
Mycorrhizal associations and root 
morphology shape mechanical 
performance in woody plants from 
cold regions
Mingxin Zhou1, Yibo Li1,2, Kun Zhang1, Jingying Wang1, Jihao Li1, Kai Gao1 & Bo Wang1

Root mechanical traits, including load for failure in tension (Fr), tensile strength (Tr), tensile strain 
(εr), modulus of elasticity (Er), and tensile toughness (Wr), are critical for plant anchorage and soil 
stability. These traits are shaped by root morphology, type (absorptive and transport roots), and 
mycorrhizal associations (arbuscular mycorrhizal and ectomycorrhizal fungi). This study investigates 
the relationships among these traits. We examined mechanical traits across eight woody species 
with different mycorrhizal associations, categorizing roots into absorptive and transport types. Root 
morphological traits - root diameter (RD), specific root length (SRL), root tissue density (RTD), and 
root biomass (RB) - were measured. Tensile tests were conducted to assess mechanical properties. 
Statistical analyses, including regression and principal component analysis (PCA), were used to 
elucidate trait relationships. Transport roots exhibited superior mechanical properties compared to 
absorptive roots, with RD and RB showing significant positive correlations with mechanical traits. AM 
roots demonstrated higher tensile strength, strain, and toughness than EM roots. PCA highlighted 
RD and SRL as dominant factors influencing root mechanical performance, while RB contributed 
significantly to transport roots’ structural stability. This study underscores the critical role of root 
morphological traits and mycorrhizal associations in determining mechanical performance. These 
findings highlight the ecological trade-offs between mechanical stability and resource acquisition, 
offering novel insights into root functional strategies and their implications for ecosystem stability.
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The mechanical properties of plant roots, including load for failure in tension (Fr), tensile strength (Tr), tensile 
strain (εr), modulus of elasticity (Er), and tensile toughness (Wr) (Table S1), are critical for anchoring plants 
and stabilizing soils under environmental stress1. These traits enable roots to resist mechanical forces such as 
wind, soil compaction, and erosion, directly influencing plant survival and ecosystem stability2. Despite their 
importance, the mechanisms underlying variations in these traits remain poorly understood, particularly 
regarding how they are influenced by root anatomy, morphology, and ecological function3. This knowledge 
gap hinders our ability to predict plant responses to environmental challenges and design strategies for soil and 
vegetation management.

Transport and absorptive roots represent two major functional categories within root systems, each 
specialized for different roles4. Transport roots, characterized by larger diameters and higher lignification, are 
primarily responsible for anchorage and mechanical stability, while absorptive roots, with their finer structure, 
prioritize water and nutrient uptake5. Although previous studies have highlighted the mechanical superiority of 
transport roots over absorptive roots, the underlying structural and functional adaptations remain insufficiently 
explored6. Additionally, how the mechanical traits of these root types vary across species and environments, and 
the relationship between root mechanical properties and root morphology, require further investigation.

Mycorrhizal fungi play a crucial role in root colonization and adaptation, with both ectomycorrhizal (EM) 
and arbuscular mycorrhizal (AM) fungi forming symbiotic relationships with plant roots7. These associations 
can significantly influence root morphology, physiology, and mechanical traits8. In particular, both transport and 
absorptive roots exhibit distinct colonization patterns, with transport roots often showing higher colonization 
rates and stronger fungal networks compared to absorptive roots9. This difference in colonization can further 
contribute to the variability in mechanical properties between root types10. EM roots typically exhibit lower 
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mechanical performance but enhanced nutrient exchange efficiency, while AM roots, characterized by higher 
lignification and greater cortical thickness, demonstrate superior mechanical stability11. However, the variability 
in mechanical traits between EM and AM roots, and the ecological implications of these differences, remain 
unclear. Addressing this gap is essential to understand how mycorrhizal types shape root functions in diverse 
habitats.

Root morphology, including root diameter (RD), specific root length (SRL), root tissue density (RTD), and 
total fine root biomass (RB), plays a fundamental role in determining mechanical traits12. Larger root diameters 
and higher tissue density are typically associated with greater tensile strength and modulus of elasticity, 
while higher SRL is linked to reduced mechanical performance13. However, the interactions between these 
morphological traits and root types or mycorrhizal associations have not been fully elucidated. This limits our 
understanding of how structural and functional traits combine to influence root mechanical properties and 
adapt to environmental pressures.

