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Abstract 

The chemical quality of soil carbon (C) inputs is a major factor controlling litter 1 

decomposition and soil C dynamics. Mycorrhizal fungi constitute one of the dominant 2 

pools of soil microbial C, while their litter quality is understood poorly, leading to the 3 

major uncertainties in estimating soil C dynamics. We examined chemical recalcitrance of 4 

arbuscular mycorrhizal (AM) and ectomycorrhizal (EM) fungal species using fungal 5 

samples obtained from in vitro cultivation. We show that the chemical composition of AM 6 

and EM fungal mycelium differs significantly: EM fungi have higher concentrations of 7 

labile (water-soluble, ethanol-soluble) and recalcitrant (non-extractable) chemical 8 

components, while AM fungi have higher concentrations of acid-hydrolysable components. 9 

Our results imply that differences in chemical decomposability traits among mycorrhizal 10 

fungal guilds represent a critically important driver of the soil C cycle, which could be as 11 

vital as is recognized for differences among aboveground plant litter.  12 

Introduction 

The soil carbon (C) cycle is among the least understood terrestrial biogeochemical cycles, 13 

while it is critically important for ecosystem functioning and mitigation of climate 14 

change1,2. A major knowledge gap in this field is the lack of data on belowground influxes 15 

of C, and their fate in terms of contribution to stable C pools3,4. A particularly poorly 16 

understood aspect is the magnitude of C input into the soil pool of potentially 17 

decomposable C components provided by belowground organisms, and decomposability 18 

patterns of these organisms5. The chemical quality of the C components comprising input 19 

of C into the soil is among the key factors that influence the soil C turnover process6–8, and 20 

arguably mediate the ultimate fate of soil C, i.e. to be sequestered or respired9. Due to the 21 

large uncertainty about the contribution of belowground organisms and their chemical 22 



quality, until now, the largest known source of variability in the quality of C inputs into the 23 

soil has been associated with differences among plant species in terms of aboveground 24 

litter quality10–12. However, that might be an underestimate of the true variability in the 25 

quality of C inputs. 26 

Our knowledge about the factors that control the decomposability of C compounds entering 27 

into the soil pool through residues of microorganisms, especially so from widespread soil-28 

borne fungi, is extremely limited. In soil ecosystems, mycorrhizal fungi living in symbiosis 29 

with plant roots are among the key soil microorganisms controlling the exchange of C and 30 

nutrients between soil and plants13,14. The living and dead biomass of these microorganisms 31 

constitute one of the most dominant pools of soil microbial C15,16. Depending on the soil 32 

ecosystem environment and mycorrhizal type, mycorrhizal hyphal biomass can constitute 33 

up to half of the standing mycelial biomass17 and one-third of total microbial biomass15. 34 

Mycorrhizal fungi are important C sinks of net primary production (NPP)18,19, and 35 

depending on the mycorrhizal guild, the annual mycelial accumulation can reach around 36 

175-200 g C m-2 20,21. This is particularly evident in some forest ecosystems, where the 37 

allocation of photosynthesized C into fungi can represent up to 30% of the NPP20,22. Yet, 38 

the magnitude of the potential contribution of mycorrhizal fungal pools to long-term soil 39 

C storage is unknown. Hence, a quantitative assessment of the chemical composition of 40 

microorganisms relevant for assessing the decomposability of microbial necromass is 41 

critically needed to narrow down the uncertainties in estimating belowground contributions 42 

to soil C pools23,24. 43 

Among the four principal types of mycorrhiza, the two globally dominant ones are 44 

arbuscular mycorrhiza (AM) and ectomycorrhiza (EM)25. These soil fungi associate with 45 

the roots of most terrestrial plants25, and are predominant across the majority of the 46 

terrestrial vegetated areas26. Ecophysiological traits of these two main guilds of 47 

mycorrhizal fungi differ in many aspects (e.g. in the ability of enzymatic degradation of 48 

organic matter)27,28. Also, the microscopic structure of AM and EM fungal hyphae differs5. 49 

