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Abstract: 17 

Aim: Root growth and decay may affect root reinforcement to soil erosion and stability. We 18 

measured the effects of growth and decay on the tensile strength of Cynodon dactylon roots 19 

considering different causes of mortality common to agricultural land conversion (i.e. burning 20 

and herbicide application). 21 

Method: We applied three treatments to C. dactylon grass: (i) growth duration (60, 120 and 22 

180 days), (ii) decay duration after burning (30, 60, 120, 180 and 360 days) and (iii) decay 23 

duration after herbicide application (15, 30 and 60 days). The diameter, tensile strength and 24 

cellulose and lignin contents of root samples (n = 303) in different treatments were measured. 25 

Results: Tensile strength–diameter relations followed a negative power law regardless of 26 

treatment (R2 > 0.6). The increase in median tensile strength values due to grass growth was 27 

consistent with the increase in cellulose and lignin contents. Root decay by herbicide 28 

application caused significantly greater and faster reduction in tensile strength than burning 29 

treatment because of the faster reduction of cellulose and lignin contents. 30 

Conclusion: Root decay due to different causes of plant mortality can increase susceptibility to 31 

erosion and slope instability during the conversion of agricultural land. Measures on slope 32 

safety and erosion are vital when using herbicides for weed clearance in farmlands due to the 33 

faster deterioration of root chemical composition and root tensile strength (compared with 34 

burning). 35 
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1. Introduction 37 

In developing countries, the increasing demand for food, biofuels and market-driven agricul-38 

tural products (i.e. agribusiness) has led to agricultural land conversion on marginal lands, 39 

which are often characterised by less-fertile soils, invasive weeds and slopes susceptible to 40 

erosion and instability (Alexandratos and Bruinsma 2012; Fargione et al. 2008). Vegetation 41 

plays an important role in slope stability under intense rainfall (Stokes et al. 2014; Eab et al. 42 

2015; Leung et al. 2017; Kamchoom and Leung 2018a; Nguyen et al. 2019, 2020). However, 43 

land conversion means a change in vegetation cover (e.g. natural vegetation to farmland), 44 

which can affect slope safety (Pisano et al. 2017; Kamchoom and Leung 2018b; Kamchoom 45 

and Jotisankasa 2019; Leknoi and Likitlersuang 2020). For example, the deforestation of New 46 

Zealand’s native forest by European colonisation determined a historically remarkable increase 47 

in landslides compared with the pre-European arrival period (Glade 2003). Moreover, wildfires 48 

that are becoming more frequent and severe in many parts of the globe due to anthropogenic 49 

climate change also resulted in the severe destruction of natural vegetation cover (Turco et al. 50 

2018). Different weed clearance techniques, such as mechanical weeding (e.g. tillage), burning 51 

(i.e. combustion of aboveground biomass) and the application of herbicides, have been adopted 52 

in agricultural practice (Ludwig 1986; Parish 1990; Clements et al. 2017). Land conversion to 53 

farmland procedures, as well as wildfires, can introduce root mortality and decay in large areas, 54 

which consequentially affect root reinforcement to both soil stability and erosion (Watson et 55 

al. 1997; Vergani et al. 2017). Among various root traits, root tensile strength and its decline 56 

with root decay, in particular, have been recognized as primary drivers of the roots’ ability to 57 

resist soil sliding and erosion. However, information on fibrous roots and the effects of differ-58 

ent courses of root mortality (e.g., herbicide application) are severely lacking. 59 

A large volume of research in soil eco-engineering have studied root tensile properties under 60 

different test conditions (e.g. Mao et al. 2012; Wu et al. 2021). Cellulose (polymer chains of 61 

glucose linked by hydrogen bonds) and lignin (complex cross-linked phenolic polymers with 62 

structural function) are the primary components that affect the root tensile strength (e.g., Pinus 63 

tabulaeformis investigated by Zhang et al. (2014); Pinus pinaster and Castanea sativa studied 64 

by Genet et al. (2005); Symplocos setchuensis studied by Zhu et al. (2019)). As roots age, these 65 

structural components are deposited within the cell walls during tissue development (Campbell 66 

and Sederoff 1996), translating to the increase in root tensile strength (e.g., observations on 67 

Hordeum vulgare by Loades et al. (2015)). Although root tensile properties have been ex-68 

plained by root age, the effects of plant age on the whole root population (i.e. root system) of 69 

a plant have been rarely studied. In particular, biomechanical property changes during plant 70 
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growth may have a key role on erosion control and soil stabilisation during the early establish-71 

ment phase of vegetation cover, when re-vegetated slopes are more prone to erosion and failure. 72 

Although the mechanical effects of cellulose and lignin in different woody species have been 73 

tested, there is a lack of data on herbaceous species, particularly fast-growing weeds, which are 74 

widespread on marginal and abandoned lands. 75 

Changes in root tensile properties and root reinforcement of soil stability due to root mor-76 

tality and decay upon natural disturbances (e.g. storms and diseases) and human activities (e.g. 77 

harvesting) have also been a research focus since the 1960s (e.g. O’loughlin and Ziemer 1982; 78 

Watson et al. 1997, 1999; Vergani et al. 2014, 2016; Liu et al. 2017; Kong et al. 2018; Zhu et 79 

al. 2019; Chen et al. 2021). Despite receiving early interest in the literature, only a few studies 80 

are available. Existing work mostly focused on trees and woody species after woodland clear-81 

ance or wildfires. Most of these studies show a reduction of tensile strength as the roots decayed. 82 

The time required to reach half of the original tensile strength (t50) varied from species to spe-83 

cies. As summarised by Zhu et al. (2019), the t50 of woody species ranges from a year up to 8 84 

years (for Picea abies; Ammann et al. 2009). The literature shows that decay does not introduce 85 

remarkable changes in the shape of the power law relationship between tensile strength and 86 

root diameter and causes a downward shift of the curve.  87 

Although agriculture land conversion has been one of the main human activities that cause 88 

soil erosion and instability (Glade 2003; Pisano et al. 2017), studies that focus on the root decay 89 

of weeds or herbaceous species after land clearance are lacking. Moreover, the effects of dif-90 

ferent techniques to clear and convert land to farmland (i.e. the means of introducing root mor-91 

tality and decay), such as burning and herbicide applications, on root biomechanical property 92 

changes have never been investigated. Whether different techniques of land clearance and con-93 

version (e.g. burning or herbicide application) would translate into any differences in root ten-94 

sile properties due to decay is unknown. These important yet unanswered research questions 95 

have direct implication in mitigating the soil erosion and instability caused by land conversion. 96 