To address these, we propose two hypotheses: (1) Root morphological traits significantly influence root 
mechanical performance, with absorptive roots showing a more pronounced effect than transport roots. (2) 
Mycorrhizal type is a key factor influencing root mechanical performance, with AM fungi enhancing the 
mechanical properties of roots compared to EM fungi. By integrating biomechanical, morphological, and 
ecological perspectives, this study provides novel insights into the adaptive strategies of root systems, contributing 
to a deeper understanding of their role in plant resilience and ecosystem functioning.

Materials and methods
Species selection and experimental design
Eight dominant Woody plant species from the cold temperate forests of Heilongjiang Province, Northeast 
China, were selected for experimentation (Table S2). These species were categorized based on their mycorrhizal 
associations, encompassing both ectomycorrhizal and arbuscular mycorrhizal fungi. The EM group (Picea 
asperata, Abies fabri, Quercus mongolica, Betula platyphylla), the AM group (Lespedeza bicolor, Aralia elata, 
Swida alba, Spiraea salicifolia). The selection of species was based on three criteria: (1) they are commonly 
found in disturbed soils within the forests of Northeast China, (2) they are utilized by land managers for slope 
reinforcement, and (3) they exhibit various types of mycorrhizae, which are instrumental in studying ecological 
and soil stability dynamics.

One-year-old seedlings were purchased from a local nursery and planted at the experimental site located in 
the suburbs of Harbin, Heilongjiang Province, Northeast China (126°30′E, 45°54′N). Each species was planted in 
individual 3 m × 3 m plots, with three replicates per species, and a 2 m buffer zone was maintained between plots 
(Fig. 1). Planting commenced in April 2023 and continued until the plants were excavated for experimentation 

Fig. 1.  Sample plot and diagram of the experimental design in Harbin, Heilongjiang Province, northeastern 
China. The map was created using ArcGIS software (version 10.8, https://www.esri.com/), and the 
experimental layout diagram was drawn using Adobe Illustrator (version 27.0, https://www.adobe.com/). The 
full names of the plant abbreviations in the figure can be found in Table S2.
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in October 2023, coinciding with the peak growing season for woody plants in Northeast China. By October, 
it was considered that root traits had reached maturity. In the study area the average temperature from June 
to August was 19.1  °C, with a maximum temperature of 34.8  °C in July, based on data from 2017 to 2023. 
The average precipitation during this period was 135.6 mm. The soil in this region is classified as loamy clay, 
derived from glacial sedimentary deposits. The chemical properties of the surface soil are as follows: pH 6.2, 
total nitrogen content 2.1 g/kg, available potassium content 0.152 g/kg, available calcium content 2.05 g/kg, and 
available magnesium content 0.405 g/kg. All treatments, including soil preparation, daily irrigation of plants, 
weeding (manually every week), and pruning (every months), were conducted uniformly across all plots.

Sampling and measurement of root morphological traits
This study measured four morphological traits of fine roots (root morphological traits: average fine root 
diameter (RD), root tissue density (RTD), specific root length (SRL), total fine root biomass (RB). In October 
2023, seedlings of each species were carefully excavated with shovels to avoid root damage, with three replicates 
per species. The roots were then washed under water and classified into two categories: absorptive roots, 
typically consisting of first, second, and third order roots; and transport roots, defined as higher order roots, all 
roots above the third order14. Root orders were determined according to the morphological root classification 
system15 (Fig. 2).

For each species, two subsamples of absorptive roots and transport roots were used to measure root 
morphology. This study included roots of orders 1 to 5order, root samples from each species were scanned using 
a scanner with a resolution of 600 dpi (Expression 11000XL, Epson, NSW, Australia). The scanned images were 
analyzed using WinRHIZO Pro software to obtain root diameter (mm), length (cm) and root volume (cm3 
across different diameter classes. The average root diameter (RD in mm) of absorptive roots and transport roots 
was calculated as the weighted average of the median root length for each diameter class. The specific root length 
(SRL in cm/g)was calculated as the ratio of total root length to root dry mass. The root tissue density (RTD in g/
cm3 )was calculated as the ratio of root dry mass to root volume. All fine roots from individual seedlings were 
dried at 70 °C for 48 h, then weighed to calculate total fine root biomass (RB in g).