EM fungal hyphae have thicker walls, pigmentation, and septa between cells, and are 50 

generally believed to have a longer life span than AM fungal hyphae16,29. These differences 51 

in morphology could potentially determine the chemistry quality of EM and AM fungi, and 52 

have raised the hypothesis that dead EM hyphae are likely more recalcitrant to 53 

decomposition than AM hyphae. However, our knowledge about the chemical differences 54 

among mycorrhizal fungal guilds, particularly on the chemical components that contribute 55 

differently to necromass decomposition, is remarkably limited. 56 

Thus far, studies of the impacts of decomposition of fungal mycelium on soil organic 57 

matter (SOM) have focused primarily on EM and ericoid mycorrhizal fungi30, and have 58 

examined mostly the abundance of individual chemical components in the fungal 59 

mycelium, such as concentrations of nitrogen, chitin and melanin. The latter is known to 60 

be negatively correlated to necromass decomposition of mycorrhizal fungal biomass9,31. 61 

While the outcomes of these analyses shed new light on ecophysiological traits of 62 

mycorrhizal fungi at the individual level, they (1) do not provide an integrative assessment 63 



of the potential fate of fungal biomass in the process of organic matter decomposition, and 64 

(2) neglect the most ancient and widespread mycorrhizal fungal guild, currently associated 65 

with the largest part of Earth’s terrestrial vegetation – the AM fungi25,26. 66 

The objective of this study was to fill a main knowledge gap in the soil C cycle by 67 

examining inherent differences between EM and AM fungi in terms of their ultimate 68 

decomposability potential. Similar to plant residues that have a variety of components that 69 

differ in recalcitrance32,33, soil fungi also consist of components of distinct 70 

decomposability24. Fungi contain relatively recalcitrant components, such as melanin, that 71 

require costly oxidative enzymes for further decomposition 34, as well as relatively labile 72 

components (e.g. chitin) that are utilized as a source of C and N for the soil microbial 73 

community35. Upon release, these components enrol in principally different types of 74 

physical and chemical interactions with mineral surfaces and soil aggregates3,36. Yet the 75 

integrative understanding of principal differences among EM and AM fungi in terms of 76 

their decomposability is lacking.  77 

An important reason underpinning this knowledge gap is the need for samples of in vitro 78 

pure biomass of mycorrhizal fungi to examine their chemical composition. For the AM 79 

fungi, this constitutes a particular challenge due to their obligate symbiotic lifestyle, which 80 

requires a suitable host root established on a poor medium to avoid any contamination by 81 

unwanted microbes. Using unique methods of cultivation of mycorrhizal fungi37–39 well 82 

established in the laboratory of mycology of the UCLouvain (Belgium), we cultivated 83 

multiple species of AM fungi under in vitro culture conditions and obtained amounts of 84 

fungal mycelia sufficient to examine their chemical compositions. To assess the differences 85 

in chemical traits between AM and EM fungal mycelium, we also cultivated EM fungi in 86 

vitro following standard laboratory techniques40. We subsequently assessed the chemical 87 

recalcitrance of AM and EM fungal mycelium. With this dataset, we tested two hypotheses 88 

crucial to understanding the contribution of major mycorrhizal fungal guilds to the soil C 89 

cycle: 90 

(1) AM and EM fungal guilds differ principally in their chemical composition traits 91 

relevant for decomposability.  92 

(2) Differences of decomposability between AM and EM fungal guilds are larger than 93 

the differences among litters from distinct plant functional types. 94 

Results and discussion 95 

Distinct chemical composition of AM and EM fungi 96 

We used 11 species of EM fungi and 4 species of AM fungi from in vitro cultures 97 

(CBS/MUL number see Table.S1): EM fungal species are Xerocomus rubellus, Paxillus 98 

involutus, Laccaria bicolor, Inocybe rimosa, Hebeloma hiemale, Lactarius deliciosus, 99 

Phaeogyroporus sudanicus, Peziza varia, Cortinarius cristallinus, Peziza quelepidotia, 100 

and Scleroderma verrucosum; AM fungal species are Rhizophagus clarus, Rhizophagus 101 

irregularis, Glomus aggregatum and Glomus hoi. Samples of dried fungal biomass were 102 

examined for water-soluble, acid-hydrolyzable, ethanol-soluble and non-extractable 103 



components (hereafter W, A, E, N components, respectively), allowing direct comparison 104 

of AM and EM fungi for the entire suite of recalcitrance traits (Fig.1). 105 

 106 

Fig.1 Relative abundance of water-soluble (W), acid-hydrolyzable (A), ethanol-soluble (E) and non-extractable (N) 107 
components in AM and EM fungi. Mycelia of S.verrucosum* and G.aggregatum* were assessed in a mixture with plant 108 
litter (details see Methods section).   109 