The objective of this study is to investigate how growth and decay affect the tensile strength 97 

of fibrous roots, which has important implication in erosion control and shallow slope stability. 98 

Any change in the tensile strength of fibrous roots upon different means of land clearance 99 

(burning vs. herbicide application) is not available in the literature. Based on the knowledge 100 

gaps, we made the following hypotheses: 101 

• The tensile strength of fibrous roots increases with plant age during the early establishment 102 

of plants. 103 
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• The decay of fibrous roots reduces root tensile strength because of the reduction of structural 104 

polymers, such as cellulose and lignin contents. 105 

• Plant burning and herbicide application can influence the subsequent reduction of the tensile 106 

strength of fibrous roots during decay in soil differently. 107 

• The decay of fibrous roots after burning and herbicide application does not introduce major 108 

changes in the shape of the negative power law relationship between tensile strength and 109 

root diameter. 110 

• The decline in the tensile strength of fibrous roots upon root decay is faster than that of 111 

woody species due to the lack of secondary growth. 112 

 113 

2. Materials and methods 114 

2.1 Root and soil materials 115 

The roots of Cynodon dactylon (common name: bermuda grass) were tested. C. dactylon is a 116 

warm-seasoned perennial grass species (Skerman and Riveros 1990) that spreads through rhi-117 

zomes (underground stems) and stolons (horizontal aboveground stems). C. dactylon has been 118 

classified as one of the most important weeds on a global scale (Holm et al. 1977). C. dactylon 119 

can rapidly invade agricultural landscape and cause serious yield losses, because it is extremely 120 

difficult to eradicate. C. dactylon has been included in the Global Invasive Species Database 121 

(GISD 2010). This grass has a dense fibrous root system in shallow soil and has thus been 122 

commonly used for soil erosion control (Faucette et al. 2006; Ng et al. 2014). C. dactylon was 123 

sown in nutrient-rich vermicompost for a month to facilitate root growth. Clayey sand was used 124 

to represent the soil found in many parts of Thailand, especially in natural and man-made slopes. 125 

The soil has D60, D30 and D10 values (defined as the particle diameters that correspond to 60%, 126 

30% and 10% finer from the particle size distribution curve, respectively) of 1.9, 0.62 and 0.15 127 

mm, respectively. The soil can be classified as well-graded sand (ASTM D2487). Its other 128 

properties are summarised in Table 1. The clayey sand was compacted to a dry density of 1520 129 

kg/m3 in polyvinyl chloride cylinders (90 mm diameter, 115 mm depth). Before compaction, 130 

the soil was sieved through a 2 mm sieve and then mixed with water to an optimum water 131 

content of 13% (by mass). Compaction was conducted by moist tamping method in five layers 132 

of equal thickness (i.e. 23 mm thick) to achieve uniform soil samples. The surface between 133 

each successive layers was scratched to provide intimate contact with the consecutive layer. 134 

The total height of the soil sample was 115 mm. Young grass, together with the vermicompost 135 
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at 15 mm depth, was overlain on the compacted clayey sand. Thirty cylinders were prepared in 136 

total and placed in a glasshouse. 137 

 138 

2.2 Growth and decay treatments 139 

Three treatments were applied to the 30 cylinders: one for root growing (9 cylinders) and two 140 

for root decay (21 cylinders). All the cylinders were left in the glasshouse of the Civil Engi-141 

neering Department of King Mongkut's Institute of Technology Ladkrabang, Bangkok, Thai-142 

land for root growth for 60, 120 and 180 days from August 2018 to January 2019 (denoted as 143 

G60, G120 and G180, respectively), which was the wet season in Thailand. During this period, 144 

the average daily temperature was 33 °C, and the glasshouse was open for air ventilation. All 145 

cylinders received about 10 h of continuous sunlight daily and were irrigated with tap water 146 

twice a week. 147 

After grass growth for 180 days, two treatments, namely, burning and herbicide application, 148 

were applied to the cylinders to study root decay. For the burning treatment (12 cylinders), all 149 

the aboveground grass biomass, including the shoot and leaves, were ignited by a gas torch for 150 

15 min, beyond which the biomass was left to smoulder for 3 h. These procedures aimed to 151 

mimic the routine practice of farmers in applying burning for grass clearance in the field. Dur-152 

ing the entire burning process, the highest temperature recorded at 30 mm depth below the soil 153 

surface (i.e. where roots were collected for testing) was 55 °C. After the grass was smouldering 154 

for 3 hours, we found that all the grass biomasses were completely combusted and turned into 155 

ashes (see the grass images before and after the burning treatment in Fig. 1). After burning, the 156 

cylinders were left in the soil for 30, 60, 120, 180 and 360 days (denoted as B30, B60, B120, 157 

B180 and B360, respectively) for root decay. For herbicide treatment (nine cylinders), propanil 158 

(N-[3,4-dichlorophenyl] propanamide) at 36% w/v in water solution was applied in two doses 159 

to the columns together with irrigation. Propanil is a widely used herbicide for land clearing 160 

and weed control in Thailand’s agricultural practice. The nine cylinders allotted for herbicide 161 

treatment were left for root decay for a relatively shorter duration (i.e. 15, 30 and 60 days; 162 

denoted as H15, H30 and H60, respectively). All the cylinders subjected to root decay (burning 163 

and herbicide) were irrigated twice a week during the entire decay period to avoid excessive 164 

soil drying. 165 

After each treatment, root samples (first and second order roots) were collected from the 166 

middle (depth range: 40 – 130 mm) of each soil column. They were then used to measure the 167 

tensile strength and subsequently the cellulose and lignin contents of the roots. The roots were 168 

separated from the soil by wet-sieving, and the bare roots were submerged in distilled water 169 
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for more than 12 h before testing. We acknowledge that roots samples obtained from the same 170 

plant might be largely different in terms of age (i.e., old and young root sections; see more 171 

details in Discussion) 172 

 173 

2.3 Measurement of root tensile strength 174 

The hydrated roots were trimmed to 50–70 mm-long segments. Only segments that were free 175 

of tortuosity or tissue damages were selected for testing. The average root diameter was deter-176 

mined by averaging the diameters of the root being tested (i.e. segment near the two ends and 177 

at the mid-length) measured by an electronic slide gauge. The root diameters between 0.1 and 178 

1.9 mm were randomly selected for the tests to cover the most possible range of C. dactylon. 179 

