent functions—water transport, mechanical sup-

port, and storage. Trade-offs between these functions vary with resource heterogeneity and environmental pressures. Balancing

these functions is based on trade-offs in xylem structure, particularly in the xylem space allocation of vessels, fibers, and pa-

renchyma fractions. However, how plants optimize these trade-offs along forest vertical strata remains unexplored. Anatomical

methods were used to determine the fractions of vessels, fibers, and parenchyma in the secondary xylem of 119 individuals

within a multilayered forest in eastern China. Ternary plots and standardized major axis analyses were employed to evaluate

variations in trade-offs between vessel and fiber fractions, and between parenchyma and fiber fractions across different vertical

strata. We found that trade-offs in spatial allocation among cell types occur in all vertical strata. For the fiber—vessel trade-off,

canopy and understory trees followed a similar pattern, but canopy trees consistently maintained a higher vessel fraction. In

contrast, the fiber—parenchyma trade-off was markedly stronger in understory trees. Our results illustrate that forest vertical

stratification significantly influences trade-offs in xylem cell allocation, suggesting functional trade-offs of xylem depend on

forest strata. These findings will help clarify how trees adapt to stresses associated with vertical forest strata.

1 | Introduction

The vascular system in woody plants is structurally complex,
with various cell types performing crucial roles such as hydrau-
lic transport, mechanical support, and storage of nonstructural
carbohydrates (NSC) (Chave et al. 2009). In particular, the
secondary xylem of angiosperms typically comprises three es-
sential cell types: vessels, parenchyma, and fibers (Hellmann
et al. 2018). Vessels, as the primary water-conducting cell type
in angiosperms, are essential for water transport (Tyree and

Ewers 1991; Chave et al. 2009; Déria et al. 2022). Parenchyma
consists of living cells and serves as the principal tissue for the
storage of nonstructural carbohydrates. It is further categorized
into ray parenchyma and axial parenchyma based on their ar-
rangement and orientation (Spicer 2014; Morris et al. 2016;
Plavcova et al. 2016; Stupianek et al. 2021). Fibers play criti-
cal roles in providing mechanical support and water capaci-
tance (Hacke et al. 2001; Zieminska et al. 2013; Gonzalez-Melo
et al. 2025). As vessels, parenchyma, and fibers share a finite
xylem space, an increase in the proportion of one cell type can
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reduce the space available for other cell types and their associ-
ated functions (Morris et al. 2016; Pratt, Jacobsen, et al. 2021).
The trade-offs among proportions of different cell types are
the structural basis for the functional diversity of xylem (Pratt,
Jacobsen, et al. 2021). Resource allocation within xylem space
may involve functional trade-offs, where xylem tissue special-
ized in one functional area may be less proficient in another
(Preston et al. 2006; Sperry et al. 2006; Pratt et al. 2007; Zhang,
Yang, et al. 2024). Therefore, elucidating how angiosperm trees
adjust xylem functions through trade-offs among different cell
types to cope with stress and potentially maximize fitness is
crucial for understanding the physiological and morphological
diversity of woody plants (Pratt and Jacobsen 2017).

Trade-offs among xylem cell types exhibit considerable varia-
tion among woody angiosperms and vary across different cli-
mate zones. Under tropical climates, the trade-offs between
fiber and parenchyma fractions tend to be stronger than in
temperate climates, whereas the trade-offs between vessel and
fiber fractions are more pronounced under temperate climates
(Morris et al. 2016; Zheng et al. 2019; Zhang et al. 2023). These
trade-offs also vary among different growth forms. For exam-
ple, Pratt and Jacobsen (2017) reported strong and negative cor-
relations between fiber and parenchyma fractions and between
fiber and vessel fractions. In contrast, Zhang et al. (2023) found
no relationship between fiber and parenchyma fractions across
20 temperate tree species. In summary, clear trade-offs between
the fractions of different xylem tissues remain inconclusive and
their relationships likely depend on the biotic environment and
plant growth forms.