Measurement of root diameter and mechanical traits
For mechanical performance testing of fine roots, plants were excavated from three replicate plots per species, 
ensuring the integrity of the root systems. The intact fine root structures were gently washed with water to 
remove soil particles and then preserved in a 15% alcohol solution to prevent decomposition. The samples were 
stored at 4℃ and transported to the laboratory for subsequent mechanical testing. During sampling, primarily 
intact and live roots were selected, with the assessment of live versus dead roots based on indicators such as 
color, epidermis, and flexibility. Additionally, efforts were made to minimize the loss of lower-order roots at 
the ends to ensure the integrity of the root system configuration. A pre-experiment was conducted to confirm 

Fig. 2.  Illustration of the root types and sampling locations in the root systems of EM and AM. This figure was 
created using Adobe Illustrator (version 27.0, https://www.adobe.com/).
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mycorrhizal colonization in the selected species. Twenty absorptive roots and twenty transport roots from each 
species were randomly selected and stained with trypan blue. The roots were then examined under a microscope 
to observe the mycorrhizal fungal connections. This confirmed that the species studied indeed form mycorrhizal 
associations with either AM or EM fungi, depending on the species.

Root diameters were measured using a digital microscope (S8 APO, Leica, Germany; magnification ×8) 
at a magnification level sufficient to capture fine structural details. Cleaned root samples were placed on a 
flat, transparent surface to ensure consistent focus, and images were taken at multiple points along each root 
segment. Diameter measurements were performed at the midpoint of each segment to minimize variability. The 
digital microscope software was calibrated prior to each session to ensure measurement accuracy.

We randomly selected 100 roots from EM and AM for tensile testing to measure the mechanical trait of the 
root system. The instrument used for measuring tensile mechanical properties was a microcomputer-controlled 
electronic universal testing machine (Zwick/Roell Z010, Germany, the maximum capacity of 125 N). Each root 
sample was clamped at both ends using a tensile testing apparatus, with a gauge length of 10 mm between the 
clamps. The roots were stretched at a constant speed of 50 mm/min until failure. The maximum force at breaking 
point was recorded. The success rate of the experiment was 78.2%. Through the control terminal, continuous 
measurements of tensile force, tensile strength, and other mechanical parameters were performed, and the 
deformation curves were recorded. When fixing the root samples, the two ends of each root segment were placed 
into the clamps, each end being clamped to about one-third of the root segment length, leaving the middle one-
third exposed. During the tightening of the clamps, care was taken to ensure that the roots were perpendicular 
to the horizontal plane. In this study, it was considered that if a root broke in the middle or near the middle of 
the clamps, the breakage was due to tensile force rather than damage during other testing processes. The data 
recorded at this time were regarded as valid.

The load for failure in tension (Fr) was applied to each root until failure occurred, with the maximum load at 
the point of rupture recorded as the load for failure16. This load value was used to quantify the tensile strength 
of roots across different orders, providing data on the mechanical resistance of root structures under stress. All 
measurements were averaged to determine the characteristic load for failure in each root order.

The root tensile strength (Tr) was calculated using the formula17:

	 Tr = F/
(
πd2/4

)

Where F is load for failure in tension, d is root diameter.
The root tensile strain (εr) was measured during root tensile testing. Each root sample was aligned and 

mounted between grips, and a controlled tensile force was applied incrementally until root elongation occurred. 
Displacement was recorded in real time to measure the change in length under tension. Root tensile strain (εr) 
was calculated using the formula18:

	 ϵr = ∆L/L0

where ΔL represents the change in length (elongation) and L0 is the original length of the root segment. The 
calculated strain values were recorded and averaged across root samples from each root order, providing a 
quantitative assessment of the roots’ elasticity under tensile stress.

Root modulus of elasticity (Er) was calculated using the formula19:

	 Er = σ/εr

Where σ represents the stress (force per unit cross-sectional area) and εr represents the root tensile strain (relative 
elongation).

Root tensile toughness (Wr) can be calculated using the integral of the stress-strain curve from zero strain up 
to the strain at failure (εr)

20:

	
Wr =

∫ εr

0
σ(ε)dε

Where Wr is the root tensile toughness, indicating the energy absorbed per unit volume before failure. σ(ε)is the 
stress as a function of strain. εr is the strain at the point of failure.