The root segments were subsequently subjected to uniaxial tensile test at a constant exten-180 

sion rate of 0.1 mm/s using a universal testing frame (TTR MUL-125) as shown in Fig. S1. A 181 

couple of thin wooden pieces were used to tighten the root segments to ensure an intimate 182 

contact between the root segments and the grips and minimise slippage (Nilaweera and Nu-183 

talaya 1999). The gauge length of each root segment was 50–60 mm. Different load cell capac-184 

ities (20, 50 and 500 N; Lloyd Instrument Ltd.) were used to measure the force required to 185 

tension the roots depending on the diameter of the root segments tested. The samples that failed 186 

at or near the clamps’ edges were discarded. The average test duration was 5 min. After testing, 187 

each root segment was weighed again and then oven-dried at 60 °C for 24 h to determine the 188 

initial and final root water contents (i.e. before and after tensioning, respectively). The average 189 

loss of root water during the tests was less than 5% of the hydrated root water content. 190 

Based on the test results, tensile strength, which is defined as the maximum stress required 191 

to break a root segment, was calculated by Eq. (1): 192 

𝑇𝑟 =
𝐹

𝜋(
𝑑

2
)
2,     (1) 193 

where Tr is the tensile strength, F is the force at root breakage; and d is the average root diam-194 

eter before tensioning. 195 

 196 

2.4 Measurement of cellulose and lignin contents 197 

The method by Leavitt and Danzer (1993) was used to measure the cellulose and lignin contents. 198 

In principle, this method firstly removes organic compound and then lignin polymers from the 199 

root material. Thus, the remaining content can be regarded as cellulose compound. 200 

The root samples, after the tensile tests, were oven-dried at 60 °C for 24 h and then ground 201 

into fine powder. The dry root powder was then weighed using a high-precision electronic 202 
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balance with an accuracy of 0.001 mg. The first step was to remove the organic compound. 203 

Each root sample was placed in the extraction chamber of a Soxhlet apparatus equipped with a 204 

flask containing a 700 mL solution of toluene 99% and ethanol 96% (2:1, v/v). The mixture 205 

was heated until boiling for 12 h. After extraction, toluene–ethanol was replaced with 700 mL 206 

of ethanol and heated to the same temperature for 12 h. Then, the mixture was removed from 207 

the Soxhlet apparatus and submerged in boiled distilled water for 6 h. The mixture was rinsed 208 

with distilled water and oven-dried at 60 °C for 24 h. Finally, the remaining lignin and cellulose 209 

contents were weighed. 210 

The second step was to remove lignin content. The mixture was placed in a beaker contain-211 

ing 700 mL of distilled water, 7.0 g sodium chlorite (NaClO2), and 1.0 mL of acetic acid 212 

(C2H4O2). The mixture was shaken by a magnetic agitator and heated to 70 °C for 18 h. The 213 

mixture was then rinsed with distilled water, oven-dried at 60 °C for 24 h and weighed. The 214 

final weight was the weight of the cellulose. Lignin weight was determined by the difference 215 

of the final weight and the weight after the first step. The cellulose and lignin contents were 216 

determined by the ratio over the initial weight of the root samples (in g/g). 217 

 218 

2.5 Statistical analysis 219 

Statistical analysis was performed using GenStat 17th edition (VSN International) and Sig-220 

maPlot13 (Systat Software, Inc). Significant differences were assessed by one-way ANOVA, 221 

followed by post hoc Tukey's test. Non-normally distributed data (tensile strength data) from 222 

the initial assessment of statistic diagnostic plots (i.e. histogram of residuals; fitted values vs. 223 

residuals; expected normal quantiles vs residuals) in ANOVA was log-transformed. The trans-224 

formed data was then checked again for normal distribution (i.e. diagnostic plots) prior to anal-225 

ysis. The log-transformation has a major effect on the distribution and reduces the right skew-226 

ness of residuals. The use of transformed data is stated in the Results section and figure caption. 227 

The effects of treatments on the relations between tensile strength and diameter (log-trans-228 

formed in the analysis) were statistically tested using general linear regression. Root diameter 229 

(log-transformed) and treatment (e.g. time after herbicide application) were included to assess 230 

their effect on tensile strength and interactions. Results were considered statistically significant 231 

when p-value ≤ 0.05. The variability of averaged data is expressed as mean ± standard error of 232 

mean. 233 

 234 

3. Results 235 

3.1 Effect of grass age 236 



8 | P a g e  

Within the growth period of 180 days, the average root diameter and tensile strength was 1.07 237 

± 0.05 mm and 26.05 ± 1.71 MPa, respectively (Table 2). Average root diameter had a slight 238 

increase with grass age (Fig. S2a in the supplementary material), but no significant difference 239 

in diameter was found between treatments (i.e. 60, 120 and 180 days of growth; Fig. S2a). The 240 

median values of tensile strength recorded from the root samples in growth treatments (G60; 241 

G120; G180) increased with grass age (i.e. 17.5 MPa after 60 days; 22.3 MPa after 120 days; 242 

22.7 MPa after 180 days). However, root tensile strength significantly increased only between 243 

60- and 120-day-old plants (p-value = 0.04). No significant difference in root tensile strength 244 

was found between 120- and 180-day-old plants (p-value = 0.20). For any given growth period, 245 

the relations between tensile strength and root diameter followed a negative power law (R2 > 246 

0.60; Fig. 2 and Table 2). Root tensile strength (log-transformed data) was significantly af-247 

fected by diameter (p-value < 0.001) and plant age (treatments: G60, G120 and G180; p-value 248 

< 0.001) when tested by general linear regression. However, no significant diameter–treatment 249 

interaction was observed (p-value = 0.34). Therefore, the reduction in tensile strength with the 250 

increase in root diameter (i.e. the exponent of the power low) does not significantly differ be-251 

tween treatments (i.e. the relation does not depend on plant age). 252 

The cellulose content of C. dactylon varied from 17.5% to 70.6%, whereas the lignin content 253 

ranged between 1.0% and 37.2%. Interestingly, unlike root diameter and root tensile strength, 254 

the growth period had significant effects on the cellulose and lignin contents between 60 and 255 

120 days of grass growth (p-value < 0.001; Figs. S3a and S3b). This is consistent with the 256 

observed tensile strength increase at 120 days (+18% compared with G60; Figs. S2 and S3). 257 

However, no statistical difference was observed after 120 days. Fig. 3 shows that cellulose 258 

content has a negative relation with root diameter (Fig. 3a), and the diameter-dependency is 259 

affected by the growth period (Table 3). By contrast, lignin content had no or weak dependency 260 

on root diameter (Fig. 3b). 261 

Tensile strength was positively associated with cellulose content in almost all treatments 262 

(Figs. S4 and 5; Table S1). However, the significance and explanatory power of this relation 263 

vary between treatments. In comparison, tensile strength was poorly associated with cellulose 264 

content in the root population sampled from the young plants (i.e. G60; Fig. S4 and Table S1). 265 