In forest ecosystems, vertical stratification—comprising dis-
tinct layers from the canopy to the forest floor—functions
as an ecological filter that selectively influences the survival
strategies of woody plants (Xing et al. 2023). To adapt to the
stresses and changing demands encountered across different
vertical forest strata, trees must maintain balances among dif-
ferent xylem functions, which may affect the spatial allocation
of different xylem tissues across forest strata. Specifically, as
trees ascend through the canopy layers, they face distinct bio-
logical and physical pressures, including shifts in the demands
for water transport, mechanical support, and light exposure
(Petit et al. 2023). The hydraulic limitation hypothesis pre-
dicts that as the length of the water transport pathway in the
xylem increases, hydraulic conductivity gradually decreases
(Ryan et al. 2006; Lechthaler et al. 2020; Petit et al. 2023).
Consequently, taller canopy trees typically develop wider
xylem vessels to compensate for reduced hydraulic conductiv-
ity (Ryan and Yoder 1997; Koch et al. 2004; Aratjo et al. 2024).
However, wider vessels may also increase susceptibility to
embolism compared to the narrower vessels typically of un-
derstory shorter trees (Olson et al. 2018; Liu et al. 2019; Lens
et al. 2022). The presence of parenchyma, especially axial pa-
renchyma in contact with vessels, could promote increased
hydraulic capacitance, potentially reducing embolism suscep-
tibility (Morris et al. 2018; Kiorapostolou et al. 2019; Janssen
et al. 2020; Zieminska et al. 2020; Aritsara et al. 2021).

Several studies indicate that taller trees tend to allocate more
xylem space to fibers to enhance mechanical support (Pratt
and Jacobsen 2017; Rodriguez-Zaccaro et al. 2019; Angélico

et al. 2021). However, research also shows that fiber wall frac-
tion is a crucial determinant of wood density, suggesting that
increasing fiber fraction is not necessarily required to improve
mechanical support (Zieminska et al. 2013; Zhang, Yang,
et al. 2024). Thus, during the vertical transition from under-
story small trees to canopy tall trees in forest ecosystems, the
requirement for greater mechanical strength and improved hy-
draulic safety also increases (Wu et al. 2025). Trees adjust their
xylem structure to meet these changing functional demands
for hydraulic transport, mechanical support, and resource
storage, influencing the trade-offs among cell types (Pratt and
Jacobsen 2017). Therefore, trees in different vertical strata likely
demonstrate distinct strategies, potentially leading to variations
in the spatial trade-offs within their wood anatomical structure,
which remains to be investigated.

To investigate how trade-offs among different xylem cell types
vary across the vertical strata, we collected wood samples from
119 individuals of 39 tree species in a mountain forest of eastern
China. These samples spanned different vertical strata from un-
derstory to canopy. Anatomical analyses were used to quantify
the fractions of vessels, fibers, and parenchyma in the second-
ary xylem of stems to investigate the trade-offs in their spatial
allocation across different vertical strata. We hypothesized that
trade-offs among vessels, fibers, and parenchyma fractions shift
with different forest vertical strata, driven by changes in the
relative demands and limitations associated with light avail-
ability, water transport, and mechanical support. Specifically,
we predicted that in the canopy stratum, where high demands
exist for efficient hydraulic conductance and robust mechanical
support, the primary trade-off involves balancing investment
between vessels and fibers. Conversely, we expected that in the
understory strata, characterized by greater resource limitation,
particularly light, and heightened vulnerability to physical dis-
turbances, pests, and pathogen attacks, the dominant trade-off
occurs between fibers and parenchyma.