We found that the biomass of AM fungi exhibits a distinct set of decomposability-related 110 

traits compared to that of EM fungi (outcomes of a perMANOVA test on the WAEN 111 

components:  p=0.002, df=1; data for individual fungal species was treated as replicates 112 

within AM and EM fungal guilds). The unambiguous difference between centroids of AM 113 

and EM fungi in the multidimensional space of WAEN components (Fig.2) suggests that 114 

these two groups of fungi are likely to contribute to different pathways of soil C 115 

transformations as being direct sources of soil C compounds.  116 

 117 
Fig.2 Clustering and centroids of AM and EM mycorrhizal fungal species in a multidimensional space of WAEN 118 
components. 119 



Analyses of individual chemical compositions  120 

Subsequently, we examined which individual WAEN components differ among AM and 121 

EM fungi. We found that concentrations of the most easily decomposable component (W), 122 

the ethanol-soluble fraction (E) and the most recalcitrant component (N) were significantly 123 

higher in EM fungi (Mann-Whitney tests with data for individual fungi within a fungal 124 

guild treated as replicates; p<0.001, p<0.001 and p<0.05, respectively; Fig.3a,c, and d). In 125 

contrast, AM fungi had a significantly higher A fraction (Mann-Whitney test conducted in 126 

the same manner as for W, A, and N components: p<0.001; Fig.3b). While both A and E 127 

components are of intermediate recalcitrance, acid-hydrolysable components have been 128 

shown to have higher decomposability than ethanol-soluble components41
. The higher 129 

relative amount of E and N components in EM fungi compared to that of AM fungi 130 

constitutes novel empirical evidence in support of previous suggestions23,42,43 that per 131 

fungal biomass units of EM fungi provide an important contribution to the soil pool of 132 

intact or partially oxidized mycorrhizal fungal biomass. At the same time, the high 133 

abundance of most easily decomposable W components supports empirical evidence of the 134 

high rate decomposability of EM fungal mycelium during the initial stages of 135 

decomposition44,45.  136 

 

 
Fig.3 Boxplots (a) Water-soluble components, P<0.001, (b) Acid- hydrolysable components, P<0.001, (c) Ethanol-137 
soluble components, P<0.001, (d) Non-extractable components, P<0.05. All P values refer to the Mann-Whitney test, 138 
AM (n=4) and EM (n=11). Upper and lower limits of the box- quartiles around the weighted-mean, horizontal lines 139 



within boxes- weighted-median values within each mycorrhiza group, and red circles - weighted-mean of each 140 
mycorrhiza group. 141 

We compared the magnitude of differences in recalcitrance of mycorrhizal fungal litter to 142 

the magnitude of differences in recalcitrance of plant leaf litter (see Methods section for 143 

details) which for decades has been recognized as the major factor controlling soil C 144 

dynamics10–12. Hereto we compared 4 plant functional types: evergreen trees, deciduous 145 

trees, evergreen shrubs, herbaceous plants. The differences between AM and EM 146 

mycorrhizal fungal species in chemical recalcitrance of litter, measured as the relative 147 

abundance of WAEN components, was nearly twice as large as the differences in chemical 148 

recalcitrance of litter between plant species of distinct functional types. For the particular 149 

case of the water-soluble components, it was even three times higher (Table.1). The effect 150 

sizes (η2) of the difference between mycorrhizal fungal guilds for each individual WAEN 151 

component were higher. This was particularly evident for the major components of W and 152 

A (see Fig.1) in the mycelium, which comprised the majority of the variation in chemical 153 

components. In contrast, a similar analysis conducted for plant species grouped into 154 

functional types (for details see Methods section) showed that the effect size of chemical 155 

differences of plant functional types was much smaller, and only acid-hydrolysable 156 

components contributed to the major variation in the group. Taken together, this suggests 157 

that the potential contribution to distinct pathways of C transformations differs markedly 158 

between mycorrhizal fungal guilds, and that differences in the decomposability pathways 159 

of mycorrhizal fungal material are even more striking than the differences observed in leaf 160 

litter among plant functional types, till now considered as one of the most important factors 161 

determining soil C circulation. Thus, chemical differences between mycorrhizal fungi 162 

types might be essential underestimated sources of (variation in) below-ground soil C 163 

dynamics. 164 

Table.1 Effect sizes (η2, one-way ANOVA) of chemical composition differences in leaf litter within plant functional 165 
types and mycelial biomass within mycorrhizal fungal guilds 166 