In older plants (G120 and G180 treatments), cellulose content and tensile strength were signif-266 

icantly correlated (p-values < 0.001; R2 = 0.34). 267 

 268 

3.2 Effects of grass burning and herbicide application 269 
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Root decay induced by burning or herbicide did not cause a significant change in root diameter 270 

(Figs. 4a and 4b). The root diameters at the decay durations of 30 and 60 days had no significant 271 

difference between the two decay treatments (i.e. burning vs herbicide; Fig. 4c). 272 

By contrast, root tensile strength was affected by the two decay treatments (Fig. 5) and the 273 

average value was reduced with the increase in decay duration. After an initial increase in av-274 

erage tensile strength (+46% after 30 days; not significant), the average tensile strength 275 

dropped by 30% from 24.64 ± 1.99 MPa to 17.27 ± 1.83 MPa after 360 days after grass burning 276 

(Fig. 5a). Root tensile strength was reduced to relatively stable values following the initial 277 

tensile strength increase (16.58 ± 1.58 MPa at 180 days and 17.27 ± 1.83 MPa at 360 days; Fig. 278 

3a). At a given decay duration, herbicide application introduced a significantly greater reduc-279 

tion in tensile strength than burning treatment (p-value < 0.001, log-transformed data; Fig. 5c). 280 

For instance, after 60 days of root decay, the tensile strength of the roots subjected to herbicide 281 

application was 54% of that of the roots subjected to burning treatment. Irrespective to the 282 

decay treatment, tensile strength displayed negative power law relations with root diameter 283 

(Fig. 6 and Table 2). The general linear regression of log-transformed data highlighted that 284 

tensile strength was significantly affected by root diameter (p-value < 0.001) and treatments 285 

(i.e. decay periods after burning or herbicide application; Fig. 6; p-values < 0.001). However, 286 

there was no significant diameter–treatment interactions for both the burning and herbicide 287 

applications (p-values > 0.30). Therefore, the reduction of tensile strength with the increase in 288 

root diameter (i.e. the exponent of the power low) does not significantly differ between treat-289 

ments (i.e. decay period after burning or herbicide application). Similarly, no significant (p-290 

value = 0.18) diameter–treatment interaction was found when both treatments (i.e. H1, H2, B1 291 

and B2) were included in the general linear regression. 292 

Root cellulose content was also significantly affected by the decay treatments (Fig. 7). At 293 

360 days after burning and 60 days after herbicide application, cellulose content reduced by 294 

63% (18.58% ±1.64%) and 58% (20.59% ± 1.80%), respectively. The rate of cellulose content 295 

reduction was less significant at 180 days after burning (Fig. 7a) and at 30 days after herbicide 296 

application (Fig. 7b). The rate of cellulose content reduction induced by herbicide application 297 

was much faster than that by burning for the same period of root decay (e.g. H60 roots were 298 

85% weaker than B60 roots; Fig. 7c). Cellulose content was negatively correlated with root 299 

diameter (Fig. 8), and the diameter dependency was similar between the two treatments irre-300 

spective of the duration of root decay (through comparison of fitting coefficients in Table 3). 301 

Lignin content highlighted a significant drop from 21.96% ± 1.42% before burning (180-302 

day-old grass) to 13.85% ± 1.78% at 360 days after burning (43% decrease; Fig. 9a). This trend 303 
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is similar to the corresponding data of tensile strength presented in Fig. 5a. Lignin content was 304 

unchanged during the first 30 days of herbicide application, but displayed a significant drop of 305 

46% after 60 days compared with the control value (Fig. 9b). As shown in Fig. 9c, herbicide 306 

treatment influenced lignin content (as well as tensile strength and cellulose content) earlier 307 

than burning treatment. Lignin content showed no significant relation with root diameter (Fig. 308 

S6 in the supplementary material). 309 

 310 

4. Discussion 311 

4.1 Tensile strength of C. dactylon roots 312 

The root tensile strength values measured in C. dactylon (Table 2) fell in the tensile strength 313 

range recorded for fibrous grass roots (i.e. non-woody roots; Comino et al. 2010; Loades et al. 314 

2013; Boldrin et al. 2021; Wu et al. 2021). However, the maximum tensile strength values 315 

largely differed amongst the fibrous roots of different species. For instance, Boldrin et al. (2021) 316 

reported a maximum tensile strength value of smaller than 40 MPa in three grasses common in 317 

European pastures, whereas Comino et al. (2010) reported tensile strength values up to 365 318 

MPa for similar species. However, the diameter ranges of the tested grasses reported in the 319 

literature varied largely. When the same diameter range was considered (e.g. 0.1–1.9 mm), the 320 

roots tested in the present study has similar maximum tensile strength values to those reported 321 

by Boldrin et al. (2021). Furthermore, the tensile strength–diameter relation of C. dactylon 322 

followed the negative power law model commonly found in literature on fibrous roots (Mao et 323 

al. 2012). This relation was observed irrespective of the decay treatment applied to the grass in 324 

the present study (i.e. grass age or decay; Table 2, Fig. 2 and Fig. 6). However, we acknowledge 325 

that power law fitting does not always explain the relationships between root tensile strength 326 

and root diameter. For example, our previous work (Boldrin et al. 2017) demonstrated that the 327 

tensile strength–diameter correlations of 10 different woody species native to European tem-328 

perate climate regions do not necessarily follow a negative power law but could be explained 329 

by a positive linear law or a critical exponential law. Nonetheless, our data showed that the 330 

negative power law returned the highest coefficient of determination (R2) to explain the corre-331 

lation between the tensile strength and diameter of the roots of C. dactylon.  332 

The negative tensile strength–diameter relations found in the literature has been explained 333 

by the chemical composition of root tissues in different diameter classes (Genet et al. 2005; 334 

Zhang et al. 2014). However, these previous explanations were based on woody species and 335 

often contradictory. Genet et al. (2005) found positive relations between cellulose and tensile 336 
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strength in P. pinaster and C. sativa roots, whereas Zhang et al. (2014), who tested P. tabu-337 

laeformis, observed the opposite trend (i.e. negative relations). Zhang et al. (2014) explained 338 

that the negative relation between diameter and tensile strength is due to a decrease in lignin–339 

cellulose ratio with root thickening. Our results for fibrous roots showed that tensile strength 340 

and cellulose content decreased consistently with an increase in root diameter (Figs. 3a and 8), 341 

which is in agreement with the findings of Genet et al. (2005). By contrast, lignin content 342 

showed no or weak relation with root diameter (Figs. 3b and S4). Grass roots have no secondary 343 

xylem and hence have no lignin-rich tissues as in the woody roots of trees (Cutler et al. 2009; 344 