2 | Materials and Methods
2.1 | Study Sites, Species and Sampling

The study was conducted on Mt. Tiantangzhai in Anhui
Tianma National Nature Reserve, China. The reserveislocated
between latitude 30°10’-31°20’ N and longitudes 115°20'-
115°50’ E, in the southwestern part of Jinzhai County, Anhui
Province, on the northern slope of the Dabie Mountains. The
reserve is situated in the North Subtropical region along the
middle and lower reaches of the Yangtze River basin, char-
acterized by a humid monsoon climate. The area experiences
four distinct seasons, with substantial temperature variations
both monthly and annually. The average annual temperature
within the reserve is 13.3°C, with an annual mean rainfall of
1489 mm (Liu et al. 2016; Zhang, Wu, et al. 2022). The region
harbors a rich diversity of plant species, comprising 1676 spe-
cies from 655 genera and 155 families (Liu et al. 2016). The for-
est in the study area exhibits intricate structural complexity
with distinct canopy stratification and notable variations in
tree height, making it an ideal site for studying the morpho-
logical and physiological responses of plants to variations in
different vertical strata.
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In June 2021, we selected 119 healthy individual trees with a
diameter at breast height (DBH) >5cm, belonging to 39 angio-
sperm tree species (the species present in each vertical stratum
and the corresponding number of individuals sampled are shown
in Table S1). Using a micro-core sampler (Trephor), we extracted
microcore samples approximately 15mm in length and 2mm in
diameter from the tree trunks at a height of 1-1.3m above the
ground (Wu et al. 2025). These samples were immediately pre-
served and fixed in 2mL centrifuge tubes containing FAA fixative
solution (formalin-acetic acid-alcohol), with appropriate labeling
on the tubes. Concurrently, we measured the heights of the sam-
pled trees by using a Vertex Laser Geo (Vertex Laser Geo, Haglof,
Sverige). Due to the dense canopy, the laser rangefinder could typ-
ically only target the lower visible edge of the crown. For each tree,
we therefore measured the distance to this point with the laser and
then added a visual estimate of the remaining height to the apex.

2.2 | Xylem Anatomical Traits

We prepared cross sections approximately 15-20um thick using
a sliding microtome (WSL core-microtome, WSL, Birmensdorf,
Switzerland). During the slicing process, we gently brushed a small
amount of CWG solution (soluble starch: water: glycerol =10:8:7)

onto the microcore surface to minimize cell rupture and deforma-
tion (Schneider and Gértner 2013). The sections were rehydrated
through using distilled water, followed by a 2-min staining proce-
dure with a solution comprising 0.35% w/v safranin (in 50% etha-
nol) and 0.65% w/v alcian blue (in distilled water). Subsequently,
the stained sections were thoroughly rinsed with distilled water
and dehydrated through a graded ethanol series (55%, 75%, 95%,
100%) before being permanently mounted using Neo-Mount
(Merck, Darmstadt, Germany) (Plavcova et al. 2016). The sections
were then dried at 50°C for 1h. To enhance the accuracy of xylem
tissue identification in cross-sections, we also prepared radial and
tangential sections for each species.

After placing the sections onto slides, we sequentially photo-
graphed them under a microscope (Olympus SZ61, Olympus
Corporation, Tokyo, Japan) and stitched the images using PTGui
Pro (version 11.12, New House Internet Services BV, Rotterdam,
Netherlands) to generate complete cross-sectional micrographs
(Figure 1). We uploaded these micrographs to the CVAT website
(https://www.cvat.ai/) and manually delineated specific regions
using the polygon annotation tool, ensuring that each delin-
eated area exceeded 2mm? and encompassed at least one com-
plete annual ring. We utilized distinct colored labels to outline
the vessels, axial parenchyma, and ray parenchyma within the

FIGURE1 | Microscopic images of transverse xylem sections for various species. (a) Diospyros lotus; (b) Symplocos tanakana; (c) Cornus kousa
subsp. chinensis; (d) Styrax obassia. The sections were stained with a combination of safranin and alcian blue, resulting in a red coloration for strong-
ly lignified cell walls (vessels (V) and fibers (F)) and a blue to purple coloration for both axial parenchyma (AP) and ray parenchyma (RP). All bars,

75 um.
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delineated regions. For species lacking tracheids, all cells apart
from the aforementioned types were identified as fibers (Plavcova
et al. 2024). The annotated vessels included both the vessel cell
walls and lumens, while the annotated fibers also encompassed
the fiber cell walls and lumens. To ensure precise identification of
parenchyma tissue types in the cross-sections, we integrated in-
formation from tangential, radial, and cross-sectional views with
image and textual descriptions from the InsideWood database
(http://insidewood.lib.ncsu.edu) (Wheeler 2011).