 Water- 

soluble 

Acid-  

extractable 

Ethanol-  

soluble 

Non- 

extractable 

Mycorrhizal fungal guilds 0.68 0.76 0.46 0.26 

Plant functional types 0.20 0.41 0.28 0.19 

 

Our test of chemical recalcitrance of mycorrhizal mycelium biomass of multiple EM and 167 

AM fungal species provides the first empirical evidence of the inherent difference between 168 

AM and EM fungi in terms of their chemical composition related to the decomposition 169 

pathway. Differences between these fungal guilds in decomposability support and 170 

mechanistically underpin previous speculations that EM fungi might contain a higher ratio 171 

of components recalcitrant to decomposition than AM fungi5. While microbiologists seek 172 

to specify the fungus-specific macromolecular compounds and basic chemical elements, 173 

these characters are difficult to link to soil C cycle mechanisms. Instead of analysing 174 

individual chemical components or complex chemical compounds of fungal biomass that 175 

are possibly a proxy for decomposability5,9,31, we opted to characterize fungal biomass 176 

through general traits of litter quality known to drive soil C cycling41,46,47. Recently, it has 177 



been suggested that labile and recalcitrant C compounds originating from decomposing 178 

organic matter might follow distinct pathways of stabilization depending on the abundance 179 

of soil saprotrophic organisms48,49. This suggests that C components originating from 180 

mycorrhizal fungi of distinct guilds are likely involved in distinct pathways of C 181 

transformations in soil. Moreover, through the differential release of labile and more 182 

recalcitrant C components, the temporal dynamics of contributions of different mycorrhizal 183 

fungal guilds to distinct soil C transformation pathways will also differ among EM and 184 

AM fungi.  185 

For decades, foliage litter and its variability among species or plant functional types has 186 

been considered as one of the main factor controlling soil C cycle process10. Our analysis 187 

shows that the magnitude of differences in chemical decomposability traits between fungi 188 

of distinct mycorrhizal guilds is much higher than that of the leaf litter of plant species 189 

belonging to distinct functional groups. This suggests that the quality of mycorrhizal fungal 190 

biomass is a critically important factor for pathways of soil C transformation processes. 191 

Such pathways have been previously hypothesized5,24 but in practice neglected or 192 

underestimated due to the high uncertainty associated with this phenomenon. Given that 193 

plants allocate a significant part (up to 30%) of NPP to mycorrhizal fungal biomass20,22, an 194 

amount comparable to the allocation into plant leaves in some ecosystems50,51, the 195 

differential contributions of mycorrhizal fungal guilds to the processes of soil C turnover 196 

should be considered as a critical SOM formation factor. As mycorrhizal fungal necromass 197 

is among the most important sources of below ground soil C input, our results provide 198 

chemical quality information of soil C inputs which is essential in narrowing down major 199 

uncertainties in estimating soil C fluxes dynamics. 200 

Methods 201 

Cultivation of AM and EM fungi 202 

We selected available AM fungal species strains from the Glomeraceae family, as this 203 

family is globally the most dominant family of AM fungi52,  while they can be grown in 204 

vitro producing reasonably large amounts of fungal biomass. We selected EM fungal 205 

species to cover relatively abundant strains of various families. In addition, we opted to use 206 

a higher number of EM fungi species compared to AM fungi, because (1) EM fungi consist 207 

of ca. 20,000-25,000 species53,54 which entail high diversity of chemical traits, while AM 208 

fungi have been known to exhibit lower diversity with ca. 300 species identified within this 209 

fungal phylum55–57, (2) mass-production of AM fungi to reach the amounts of biomass 210 

necessary for the recalcitrance assessments is complicated, necessitating hundreds of Petri 211 

plates. Through cultivation, all manipulations were conducted under sterile conditions to 212 

prevent contamination of fungal material, by using a laminar flow hood, and with sterile or 213 

sterilized laboratory material. 214 

EM fungi cultivation and sample preparation 215 

Original cultures of EM fungal species were obtained from Westerdijk Fungal Biodiversity 216 