Statistical analysis
All data were tested for normal distribution and homogeneity of variance using the Kolmogorov-Smirnov test and 
Levene’s test, respectively. Regression analysis was used to investigate the relationships between root mechanical 
traits and root diameter. We conducted statistical adjustment through analysis of covariance to standardize the 
two sets of data to the same diameter level, and then compared the effects of mycorrhiza type (AM versus 
EM). The Tukey-Kramer HSD two-way ANOVA method was used to study the differences in root mechanical 
traits (F, Tr, Er, εr, Wr), root diameter, root morphological traits (average fine root diameter (RD), root tissue 
density (RTD), specific root length (SRL), total fine root biomass (RB)) among different species. Multifactor 
ANOVA was used to evaluate the effects of different plant species, mycorrhizal types, root type (transport 
versus absorptive) on various parameters. We investigated relationships among multiple traits through principal 
component analysis (PCA). Prior to conducting the PCA, all traits were normalized to have a mean of zero. To 
explore the relationships between the measured variables, we generated a correlation matrix heatmap using 
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Pearson’s correlation coefficient. All data were log-transformed to meet the normality assumption. All statistical 
analyses were performed using R 3.2.3.

Results
Correlations between root diameter and mechanical traits
The mechanical traits of roots showed significant correlations with root diameter across the studied species. For 
both AM (arbuscular mycorrhizal) and EM (ectomycorrhizal) root types, the load for failure in tension and root 
tensile strain exhibited significant positive correlations with root diameter (Fig. 3A and C), whereas root tensile 
strength showed a negative correlation with root diameter, with transport roots generally showing higher values 
compared to absorptive roots (Fig. 3B). The correlation was consistently stronger for transport roots, where the 
mechanical traits were significantly higher compared to absorptive roots, reflecting a general pattern across all 
species. In terms of root modulus of elasticity, there was a significant negative correlation with root diameter, 
with larger roots exhibiting lower values for modulus of elasticity, particularly in EM roots, where the decrease 
was more pronounced compared to AM roots (Fig. 3D). The root tensile toughness was significantly positively 
correlated with root diameter, with a clear trend showing that transport roots had significantly higher toughness 
than absorptive roots, especially in the AM group (Fig. 3E).

Moreover, the content of the table further confirms the differences between transport roots and absorptive 
roots within both AM and EM types (Table S3). Transport roots consistently exhibited significantly higher values 
for all mechanical traits, including load for failure in tension, root tensile strength, root tensile strain, and root 
tensile toughness, when compared to absorptive roots (Table S3). This trend was observed across both AM and 
EM root types. The root diameter of transport roots was found to have a stronger relationship with mechanical 
traits than absorptive roots, with transport roots demonstrating a more significant increase in mechanical 
strength, elasticity, and toughness (Table S3).

A: relationships between the load for failure in tension and root diameter of 8 species. B: relationships 
between the root tensile strength and root diameter of 8 species. C: relationships between the root tensile strain 
and root diameter of 8 species. D: relationships between the root modulus of elasticity and root diameter of 8 
species. E: relationships between the root tensile toughness and root diameter of 8 species. Symbols: small pink 
symbols represent absorptive roots; large green symbols represent transport roots.

The influence of different mycorrhizal types on root mechanical traits
Table S4 presents the ANOVA results for the effects of species, mycorrhiza type, root type, and their interactions 
on root mechanical traits (Table S4). The analysis revealed that mycorrhiza type (AM versus EM) had a significant 
effect on most root mechanical traits, including load for failure in tension (Fr), root tensile strength (Tr), root 
tensile strain (εr), root modulus of elasticity (Er), and root tensile toughness (Wr) (Table S4). Notably, significant 
differences were observed between AM and EM roots, particularly in terms of Fr, Tr, εr, Er, and Wr. Additionally, 
the interaction between mycorrhiza type and root type (M × R) was significant for several traits, indicating that 
the effect of mycorrhiza type on mechanical traits was influenced by the root type (absorptive versus transport) 
(Table S4).

Table S5 presents the ANCOVA results, showing the significant effect of mycorrhiza type on root mechanical 
traits, with the diameter of the roots controlled for in the analysis (Table S5). After adjusting for diameter, AM 
roots still exhibited significantly higher values in Fr, Tr, εr, Er, and Wr compared to EM roots, demonstrating that 
mycorrhiza type (AM versus EM) plays a crucial role in modulating the mechanical performance of roots (Table 
S5).