After exporting the annotated image files, R v.4.4.0 was utilized
to quantify the fractions of vessels, fibers, and parenchyma and
calculated as the ratio of the total area of each xylem cell to the
total area of the delineated region.

3 | Statistical Analyses

To investigate the variations in different cell types with tree
height and the potential trade-offs among vessel-related traits,
we first conducted normality tests on all data. Non-normal data
were log-transformed to guarantee normality. We then performed
simple linear regression analyses to examine the relationships be-
tween vessel fraction and fiber fraction, fiber fraction and paren-
chyma fraction, tree height and vessel diameter, as well as vessel
diameter and vessel density. We fitted quadratic models and com-
pared them with linear models using likelihood ratio tests to as-
sess potential nonlinearity in these relationships. Additionally, to
explicitly account for species identity, we performed linear mixed-
effects models with species as a random effect.

In order to further clarify the spatial trade-offs among differ-
ent vertical strata, we categorized individuals into three forest
vertical strata (0-6m, understory; 6-10m, subcanopy; 10-16 m,
canopy) based on the frequency distribution of tree heights
(Figure S1). We used ternary plots in Origin 2021 to illustrate
the covariation of vessels, fibers, and parenchyma fractions for
all 119 individuals across the three vertical strata. Standardized
major axis regression (SMA), a method suitable for analyzing
the relationship between two variables that both have error, was
used to determine the relationships among the fractions of ves-
sels, fibers, and parenchyma for each vertical stratum (Warton
et al. 2012). We calculated R?, slopes, intercepts, and their 95%
confidence intervals to assess the significance of slopes and in-
tercepts. In the SMA analyses, we assessed slope homogeneity
across strata using a likelihood ratio test. If slopes were homoge-
neous, we then tested for intercept differences using a Wald test.
Significant overall differences were followed by Sidak-adjusted
pairwise comparisons. All statistical analyses were conducted
in R v.4.4.0, using the “Imodel2” (Legendre and Oksanen 2018)
and “smatr” (Warton et al. 2012) packages.

4 | Results

4.1 | Tissue Fractions and Their Variations Along
Forest Vertical Strata

In our dataset of 119 individuals across 39 species, fibers con-
stituted the highest volumetric fraction of wood at 55.7%
(Figure S2). The fiber fraction varied from 36.9% to 80.9%,

representing a 2.2-fold variation (Table S2). Parenchyma oc-
cupied 24.3% of wood volume, ranging from 4.4% to 40.1%,
representing a 9.1-fold variation (Figure S2; Table S2). Vessels
occupied 20.0% of wood volume and showed the highest vari-
ability among wood cell types, ranging from 4.0% to 42.3%, rep-
resenting a 10.6-fold variation (Figure S2; Table S2).

The distribution of tissue fractions differed notably across ver-
tical strata (Figure 2). For individuals in the understory and
subcanopy, fiber fractions primarily concentrated between
0.4 and 0.6, with 18.4% and 31.7%, respectively, exceeding 0.6

(a) 0.0

00 02 04 06 08 10
Fiber Fraction

00 02 04 06 08 1.0
Fiber Fraction

00 02 04 06 08 10
Fiber Fraction
D

FIGURE2 | Ternarymodels of different cell types in wood across dif-
ferent vertical strata individuals. (a) understory, (b) subcanopy, (c) cano-
py. RAP, total parenchyma fraction includes axial and ray parenchyma.
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(Figure 2a; Figure 2b). However, 42.9% of individuals in the
canopy had fiber fractions > 0.6 (Figure 2c). Regarding paren-
chyma fractions, individuals in the understory and subcanopy
primarily ranged between 0.2 and 0.4, with 15.8% and 35.0%,
respectively, below 0.2 (Figure 2a; Figure 2b). In contrast, a
higher proportion (47.6%) of individuals in the canopy exhib-
ited parenchyma fractions lower than 0.2 (Figure 2c). Vessel
fractions for individuals in the understory and subcanopy
are primarily concentrated between 0.1 and 0.4, although a
minor proportion, 2.6% and 5%, respectively, exhibited vessel
fractions below 0.1 (Figure 2a; Figure 2b). In the canopy, 9.5%
of individuals displayed vessel fractions below 0.1, while an
equal percentage exceeded 0.4 (Figure 2c).