Roumet et al. 2016). Although lignin content had no clear relation with diameter in our study, 345 

its contribution to plant biomechanics has been well recognised (Niklas et al. 1992). 346 

The large tensile strength and dense root mat of C. dactylon make this species an ideal ‘en-347 

gineer plant’ for soil bioengineering uses. Its tensile strength values are similar to those of 348 

Chrysopogon zizanioides L. (vetiver grass; Mickovski and van Beek 2009; Mahannopkul and 349 

Jotisankasa 2019; Wu et al. 2021; Karimzadeh et al. 2021), which has received wide popularity 350 

for erosion control and slope stabilisation in tropical/subtropical regions (National Research 351 

Council 1993). However, the application of C. dactylon may be limited to erosion control due 352 

to its shallow root system (<0.5 m; Ng et al. 2013) compared with the deep-rooted C. zizani-353 

oides, whose roots can penetrate 3–5 m depth (Hellin and Haigh 2002). C. dactylon has a great 354 

potential to protect soil exposed to surface erosion by runoff water because of its pioneering 355 

ability and fast soil cover due to its diffusion by long rhizomatous stolons (Norris et al. 2008). 356 

The tendency of root strengthening with plant age may be explained by the larger amount 357 

of older roots, which have significantly greater cellulose and lignin contents (Fig. S3). Previous 358 

studies on fibrous roots found a notable increase in tensile strength along the root axis as a 359 

consequence of root ageing (Dumlao et al. 2015; Loades et al. 2015; Boldrin et al. 2021). These 360 

studies suggested that the increase in root tensile strength with root age is the result of cellulose 361 

and lignin deposition. Therefore, the observed increase in the median value of tensile strength 362 

was consistent with the significant increase in cellulose and lignin contents with plant age (Fig. 363 

S3) and was in agreement with previous hypotheses in the literature on root age and biome-364 

chanics (Dumlao et al. 2015, Loades et al. 2015, Boldrin et al. 2021). Although our root sam-365 

ples were obtained from the same plant, their age may vary. Plant age might be a proxy of root 366 

age (and associated strengthening) only for young plants (e.g. up to 120 days). For older plants, 367 

the development of new (nodal and lateral) roots and root turnover might mask the effect of 368 

the age of individual roots. 369 

 370 
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4.2 Effects of root decay 371 

Root decay following herbicide application and burning translated in a significant reduction of 372 

root tensile strength. The tensile strength reductions were faster than those reported in the lit-373 

erature, where a 50% tensile strength drop requires 1–8 years depending on the species and the 374 

biotic and abiotic conditions during the process of decay (Watson et al. 1999, Zhu et al. 2020). 375 

The difference from the data in the literature can be explained by the fibrous (i.e. non-woody) 376 

nature of the roots tested in the present study. Indeed, existing studies on root decay and bio-377 

mechanical properties have focused on the woody roots of trees (e.g. Vergani et al. 2016 and 378 

Zhu et al. 2020], and no or little attention had been given to the fibrous roots of grasses. For 379 

instance, the roots of Picea abies showed a 50% drop in tensile strength only after 8 years of 380 

decay (Ammann et al. 2009). The large differences in terms of biomechanical response to root 381 

decay between woody (literature) and fibrous (the present study) roots are the results of differ-382 

ent root characteristics, such as diameter, root anatomy and tissue composition. The fibrous 383 

roots tested in our study were thinner than 2 mm, whereas the woody roots tested during decay 384 

in the literature ranged from less than 1 mm to more than 10 mm (e.g. Vergani et al. 2016; 385 

Watson et al. 1998; Zhu et al. 2020). Indeed, the woody roots of shrubs and trees exhibit sec-386 

ondary radial growth (i.e. root thickening) with ageing, whereas the fibrous roots of grasses 387 

have no secondary radial growth and hence have less anatomical changes with ageing (Cutler 388 

et al. 2009; Roumet et al. 2016). In general, thinner roots are more prone to decay because of 389 

the larger surface area per volume exposed to detritivores and bacteria, which promotes the 390 

decomposition of organic matter. Notably, the physiology, lifespan and decay of individual 391 

roots are not simply functions of root diameter but are influenced by soil nutrients, the degree 392 

of mycorrhizal infection and root topology (Pregitzer, 2002). Chemical functional parameters 393 

(such as carbon and nitrogen concentrations) and respiration explain the decomposability of 394 

fine roots (Prieto et al. 2016; Roumet et al. 2016). In general, herbaceous species that occupy 395 

frequently disturbed environments exhibit root traits associated with fast resource acquisition 396 

strategy (high growth and respiration rate) and high decomposability. On the contrary, woody 397 

species exhibit a more resource-conservative strategy characterised by slow growth, thicker 398 

roots, greater longevity and lower decomposability (Roumet et al. 2016). Moreover, shallow 399 

roots and agroecosystems have higher decomposability compared with deep roots and forests 400 

(Prieto et al, 2016).  401 

In all decay treatments (Table 2), tensile strength displayed negative power law relations 402 

with root diameter. These relations have been commonly reported in fibrous and woody roots 403 

in the literature (Boldrin et al. 2021; Mao et al. 2012). Root decay did not introduce a major 404 
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change in the shape of the tensile strength–diameter curves. However, root decay progressively 405 

shifted the curve down in the tensile strength–diameter space as tensile strength was reduced 406 

in all diameter classes. A similar result was reported by Zhu et al. (2020) for the woody roots 407 

of Symplocos setchuensis (see Fig. 6 for the present study and Fig. S2 for Zhu et al. 2020). 408 

To the best of our knowledge, our results are the first evidence of the effect of mortality 409 

cause on root decay and tensile strength reduction. Although previous studies (mainly on trees) 410 

tested root decay after different causes of root mortality, no systematic comparisons were made. 411 

Most of the studies on root decay focused on timber harvesting, and no study considered the 412 

effect of different land clearing methods (i.e. agricultural land conversion) on herbaceous spe-413 

cies, such as herbicide application and burning. Although wildfires and land conversion have 414 

become global concerns within the climate warming scenario with unprecedented effects and 415 

scale (Jolly et al. 2015), only limited studies investigated the effect of vegetation burning on 416 

root decay, biomechanical properties and soil reinforcement (e.g. Vergani et al. 2017). Vergani 417 

et al. (2017) investigated the decrease in root tensile strength and soil mechanical reinforcement 418 

following the burning of a Pinus sylvestris woodland. After 4 years, the roots tested by Vergani 419 

et al. (2017) exhibited a notable reduction in tensile strength (e.g. 24% the tensile strength of a 420 

living root). In our study, fibrous roots exhibited on average a 30% reduction in tensile strength 421 

in only 360 days from burning (Fig. 5). 422 

Root tensile strength after burning had an initial increase followed by root weakening. This 423 

root tensile strength variation due to plant death was previously reported by Watson et al. (1998) 424 

in the roots of Kunzea ericoides. Indeed, the woody roots they tested had an initial 27% tensile 425 

strength gain followed by a constant tensile strength reduction with decay duration. The tensile 426 

strength increase observed at 60 days after C. dactylon burning can be explained by the loss of 427 

root moisture and consequent diameter shrinkage, which is in agreement with the hypothesis 428 

previously formulated by Watson et al. (1998) for K. ericoides roots and the recent studies by 429 