In Fig. 4, the boxplots illustrate the differences in root mechanical traits between AM and EM roots, where 
AM roots consistently show significantly higher values for all traits (Fr, Tr, εr, Er, and Wr) compared to EM roots 
(Fig. 4). These trends are most pronounced in the transport roots, which exhibit the highest values for all traits 
in AM roots (Fig. 4).

Error bars represent standard errors. Capital letters indicate different root type of the same mycorrhizal types. 
while lowercase letters indicate differences mycorrhizal types under the same root type. A significant difference 
is indicated when P < 0.05.

Relationships between mechanicals and morphological traits for absorptive and transport 
roots
The heatmap for absorptive roots shows significant negative correlations between root tensile strain (εr) and root 
tissue density (RTD), as well as between root tensile toughness (Wr) and specific root length (SRL) (Fig. 5a). 
These negative correlations suggest that as SRL and RTD increase, Wr and εr decrease. Furthermore, load for 
failure in tension (Fr) exhibited a significant positive correlation with both root tensile strength (Tr) and root 
modulus of elasticity (Er), indicating that higher Fr values were associated with greater Tr and Er values (Fig. 5a).

For transport roots, stronger positive correlations were observed between Fr, Tr, Er, and root diameter (RD), 
with Fr also showing a significant positive correlation with root biomass (RB) (Fig. 5b). These results suggest 
that the mechanical traits of transport roots are more strongly linked to root diameter and biomass than those 
of absorptive roots (Fig. 5b).

The PCA for absorptive roots reveals that mechanical traits (red arrows), such as Fr, Tr, Er, and Wr, were 
closely associated with morphological traits (black arrows), particularly SRL and RTD (Fig. 6a). This indicates 
that the mechanical traits of absorptive roots are influenced by root morphology. The PCA for transport roots 
demonstrates that Fr, Tr, and Er were strongly correlated with root diameter (RD), suggesting that transport roots 
with larger diameters tend to exhibit higher mechanical strength, elasticity, and toughness (Fig. 6b).
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Discussion
Differential impact of root morphology on mechanical properties of absorptive and transport 
roots
The results from this study reveal significant correlations between root mechanical traits and root diameter, with 
transport roots generally exhibiting higher mechanical strength, elasticity, and toughness than absorptive roots 
across both AM and EM root types (Fig. 3, Table S3). Additionally, the correlation between root diameter and 
mechanical traits was consistently stronger for transport roots, indicating that larger root diameters contribute to 

Fig. 3.  Root diameter correlates with mechanical traits across species.
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Fig. 5.  Root traits heatmap analysis for absorptive (a) and transport roots (b). All data were log-transformed 
to meet the normality assumption. The color intensity in the heatmap represents the strength of the correlation, 
with the legend on the right side displaying the corresponding correlation coefficient values. Strong positive 
correlations are shown in shades of red, while weaker correlations are shown in shades of blue. The closer the 
value is to 1 or -1, the stronger the linear relationship between the variables. Symbols and acronyms of traits: 
Fr - load for failure in tension, Tr - root tensile strength, Er - root modulus of elasticity, εr - root tensile strain, 
Wr - root tensile toughness, RD - root diameter, SRL - specific root length, RTD - root tissue density, RB - root 
biomass.

 

Fig. 4.  AM roots show superior mechanical performance compared to EM roots.
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higher mechanical performance in these roots. The PCA analysis further supports this, showing that mechanical 
traits of transport roots are strongly associated with root diameter, while absorptive roots’ mechanical traits are 
more closely linked to root morphology, such as specific root length (SRL) and root tissue density (RTD) (Fig. 6).

These findings suggest that root morphology plays a significant role in determining the mechanical traits of 
roots, with transport roots showing stronger correlations with mechanical properties than absorptive roots. This 
observation is consistent with previous studies, which have highlighted the functional differentiation between 
these two root types. Transport roots, being responsible for nutrient and water transport, tend to be thicker and 
more robust, enabling them to withstand greater mechanical stresses21. In contrast, absorptive roots are thinner 
and more flexible, optimizing them for nutrient uptake but sacrificing mechanical strength22. The significant 
influence of root morphology on the mechanical traits of absorptive roots, underscores the evolutionary trade-
offs that shape the functional specialization of these roots, where mechanical performance is secondary to 
nutrient acquisition efficiency23. This is in stark contrast to transport roots, where larger diameters and stronger 
mechanical traits are prioritized for structural support, reflecting the divergent ecological roles of these root 
types24. Therefore, the results of this study align with these general ecological trends, confirming that transport 
roots are typically stronger, more elastic, and tougher than absorptive roots.