4.2 | The Overall Trade-Offs Among Different
Tissue Fractions

Across all individuals, a significant negative correlation was ob-
served between fiber fraction and the vessel fraction (R>=0.294,
p<0.001, Figure 3a). Similarly, the parenchyma fraction de-
creased significantly with increasing fiber fraction (R?=0.428,
p<0.001, Figure 3b). Comparison of linear and quadratic models
confirmed the adequacy of linear relationships, with quadratic
terms being nonsignificant in most cases (Table S3). To explicitly
account for species identity, species was included as a random ef-
fect in linear mixed-effects models; these relationships remained
highly significant (vessel-fiber: coefficient=-0.669, p<0.001;
parenchyma-fiber: coefficient=—0.714, p <0.001; Table S4).

4.3 | The Trade-Offs Among Different Tissue
Fractions Across Different Vertical Strata

For each vertical stratum, there are clear and strong trade-offs
between vessel and fiber fractions, and between parenchyma
and fiber fractions (Figure 4). A negative correlation existed be-
tween vessel and fiber fractions in all strata (Figure 4a), with
slopes of —0.707 (R*=0.137), —0.707 (R?>=0.207), and —0.918
(R?=0.715) for individuals in the understory, subcanopy, and
canopy, respectively (Table 1). Similarly, the parenchyma frac-
tion was significantly negatively correlated with fiber frac-
tion (Figure 4b), with slopes of —0.988 (R?=0.558), —0.925
(R?>=0.537), and —0.538 (R?=0.172) for the understory, subcan-
opy, and canopy, respectively (Table 1).

In the fiber—vessel fraction trade-off relationship, the slopes
were homogeneous across three vertical strata (p=0.252;
Table 2). However, a significant difference in elevation (in-
tercepts) was detected overall (p=0.006; Table 2). Pairwise
comparisons revealed that only the canopy and understory
differed significantly in intercept (p =0.004), while no signifi-
cant differences were observed between other strata (Table 2).
For the fiber—parenchyma fraction relationship, the slopes
were not homogeneous among strata (overall test: p=0.043;
Table 2). Specifically, the slope of the canopy differed signifi-
cantly from that of the understory (p =0.039), whereas other
pairwise slope comparisons were not significant (Table 2). As
the slopes were heterogeneous, no elevation (intercept) test
was conducted.

R*=10.294, p <0.001

Vessel Fraction

0.0 T T T T
0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fiber Fraction

132 =0.428, p < 0.001

RAP Fraction
()
[\

<
—_
1

0.0 T T T T T
0.3 0.4 0.5 0.6 0.7 0.8

Fiber Fraction

FIGURE 3 | Simple linear regression analyses between pairwise
fractions of the three xylem cell types. Significant regression line, R?,
and p-value are shown. (a) Vessel fraction—fiber fraction, (b) parenchy-
ma fraction—fiber fraction. RAP, total parenchyma fraction includes
axial and ray parenchyma.

5 | Discussion

5.1 | Trade-Offs in Wood Volume Allocated to
the Different Cell Types

In our study, analyses indicated significant negative correla-
tions between fiber and vessel fractions and between fiber and
parenchyma fractions across vertical strata (Figure 3). These
findings support the existence of significant trade-off rela-
tionships involving fiber, vessel, and parenchyma fractions,
corroborating findings from numerous studies (Pratt and
Jacobsen 2017; Janssen et al. 2020; Déria et al. 2022; Kawai
et al. 2022; Zhang et al. 2023). The spatial limitations in wood
are a crucial factor underlying the trade-offs among differ-
ent wood cell types. This limitation arises because the three
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FIGURE 4 | Standardized major axis analyses depicting trade-offs
among different xylem cell types for each vertical stratum. (a) Vessel
fraction—fiber fraction, (b) parenchyma fraction—fiber fraction. Model
parameters are provided in the accompanying Table 1. Significance of
differences in slopes and intercepts among strata is shown in Table 2.
RAP, total parenchyma fraction includes axial and ray parenchyma.