Boldrin et al. (2018) for Ulex europaeus roots and Wu et al. (2021) for C. zizanioides roots. 430 

Indeed, our results presented in Fig. 4 highlight a notable diameter reduction at 30 days after 431 

burning. Root tensile strength was then reduced to relatively stable values. Therefore, we hy-432 

pothesised the following. Firstly, tensile strength increases because of a calculation artefact 433 

induced by diameter decrease (Eq. 1). Secondly, the decomposition process driven by soil biota 434 

weakens the root material. Finally, the tensile strength reaches stable values (e.g. 180 and 360 435 

days) as highly decomposable tissues are destroyed, and the remaining root tissues are more 436 

resistant to biotic attack (e.g. high carbon–nitrogen ratio); hence, longer processes are needed 437 
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to fully degrade these recalcitrant tissues. Future work is needed to corroborate this hypothesis 438 

by testing for a much longer decay period. 439 

Herbicide application resulted in a faster weakening of roots compared with burning treat-440 

ment. Unlike burning treatment, the roots with herbicide treatment showed no initial tensile 441 

strength gain (Figs. 5a and 5b). Indeed, root diameter, which may have caused a tensile strength 442 

gain following the burning treatment, did not change during the decay in the herbicide treat-443 

ment (Fig. 4c). Hollis et al. (2019) found a reduction in mechanical resistance (force at failure) 444 

in the roots of Spartina patens (emergent macrophyte in wetlands) growing in soil contami-445 

nated with atrazine herbicide. However, their study focused on wetland pollution and did not 446 

investigate the lethal dose or root decay with time. To our best knowledge, our work is the first 447 

study to investigate the effect of herbicide application on root decay and tensile strength in 448 

living roots and roots subjected to burning. The difference between the decay in burning and 449 

herbicide treatments can be explained by the different mechanisms that led to root mortality 450 

and decay. The effect of fire on roots varies depending on root depth, temperature and fire 451 

duration (Swezy et al. 1991; Vergani et al. 2017). In shallow soil, fire can directly induce root 452 

mortality due to high temperature, whereas in deeper soil, root mortality is the consequence of 453 

the severe damage of aboveground plant organs. In our experiments, both mechanisms might 454 

have contributed to the root mortality and tensile strength variability. Moreover, the high tem-455 

perature during burning may have induced moisture loss from soil and roots and consequent 456 

diameter shrinkage and tensile strength gain (Fig. 5a). Comparatively, roots in deeper soil may 457 

have died slowly as they may be unable to maintain root growth and metabolism because of 458 

the lack of photosynthate supplied by aboveground organs (completely burnt). Moreover, burn-459 

ing may have affected the soil biota responsible for the degradation of organic matter (e.g. root) 460 

because of high temperatures and potential toxic pyrogenic compounds (Certini et al. 2021). 461 

By contrast, herbicide application may have induced a faster and more systemic death of all 462 

plant organs without any physical effect on soil and root tissues (e.g. drying in burning treat-463 

ment). Vergani et al. (2017) suggested a faster root weakening after woodland burning com-464 

pared with post-timber harvesting. However, the different species and study sites amongst dif-465 

ferent studies do not allow for a fair comparison and robust conclusion on faster tensile strength 466 

reduction after fire. Understanding and predicting root weakening due to decay are fundamen-467 

tal to assess slope susceptibility to erosion and shallow landslides. For instance, the period of 468 

highest susceptibility for shallow landslides varies between 3 and 20 years after timber har-469 

vesting in relation to species (woody roots) and environmental factors. Although a rainfall 470 

event is still required to trigger slope failure (e.g. decrease in soil matric suction), a smaller 471 
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threshold is needed (Sidle and Bogaard 2016). Our results on root weakening following plant 472 

burning or herbicide application (Fig. 5) give insight into erosion vulnerability after the weed 473 

clearance of marginal lands, which are often characterised by invasive weeds and steep slopes 474 

that are prone to erosion and instability (Alexandratos and Bruinsma 2012; Fargione et al. 475 

2008). Herbicide application will cause a quicker loss of slope stability (in months) and a faster 476 

decline in root tensile strength compared with weed burning (in years).  477 

 478 

4.3 Root tissue composition behind tensile strength reduction 479 

The reduction in root tensile strength can be mechanistically explained by the loss of structural 480 

components, such as cellulose and lignin. Indeed, these chemical compounds are major con-481 

tributors to plant biomechanical properties in above- and below-ground organs (Genet et al. 482 

2005; Niklas 1992; Zhang et al. 2014). Cellulose content showed a significant and constant 483 

reduction following grass death (Fig. 7a). Furthermore, the difference in the reduction of cel-484 

lulose content between the herbicide and burning treatments were consistent with the difference 485 

in tensile strength reduction between the two treatments (Figs. 5c and 7c). Zhu et al. (2020) 486 

also explained that the drop in the tensile strength of woody roots is due to a reduction in 487 

cellulose content. However, their reported reduction in cellulose content was slower than what 488 

we found in our fibrous roots. For example, only 8% of cellulose content was lost after a 3-489 

month decay in the woody roots of S. setchuensis (Zhu et al. 2020). 490 

In all the treatments, cellulose content was negatively correlated with root diameter (Fig. 8). 491 

Although cellulose content varied between root diameter classes, the reduction in the cellulose 492 

content over time was consistent amongst diameter classes (i.e. no effect on cellulose content–493 

diameter relations). Lignin content showed a smaller and slower reduction compared with cel-494 

lulose content. Zhu et al. (2020) also recorded 5% and 8% reductions in lignin content after 3 495 

and 12 months from tree felling, respectively. The slower reduction in lignin content compared 496 

with cellulose content can be explained by its recalcitrant nature. For instance, the slower re-497 

duction in lignin content compared with cellulose content has been observed in the root mate-498 

rial (Zhu et al. 2020) and foliar litter (Yue et al. 2016). In fact, the lignin–nitrogen ratio is a 499 

recognised predictor of decomposability and soil carbon sequestration (Prescott 2010). In our 500 

study, the reductions in cellulose and lignin contents led to root weakening, but the reduction 501 

in lignin content, hence its mechanical effect on tensile strength, was smaller and observed in 502 

the later stage of root decay. 503 

 504 

 505 
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Concluding remarks 506 

Our data highlights that all the tensile strength-diameter relations of the roots of C. dactylon (n 507 