Institute (the Netherlands), which also provided standard laboratory instructions for EMF 217 



cultivation (except strain of Scleroderma verrucosum, which was obtained from the 218 

collection of GINCO). Each species was inoculated in 30-80 Petri plates (90 mm, 219 

diameter), containing species-specific medium (Table.S1) solidified with bacteriological 220 

agar, then sealed with film and incubated in climate rooms (temperature 21-27℃ according 221 

to the preference of each strain, in the dark) for 4-5 weeks (Fig.S1). Harvested fresh 222 

mycelium of EM fungi was washed with distilled water for 10 seconds, collected by 223 

filtration, and stored at -20℃. The frozen fungi biomass samples were dried using a freeze 224 

dryer or oven under 55℃ for at least 12 hours (weighed after another 4 h until the weight 225 

is stable, drying methods see Table.S1), then stored at -20℃ before chemical recalcitrance 226 

assessments. 227 

 228 

Fig.4 In vitro cultivation of mycorrhizal fungi arbuscular mycorrhizal  fungi. Cultivation system in (a) mono-229 
compartmented or (b) bi-compartmented Petri dish on excised Ri T-DNA transformed root organs of carrot. (c) 230 
Cultivation with the whole plant of Crotalaria Spectabilis in a bi-compartment Petri dish system; (d) Mycelium and spore 231 
production of the AM fungus (Rhizophagus irregularis, MUCL 41833) grown in a bi-compartmented Petri dish and (e) a 232 
mono-compartment Petri dish. 233 

AM fungi cultivation and sample preparation 234 

All AM fungal strains were obtained from the Glomeromycota in vitro Collection (GINCO, 235 

Belgium). The cultivation protocol of AM fungi followed the methods well-established in 236 

the laboratory of mycology of UCLouvain (Belgium). As AM fungi are relatively slow-237 

growing, and there was no prior knowledge on biomass output among in vitro cultivation 238 

approaches, each strain was cultivated using four different systems (Fig.4): autotrophic 239 

whole plants system either with a Petri (S1) or a mesh (S2) root compartment (RC), 240 

transformed root organ culture (ROC) system in bi- (S3) or mono-compartmented (S4) 241 

Petri plates. In the end, we established over 600 AM systems, all biomass produced by each 242 



strain in the four different in vitro systems described below was needed to fulfil the 243 

standard amount required for the chemical analysis. 244 

System S1 consisted of a lid of a small 50-mm-diameter Petri dish placed inside a large 245 

145-mm-diameter Petri dish, to create an RC inside a mycelial compartment (MC) (Fig. 246 

4c). System S2 was similar to S1 with the difference that a 55-mm-diameter cap made with 247 

40-µm nylon mesh and filled with cotton was used as RC instead (Fig.S2). The RC 248 

contained roots of mycorrhizal plants to sustain fungal growth into the MC. Both 249 

compartments were filled with modified Strullu–Romand (MSR58) medium without 250 

sucrose and vitamins. The large plates were covered with black plastic foil to minimize 251 

light exposure. In each large plate, the plant shoot grew outside through a 2-mm-diameter 252 

lateral opening sealed with sterile silicon grease as described59. The systems were kept in 253 

a growth chamber with a 16-hour photoperiod, 130 μmol m-2 s-1 light intensity, 27 ℃ 254 

temperature, and 80% relative humidity. Each RC was refilled with medium every 2-3 255 

weeks.  256 

The system S3 (Fig.4b) consisted of 94-mm-diameter bi-compartmented Petri plates with 257 

RC and MC. The RC contained mycorrhizal Ri T-DNA transformed roots clone DC2 of 258 

Daucus carota growing in MSR medium to sustain the fungal growth into the MC. The 259 

MC was filled with MSR medium without sucrose and vitamins. These bi-compartmented 260 

plates were incubated inverted in the dark at 27℃ for 6 months; The system S4 (Fig.4a) 261 

consisted of a 145-mm-diameter mono-compartmented Petri plate with mycorrhizal Ri T-262 

DNA transformed roots of D.carota clone DC2 growing in MSR medium58. The plates 263 

were incubated inverted in the dark at 27℃ for 4-5 months.  264 

For systems S1, S2, and S3, roots were trimmed before invading the MC to keep the MC 265 

root-free. Once the MC was full with mycelium, the medium was harvested to extract the 266 

mycelium as described below, and the MC was re-filled with medium to allow fungal re-267 

growth. The harvesting procedure was repeated for each plate every 4 to 6 weeks until 268 

another 6-10 months according to the productivity of each plate; For system S4, only the 269 

sections of the medium without any roots were harvested once to exclude roots and root 270 

exudates after incubation. 271 

The absence of roots in the harvested medium was carefully evaluated and confirmed using 272 

a stereomicroscope. For all different systems and strains, the harvested medium which only 273 

contained mycelium was immediately liquefied inside a beaker in a water bath at 70 ℃ for 274 