primary functions of xylem—material transport, storage, and
mechanical support—are structurally supported by fibers,
vessels, and parenchyma fractions (Tyree and Ewers 1991;
Hacke et al. 2001; Hoch et al. 2003; Deflorio et al. 2008; Chave
et al. 2009; Brodersen et al. 2010; Zieminska et al. 2013; Ddria
et al. 2022). To maximize fitness in different environments,
trees adjust the spatial allocation of these cell types within the
limited xylem space, leading to the observed trade-offs among
them (Morris et al. 2016; Pratt and Jacobsen 2017; Pratt, Tobin,
et al. 2021; Zhang, Yang, et al. 2024).

The strong negative correlations observed between fiber fraction
and both vessel and parenchyma fractions highlight the central role
of fiber allocation in shaping the volumetric composition of xylem

tissues (Figure 3). The prominence of fiber-based trade-offs may be
attributed to the central role of fibers in mechanical support, a func-
tion less readily substituted by other cell types (Martinez-Cabrera
et al. 2009; Onoda et al. 2010; Plavcova et al. 2019). Previous stud-
ies have reported that fiber characteristics associated with wood
density and mechanical strength, which are closely related to the
general need for enhanced biomechanical performance in canopy
stratum and improved resistance to physical disturbances and pest
or pathogen attacks (Zieminska et al. 2013; Plavcova et al. 2019).
Specifically, studies such as Zieminska et al. (2013) have empha-
sized that fiber wall fraction is a stronger driver of wood density
and strength, suggesting that structural modifications at the sub-
cellular level may compensate for variations in tissue area. In
contrast, the functions of vessels and parenchyma may be more
readily subjected to substitution or influenced by factors beyond
their volumetric fraction. For instance, the hydraulic function of
vessels can be compensated by wood capacitance mediated pa-
renchyma, which has been shown to achieve a similar physiolog-
ical effect as high hydraulic conductivity in terms of maintaining
water flow (Sperry et al. 2008; Zhang, Li, et al. 2024), particularly
in large-bole trees with significant water storage capacity (Tyree
and Yang 1990; Phillips et al. 2003). Furthermore, recent research
by Tricerri et al. (2025) suggests that in species with minimal axial
parenchyma fractions, water stored in fibers adjacent to vessels
may facilitate embolism repair, indicating functional redundancy
between cell types. Similarly, the storage role of parenchyma can
be partially substituted by living fibers, which have also been
shown to store NSC (Plavcova et al. 2016; Pratt, Tobin, et al. 2021;
Gonzalez-Melo et al. 2025).

Moreover, the functions of vessels and parenchyma are not solely
dependent on their fractions but are also influenced by cell size,
arrangement, and spatial distribution. For example, hydraulic
efficiency is known to be more closely related to vessel diameter
and density (Flor et al. 2025). Our observation that vessel diame-
ter increases with tree height (Figure S3), which is consistent with
the biomechanical imperative for greater hydraulic conductivity in
the canopy, a pattern that also manifests as a trade-off with vessel
density as shown in our Figure S4 (Sperry and Hacke 2004; Choat
et al. 2008; Lens et al. 2011; Zhang, Yang, et al. 2024). Likewise,
the functional specialization of parenchyma is influenced by
its arrangement, with ray and axial parenchyma contributing
differently to storage and transport based on their distribution
(Zheng and Martinez-Cabrera 2013; Morris et al. 2018; Plavcova
et al. 2024). These findings collectively suggest that while our
study reveals fundamental trade-offs in cell fraction allocation,
future investigations incorporating detailed anatomical metrics
(e.g., fiber wall thickness, microfibril angle) and direct physiologi-
cal measurements (e.g., Ks, P50, NSC) are needed to fully elucidate
the mechanistic basis of these structural trade-offs.