= 303) followed a negative power law relation (R2 > 0.6) regardless of the treatment applied 508 

(i.e. growth duration, decay duration by burning or herbicides). Growth effects had minimal 509 

influences on root diameter during the 180-day growth period but had significant effects on the 510 

increase in median tensile strength. The tensile strength gain was consistent with the increase 511 

in cellulose and lignin contents. Root decay due to burning or herbicide application caused 512 

significant reductions in cellulose and lignin contents, accompanied by a drop in root tensile 513 

strength (i.e. root weakening). The root decay effects did not change the shape but shifted the 514 

tensile strength–diameter relations downwards. Compared with burning, herbicide application 515 

introduced a greater and faster degradation of cellulose and lignin contents, which explained 516 

the more significant and faster root weakening. Future research is needed to assess the biome-517 

chanical effect of grass root decomposition for a longer time (>360 days) and in different field 518 

conditions, as well as the effect of root decay on soil shear strength. 519 
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 715 

Table 1. Summary of some key index properties of the soil 716 

Parameter Value Unit Reference 

Index property 

Specific gravity (Gs) 2.59 - Specific Gravity test (ASTM D854) 

Maximum dry density 1870 
kg/m3 

Standard compaction test (ASTM D698) Target dry density 1520 

Optimum moisture content 13 % 

D60 1.9 

mm 

Sieve analysis (ASTM D2487) 

D30 0.62 

D10 0.15 

Coefficient of uniformity (Cu) 12.67 - 

Coefficient of curvature (Cc) 1.35 - 

Chemical property 

pH 6.5 - Standard buffer solution 

Soil organic carbon 2.75 g/kg Titration method 

Mechanical property (at target density) 

Effective cohesion (c’) 0 kPa 
Direct shear test (ASTM D3080) 

Critical-state friction angle (cr’) 37.9 degree 

Hydraulic property (at target density) 

Saturated hydraulic conductivity (k
s
) 1x10-7 m/s Falling head test 

  717 
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Table 2. Summary of the sample number (n), data of diameter (d) and tensile strength (Tr; 718 

mean ± SEM) of C. dactylon. Best-fit equation, p-values and R2 are given for the tensile 719 

strength-diameter relations. 720 

Grass growth 

Treatment Period after sow-

ing [days] 

d range [mm] n Tr [MPa] Fitting equation p-value R2 

G60 60 0.1 – 1.9 30 24.54±3.84 Tr = 16.85d-1.06 <0.001 0.64 

G120 120 0.3 – 1.8 30 28.98±2.82 Tr = 24.52d-0.88 <0.001 0.80 

G180 180 0.3 – 1.8 30 24.64±1.99 Tr = 23.66d-0.73 <0.001 0.77 

Burning treatment 

Treatment Period after 

burning [days] 

d range [mm] n Tr [MPa] Fitting equation p-value R2 

B30 30 0.3 – 1.8 26 36.10±4.70 Tr = 23.69d-0.97 <0.001 0.68 

B60 60 0.3 – 1.9 30 27.64±4.86 Tr = 14.91d-1.74 <0.001 0.82 

B120 120 0.3 – 1.9 24 9.10±2.11 Tr = 17.99d-0.81 <0.001 0.87 

B180 180 0.3 – 1.9 25 16.58±1.58 Tr = 14.55d-0.69 <0.001 0.62 

B360 360 0.3 – 1.7 26 17.27±1.83 Tr = 14.75d-0.69 <0.001 0.58 

Herbicide treatment 

Treatment Period after 

herbicide [days] 

d range [mm] n Tr [MPa] Fitting equation p-value R2 

H15 15 0.3 – 1.9 30 22.00±2.03 Tr = 17.78d-0.75 <0.001 0.80 

H30  30 0.3 – 1.7 25 18.34±2.68 Tr = 14.68d-0.97 <0.001 0.63 

H60 60 0.3 – 1.9 27 14.87±1.32 Tr = 12.89d-0.66 <0.001 0.71 

 721 

  722 
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Table 3. Summary of the data for cellulose content (CL) and its relationship with root diame-723 

ter (d). Best-fit equation, p-values and R2 are given for cellulose-diameter relationships. 724 

Grass growth 

Treatment Period after sowing 

[days] 

Cellulose content [%] Fitting equation p-value R2 

G60 60 31.51 ± 1.59 CL = -5.34d + 36.99 0.097 0.09 

G120 120 52.80 ± 2.14 CL = -15.49d + 69.46 <0.001 0.44 

G180 180 49.57 ± 2.04 CL = -11.69d + 63.01 0.005 0.25 

Burning treatment 

Treatment Period after burning 

[days] 

Cellulose content [%] Fitting equation p-value R2 

B30 30 48.06 ± 2.06 CL = -11.99d + 58.71 0.003 0.31 

B60 60 41.21 ± 2.05 CL = -11.83d + 53.59 0.009 0.23 

B120 120 31.20 ± 1.95 CL = -11.78d + 45.14 0.002 0.37 

B180 180 24.07 ± 2.15 CL = -14.22d + 38.40 0.001 0.39 

B360 360 18.58 ± 1.64 CL = -8.97d + 27.27 0.016 0.23 

Herbicide treatment 

Treatment Period after herbicide 

[days] 

Cellulose content [%] Fitting equation p-value R2 

H15 15 29.41 ± 1.93 CL = -9.82d + 39.32 0.006 0.24 

H30 30 19.76 ± 2.04 CL = -13.31d + 33.29 0.006 0.28 

H60 60 20.59 ± 1.80 CL = -8.70d + 29.48 0.010 0.23 

 725 

 726 
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   727 

 728 

(a)                                                 (b) 729 

Fig. 1. Grass conditions (a) before burning and (b) after burning 730 

  731 
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 732 
Fig. 2. Relations between tensile strength and root diameter of C. dactylon roots randomly 733 

sampled from 60, 120 and 180-day-old grasses. Solid lines represent the best-fitted curve. The 734 

fitting equations and goodness-of-fit (R2) are given in Table 2. 735 
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 737 
Fig. 3. Relations between (a) cellulose content and (b) lignin content with root diameter of C. 738 

dactylon roots randomly sampled from 60, 120 and 180-day-old grasses. Solid lines represent 739 

the best-fitted curve. The fitting equations and goodness-of-fit (R2) are given in Table 3. 740 
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 741 
Fig. 4. Mean root diameter (± standard error of mean) of Cynodon dactylon roots randomly 742 

sampled from planted soil columns (a) at 30, 60, 120, 180 and 360 days from grass burning; 743 