In comparison with earlier work, our results also support the hypothesis that the mechanical properties of 
roots are closely tied to their morphological characteristics, with a notable contrast in how these properties 
manifest across different root types. For instance, Bengough et al. (2011) found that root diameter significantly 
influences mechanical traits in several species, a pattern we observe in both AM and EM root types in this 
study25. However, our study further emphasizes that the differences in mechanical properties between transport 
and absorptive roots are not just a function of diameter but also the underlying functional specialization of these 
roots. The significant negative correlation between modulus of elasticity and root diameter in EM roots, and 
the pronounced decrease compared to AM roots (Fig. 3), is particularly striking. This could be attributed to the 
distinct evolutionary pressures faced by these two types of mycorrhizal associations, with EM roots potentially 
being more adapted to environments requiring higher tensile strength and lower elasticity for better structural 
support26.

The observed differences between the mechanical traits of transport and absorptive roots also lend support to 
the hypothesis that root morphology, particularly SRL and RTD, has a more pronounced impact on absorptive 
roots than on transport roots. This is consistent with findings by Balliu (2021), who suggested that absorptive 
roots are specialized for resource uptake rather than structural strength, leading to a greater sensitivity of their 
mechanical properties to variations in morphology27. This could explain why absorptive roots exhibit significant 
negative correlations between root tensile strain and tissue density, as seen in our heatmap analysis (Fig. 5a), 
reflecting a trade-off between flexibility and strength. Additionally, the stronger positive correlations in transport 
roots between mechanical traits and root biomass (Fig. 5b) suggest that larger biomass contributes to enhanced 
mechanical performance, possibly due to a higher allocation of resources towards structural integrity28.

In terms of our hypothesis, the results are consistent with the idea that root morphological characteristics 
significantly influence mechanical properties, and that the impact is more pronounced in absorptive roots. 
The greater variability in mechanical traits of absorptive roots, as opposed to transport roots, may be due to 
their functional role in nutrient acquisition, which necessitates a balance between flexibility and mechanical 
integrity29. The evolutionary pressure for absorptive roots to optimize resource uptake likely leads to a greater 

Fig. 6.  Relationships between all root traits using principal component analysis for absorptive (a) and 
transport roots (b). Colours of arrows: red-root mechanical traits; black-root morphological or chemical traits. 
Symbols and acronyms of traits: Fr - load for failure in tension, Tr - root tensile strength, Er - root modulus of 
elasticity, εr - root tensile strain, Wr - root tensile toughness, RD - root diameter, SRL - specific root length, 
RTD - root tissue density, RB - root biomass.
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reliance on morphological traits like SRL and RTD, which in turn influence mechanical performance30. On 
the other hand, transport roots, with their structural role in supporting nutrient and water transport, appear 
to have evolved to exhibit stronger mechanical properties regardless of the morphological traits like SRL and 
RTD31. This distinction in the functional roles of root types could explain the observed differences in their 
mechanical traits. Overall, this study adds to the growing body of literature on root mechanics by offering a 
detailed exploration of how different root types respond to variations in morphological traits, thereby advancing 
our understanding of root functional diversity and ecological adaptation.

The relationship between different mycorrhizal types and root mechanical traits
This study demonstrated significant variation in root mechanical traits between ectomycorrhizal (EM) and 
arbuscular mycorrhizal (AM) species (Table S3). Transport roots consistently exhibited higher mechanical 
properties, such as load for failure in tension (Fr), tensile strength (Tr), tensile strain (εr), modulus of elasticity 
(Er), and tensile toughness (Wr), as well as larger diameters compared to absorptive roots (Table S3). AM species 
showed greater variability in mechanical traits than EM species, indicating their higher adaptability to diverse 
environments (Table S3). Among the traits analyzed, AM roots outperformed EM roots across root types, 
with AM transport roots displaying the most pronounced mechanical advantages, including enhanced tensile 
strength and toughness, emphasizing their superior mechanical stability and resistance (Fig. 4).

The superior mechanical traits of AM roots suggest a strong link between mycorrhizal type and root 
mechanical performance. The higher tensile strength, strain, and toughness observed in AM roots indicate 
their ability to endure greater mechanical stresses, which may stem from enhanced lignification, thicker cell 
walls, and increased biomass allocation to roots32. In contrast, EM roots, which exhibited lower mechanical 
performance, may prioritize resource exchange efficiency over structural reinforcement, reflecting a distinct 
ecological strategy33.