5.2 | Vertical Stratification Induces Shifts in
Trade-Offs Among Xylem Cell Types

The results of the SMA analysis indicate distinct patterns in
how the trade-offs between fiber and vessel fraction and be-
tween fiber and parenchyma fraction vary across vertical strata
(Figure 4; Table 1; Table 2). For the fiber—vessel trade-offs, the
slopes were consistent across strata, but the intercept of the re-
lationship was significantly higher in the canopy than in the
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TABLE1 |

Standardized major axis regression slopes and 95% confidence intervals (CI) of the slopes of linear relationships between vessel—fiber

fraction and total parenchyma—fiber fraction for different individuals of different vertical strata.

Trade-offs (y-axis—x-axis) Vertical stratum N R? Slope and 95% CI Intercept and 95% CI
Vessel fraction—fiber fraction Understory 38 0.137 —0.707 (—0.964, —0.519) 0.574 (0.472, 0.712)
Subcanopy 60  0.207  —0.707 (=0.891, —0.560) 0.595 (0.512, 0.700)
Canopy 21 0.715 —0.918 (-1.183, —0.713) 0.743 (0.628, 0.891)
Total parenchyma fraction—fiber Understory 38 0.558 —0.988 (-1.235, —0.791) 0.802 (0.695, 0.935)
fraction Subcanopy 60  0.537  —0.925(-1.105, —0.774) 0.764 (0.678, 0.866)
Canopy 21 0172  —0.538(—0.823,—0.352) 0.512 (0.408, 0.671)

TABLE 2 | Standardized major axis regression analysis of vessel—fiber fraction and total parenchyma-fiber fraction for different individuals

across different vertical strata.

Overall test

Trade-off relationship Statistical test p value Pairwise comparison results
Fiber fraction—vessel fraction Slope homogeneity test 0.252 Slopes homogeneous
across all three strata
Elevation difference test 0.006 Understory—subcanopy:
p=0.271
Understory—canopy: p =0.004**
Subcanopy—canopy: p=0.185
Fiber fraction—total parenchyma Slope homogeneity test 0.043 Understory—subcanopy:

fraction

Elevation difference test —

p=0.956
Understory—canopy: p=0.039*
Subcanopy—canopy: p=0.062

Not tested (inappropriate
when slopes differ)

Note: *p <0.05; **p <0.01, adjusted for multiple comparisons using Sidak method.

understory (Table 2). In contrast, the fiber—parenchyma trade-
offs showed significantly different slopes across vertical strata
(Table 2). This divergence in both intercept and slope strongly
suggests a fundamental differentiation in functional strategies
between canopy and understory trees, likely driven by the dis-
tinct resource demands and ecological constraints inherent to
their positions within the vertical forest structure.

Our results show a stronger fiber and vessel fraction trade-off
in canopy trees, characterized by a higher R? with a consistent
slope but significantly elevated intercept (Table 1; Table 2). This
indicates that for any given fiber fraction, canopy trees consis-
tently allocate a greater proportion to vessel fraction than under-
story trees (Figure 4; Table 2). This trade-off pattern in canopy
trees is likely functionally associated with demand for hydrau-
lic efficiency (Koch et al. 2004; Mao et al. 2023). Previous re-
search has shown that taller trees tend to develop wider vessels
(as also observed in our case, shown in Figure S3) to maintain
hydraulic conductivity under the increased gravitational stress
and longer hydraulic path lengths (Koch et al. 2004; Stovall
et al. 2019; Fajardo et al. 2020; Wu et al. 2025). Concurrently, the
elevated intercept further suggests that canopy trees prioritize
vessel allocation over a wide range of fiber fractions (Table 2),
likely to offset the acute hydraulic constraints imposed by tree

height. The stronger trade-off between fiber and vessel fractions
(higher R?) observed in canopy trees reflects a tight coupling
in the allocation to these two cell types (Table 1). This can be
explained by the concurrent need in canopy trees to meet high
hydraulic demands while also reinforcing mechanical support
for their larger crowns (Pratt and Jacobsen 2017). Consequently,
compared to understory trees, canopy trees face a more acute
trade-off between fiber and vessel fractions, reflecting the crit-
ical balance they must strike between mechanical support and
efficient water transport (Figure 4a).