(b) at 15, 30 and 60 days from herbicide application; and (c) at 30 and 60 days comparing 744 

between the two grass-killing methods. Control (white bar with oblique pattern) gives the mean 745 

value recorded in 180-day-old plants (i.e., condition of plant before burning). n.s. indicates a 746 

non-statistically significant difference between treatments, as tested using one-way ANOVA. 747 
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 748 
Fig. 5. Mean tensile strength (± standard error of mean) of Cynodon dactylon roots randomly 749 

sampled from planted soil columns (a) at 30, 60, 120, 180 and 360 days from grass burning; 750 

(b) at 15, 30 and 60 days from herbicide application; and (c) at 30 and 60 days comparing 751 

between the two grass-killing methods. Control (white bar with oblique pattern) gives the mean 752 

value recorded in 180-day-old plants (i.e., condition of plant before burning). Letters indicate 753 

a statistically significant difference between treatments, as tested using one-way ANOVA fol-754 

lowed by post hoc Tukey’s test. Data were log-transformed in statistical analysis. 755 
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 756 
Fig. 6. Relations between tensile strength and root diameter of Cynodon dactylon roots ran-757 

domly sampled from planted soil columns (a) at 30, 60, 120, 180 and 360 days from grass 758 

burning; and (b) at 15, 30 and 60 days from herbicide application. Solid lines represent the 759 

best-fitted curve. The fitting equations and goodness-of-fit (R2) are given in Table 2. 760 
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 761 
Fig. 7. Mean cellulose content (± standard error) of Cynodon dactylon roots randomly sampled 762 

from planted soil columns (a) at 30, 60, 120, 180 and 360 days from grass burning; (b) at 15, 763 

30 and 60 days from herbicide application; and (c) at 30 and 60 days comparing between the 764 

two grass-killing methods. Letter indicates a statistically significant difference between treat-765 

ments, as tested using one-way ANOVA followed by post hoc Tukey’s test. Data were log-766 

transformed in statistical analysis. 767 
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 768 
Fig. 8. Relations between cellulose content and root diameter of C. dactylon roots randomly 769 

sampled from planted soil columns (a) at 30, 60, 120, 180 and 360 days from grass burning; 770 

and (b) at 15, 30 and 60 days from herbicide application. Solid lines represent the best-fitted 771 

curve. The fitting equations and goodness-of-fit (R2) are given in Table 3. 772 
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 774 
 775 

Fig. 9. Mean lignin content (± standard error) of C. dactylon roots randomly sampled from 776 

planted soil columns (a) at 30, 60, 120, 180 and 360 days from grass burning; (b) at 15, 30 and 777 

60 days from herbicide application; and (c) at 30 and 60 days comparing between the two grass-778 

killing methods. Letter indicates a statistically significant difference between treatments, as 779 

tested using one-way ANOVA followed by post hoc Tukey’s test. Data were log-transformed 780 

in statistical analysis. 781 

 782 

 783 
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 784 

Supplementary material 785 

 786 

Suppl. Table S1. Summary of the relationships between data cellulose content (CL) and tensile 787 

strength (Tr) in the different experimental treatments. Best-fit equation, p-values and R2 are 788 

given for cellulose-diameter relationships. 789 

Grass growth 

Treatment Period after sowing [days] Fitting equation p-value R2 

G60 60 𝑇𝑟 = 0.62𝐶𝐿 + 4.93 0.170 0.07 

G120 120 𝑇𝑟 = 0.76𝐶𝐿 − 11.28 0.001 0.34 

G180 180 𝑇𝑟 = 0.57𝐶𝐿 − 3.64 0.001 0.34 

Burning treatment 

Treatment Period after burning [days] Fitting equation p-value R2 

B30 30 𝑇𝑟 = 0.84𝐶𝐿 − 4.05 0.066 0.14 

B60 60 𝑇𝑟 = 0.59𝐶𝐿 + 3.26 0.185 0.06 

B120 120 𝑇𝑟 = 0.59 + 0.60 0.006 0.30 

B180 180 𝑇𝑟 = 0.42𝐶𝐿 + 6.48 0.003 0.33 

B360 360 𝑇𝑟 = 0.38𝐶𝐿 + 10.30 0.093 0.11 

Herbicide treatment 

Treatment Period after herbicide [days] Fitting equation p-value R2 

H15 15 𝑇𝑟 = 0.62𝐶𝐿 + 3.89 0.001 0.34 

H30 30 𝑇𝑟 = 0.44𝐶𝐿 + 9.72 0.104 0.11 

H60 60 𝑇𝑟 = 0.35𝐶𝐿 + 7.61 0.011 0.23 

 790 

  791 
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 792 

Fig. S1. A schematic diagram showing the universal testing frame (TTR MUL-125) used for 793 

root tensile tests 794 
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 795 
Suppl. Fig. S2. Mean (a) diameter (n = 30) and (b) tensile strength (n = 30) (± standard error 796 

of mean) of Cynodon dactylon roots randomly sampled from 60, 120 and 180-day-old grasses. 797 

n.s. indicates a non-statistically significant difference between treatments, as tested using one-798 

way ANOVA. 799 
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 800 
 801 

Suppl. Fig. S3. Mean (a) cellulose content and (b) lignin content (± standard error of mean) of 802 

C. dactylon roots randomly sampled from 60, 120 and 180-day-old grass. Letter indicates a 803 

statistically significant difference between treatments, as tested using one-way ANOVA fol-804 

lowed by post hoc Tukey’s test. 805 
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 806 

Suppl. Fig. S4. Relations between tensile strength and cellulose content of Cynodon dactylon 807 

roots randomly sampled from 60, 120 and 180-day-old grasses. 808 
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 810 

Suppl. Fig. S5. Relations between tensile strength and cellulose content of Cynodon dactylon 811 

roots randomly sampled from planted soil columns (a) at 30, 60, 120, 180 and 360 days from 812 

grass burning; and (b) at 15, 30 and 60 days from herbicide application. 813 

 814 

 815 
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 817 
Suppl. Fig. S6. Relations between lignin content and root diameter of C. dactylon roots ran-818 

domly sampled from planted soil columns (a) at 30, 60, 120, 180 and 360 days from grass 819 

burning; and (b) at 15, 30 and 60 days from herbicide application. 820 

 821 

 822 