2 hours - this procedure also killed the mycelium. The mycelium was then collected using 275 

a 38-µm filter, washed with demineralised water for 10 seconds to remove any remnants 276 

of medium and root exudates (only possibly exist in the harvested medium from S4), and 277 

stored at -20℃ until further use. Prior to chemical analyses, all mycelia was dried using 278 

the same procedure as for the EM fungi described above (Table.S1). 279 

Chemical recalcitrance analysis 280 

Mycelia were examined for the chemical composition of different recalcitrance in the 281 

laboratory of Natural Resources Institute (Finland). Litter quality of fungal dead material 282 



was determined by examining the samples for different chemical decomposable 283 

substances: water-soluble (W), ethanol- or dichloromethane-soluble (E), acid-hydrolysable 284 

(A) and non-extractable (N) components. These components are key to determining the 285 

dynamics of litter decomposition and soil C cycling in soil C modelling41,46,60. The 286 

decomposability of each component was determined based on the Yasso soil C model41,46 287 

and followed the order W-A-E-N. The amounts of extractable substances were determined 288 

gravimetrically by incubating samples with a solvent and weighing the samples after 289 

filtration and drying. Mass loss during each extraction was considered to be equal to the 290 

amount of a compound being extracted. For details of the protocols, see Ryan et al. (1990) 291 

and Wieder and Starr (1998). The raw measurement results corresponding to Fig.1 are 292 

provided in Table.S2. Samples that did not reach 0.5g were measured with a mixture of 293 

plant litter (with a known content of WAEN components) to reach the necessary quantity 294 

for analysis, and the chemical composition was calculated based on the proportion of 295 

fungal biomass in the sample (details see Note.S1).  296 

Data process and statistics 297 

We assessed the significance of the overall differences in recalcitrance between AM and 298 

EM fungi, with the permutational analysis of variance – perMANOVA63, performed with 299 

999 permutations in the Vegan package in R. WAEN values were log-transformed to meet 300 

model assumptions. Dispersions of beta diversity (the distance from an individual measure 301 

to the group’s centroid) were calculated by each beta diversity metric within AM and EM 302 

fungal groups for estimating within-group variation across individuals. Significant 303 

differences in beta diversity variation64 were tested using permutational statistical tests for 304 

the homogeneity of group dispersions with 999 permutations in Vegan. We used Principal 305 

Coordinates Analysis (PCoA) for visualization of the data present in the beta diversity 306 

distance matrix (Fig.3). 307 

We tested the hypothesis that AM fungi exhibit higher amounts of easily soluble, and acid-308 

hydrolysable compounds, while EM fungi have higher amounts of compounds that are 309 

neither soluble nor hydrolysable, by a non-parametric Mann-Whitney U test to determine 310 

if there were statistically significant differences in each chemical component between the 311 

two mycorrhizal groups. To account for the fact that WAEN of two fungal strains were 312 

assessed in a mixture with plant litter, all statistical analyses of fungal WAEN were 313 

conducted as weighted analyses according to the accuracy assessment for the results of 314 

sample from a mixture (details see Notes.S1).  315 

We examined the magnitude of the difference between the recalcitrance of mycorrhizal 316 

fungal types vs. the recalcitrance of plant material (Hypothesis 2) comparing the effect 317 

size- Eta square (η2)65 of ANOVAs on WAEN values of AM vs EM fungi to the effect 318 

sizes of ANOVAs on WAEN of plant functional types (other effect size indices are 319 

provided in supplements, Notes.S2). To meet the normality assumptions, WAEN values 320 

were log-transformed.  321 

The data on plant functional types used for this analysis were obtained as follows: We 322 

gathered plant leaf WAEN chemical composition data for 59 species from CIDET32 and 323 



LIDET33 datasets (details see Notes.S2). Those data were grouped into the evergreen tree, 324 

deciduous tree, evergreen shrub and herb, based on plant growth form information from 325 

the TRY database66. Species with multiple form definitions were defined according to the 326 

highest occurrence frequency67.   327 

 328 

Data availability 329 

All data generated or analysed during this study are included in this article (and its 330 

supplementary information files). 331 
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