The fiber-parenchyma relationship showed a significant differ-
ence in slope across vertical strata, indicating a fundamental
shift in the nature of this trade-off (Table 2). The canopy's shal-
lower slope (—0.538) implies that a 1% decrease in fiber fraction
corresponds to only an approximately 0.5% increase in paren-
chyma fraction, whereas the understory's steeper slope (—0.988)
indicates a nearly “one-to-one” substitution. This steeper slope,
coupled with a higher R? value in the understory, suggests that
understory trees exhibit a tighter and more constrained trade-
off (Table 1). Unlike canopy trees, which prioritize optimizing
fiber-vessel fractions trade-off for hydraulic and mechanical
demands under ample light resources (Liang 2019), understory
trees experience reduced hydraulic constraints due to shorter
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hydraulic pathways. This shifts the primary selective pressure
to the fundamental trade-off between parenchyma and fiber
fractions, leading to two contrasting history strategies of un-
derstory trees. Shade-avoidance trees favor rapid growth by
maintaining a lower fiber fraction, which reduces the struc-
tural carbon costs of trunk construction and potentially ac-
celerates growth rates (Larjavaara and Muller-Landau 2010;
Poorter et al. 2010; Castorena et al. 2022; Gonzalez-Melo 2022;
Gonzalez-Melo et al. 2025). Furthermore, multiple studies have
reported a strong positive correlation between parenchyma frac-
tion and NSC content, indicating that a greater fraction of pa-
renchyma corresponds to a heightened capacity for NSC storage
(Plavcova et al. 2016; Kawai et al. 2022; Zhang, Mao, et al. 2022).
The increased parenchyma fraction may facilitate NSC storage
and translocation, supporting faster growth to acquire more re-
sources in shade-avoidance trees (Woodcock and Shier 2002;
Chen et al. 2017). In contrast, shade-tolerant trees exhibit slow
growth rates, allowing greater allocation of xylem space to fi-
bers, which increases wood density and hardness to better pre-
vent diseases and damage, potentially improving survival rates
(Putz et al. 1983; Chen et al. 2017; Oladi et al. 2025). Therefore,
understory trees face a stronger trade-off between growth
and defense, which is manifested as the stronger trade-off be-
tween fiber and parenchyma fractions observed in our study
(Figure 4b). Nevertheless, the functional linkage to storage and
defense, while consistent with anatomical patterns, awaits vali-
dation through direct physiological measurements.

Collectively, our findings demonstrate that trade-off relation-
ships between vessel—fiber and parenchyma—fiber fractions
shift across different vertical strata, highlighting how vertical
stratification drives divergent spatial allocation patterns among
xylem cell types in angiosperm trees. Thus, future investigations
of xylem cell-type trade-offs must account for these stratum-
specific variations to fully understand tree adaptation strategies
in vertically structured forests.

6 | Conclusion

In this study, we investigated trade-offs between fiber-vessel and
fiber-parenchyma in the wood xylem of 39 angiosperm species
in eastern China. Our results indicate that canopy trees exhibit
a stronger fiber and vessel trade-off, characterized by a common
slope but a significantly higher intercept. In contrast, understory
trees demonstrate a stronger fiber-parenchyma trade-off and dis-
play a steeper slope. Collectively, these findings highlight how
vertical stratification drives divergent allocation patterns among
xylem cell types, providing new insights into xylem structure
of trees across different vertical strata and helping enhance our
understanding of their behaviors at different vertical strata.
Consequently, future investigations into xylem anatomy need to
account for these stratum-specific variations to fully understand
tree adaptation strategies in vertically structured forests.
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