These findings align with those of Danjon et al. (2008), who reported higher mechanical stability in AM roots 
due to robust anatomical structures and increased carbon allocation34. Similarly, Wang et al. (2024) demonstrated 
that AM roots exhibit superior tensile properties due to their greater cortical thickness and vascular diameter, 
enhancing their resistance to mechanical stress35. However, the greater variability in AM roots contrasts with 
the findings of Mao et al. (2023), who observed limited mechanical trait variability among AM species20. This 
discrepancy may result from differences in species composition, environmental conditions, or measurement 
approaches36. Variability in AM root mechanical traits could be influenced by factors such as soil type, fungal 
symbiosis, or growth conditions, which might affect root structure and lignification37. Additionally, the selection 
of species with varying ecological strategies could also contribute to observed discrepancies38.

The enhanced mechanical performance of AM roots is linked to their anatomical and physiological traits39. 
AM roots have larger cortical areas, thicker steles, and increased lignification, which provide structural rigidity 
and enable them to withstand greater mechanical forces40. Additionally, the larger vascular tissues in AM roots 
improve water and nutrient transport, indirectly enhancing mechanical stability by maintaining turgor pressure 
under stress41.

The greater variability in AM roots likely reflects their broader ecological adaptability42. AM fungi form 
associations with a wide range of plant species, leading to more diverse root structures and mechanical 
properties43. This adaptability enables AM-associated plants to occupy heterogeneous environments where 
mechanical stability and resource acquisition are critical for survival44. In contrast, the specialized nutrient 
exchange strategies of EM roots may limit their structural variability, as resources are primarily allocated to 
optimizing mycorrhizal efficiency rather than root mechanical reinforcement45.

The observed differences in mechanical performance between AM and EM roots support the hypothesis that 
mycorrhizal type is a key factor influencing root mechanical traits. AM fungi, through their diverse ecological 
associations, enhance root mechanical properties by promoting increased lignification, thicker cell walls, and 
higher biomass allocation to roots46. This strengthens root resistance to mechanical stress, particularly in 
transport roots. In contrast, EM roots prioritize efficient nutrient exchange over structural reinforcement, which 
may limit their mechanical performance47. These contrasting strategies reflect the distinct ecological pressures 
faced by plants in nutrient-limited versus mechanically stressful environments48.

The mechanical superiority of AM roots provides significant ecological advantages, particularly in 
environments with high mechanical stress. AM-associated plants, through enhanced structural reinforcement, 
may gain competitive advantages and higher survival rates in such conditions49. Conversely, EM roots 
demonstrate a trade-off between mechanical performance and nutrient exchange efficiency, favoring success 
in nutrient-limited but mechanically stable habitats50. These functional distinctions highlight the evolutionary 
strategies of plants in balancing mechanical performance and nutrient acquisition, shaping their ecological 
niches and adaptive potential51.

Conclusion
This study establishes that both root morphology and mycorrhizal type play critical roles in shaping root 
mechanical performance. Quantitative analyses revealed significant correlations between root diameter and 
mechanical traits, such as load for failure in tension, tensile strength, strain, and toughness. Transport roots 
consistently showed stronger mechanical properties than absorptive roots, with this trend being particularly 
pronounced in arbuscular mycorrhizal (AM) species. Furthermore, mycorrhizal type significantly influenced 
root mechanical traits, with AM roots outperforming ectomycorrhizal (EM) roots across all measured traits. The 
results support our hypothesis that root morphology, particularly diameter, influences mechanical performance 
more in transport roots, while mycorrhizal type is a dominant factor determining overall mechanical strength. 
This validates our initial hypothesis that AM fungi enhance root mechanical properties compared to EM fungi.
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These findings emphasize the trade-offs between mechanical stability and resource acquisition across root 
types and mycorrhizal associations. Transport roots enhance anchorage and soil stability under stress, while 
mycorrhizal adaptations reflect distinct ecological strategies. Future studies should investigate the anatomical 
mechanisms underlying the mechanical advantages of AM roots, particularly lignification and cortical thickness. 
Expanding research to include diverse species and environmental conditions will deepen understanding of 
mycorrhizal influence on root mechanical traits.

Data availability
Data is provided within the manuscript or supplementary information files.
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