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Abstract 
Aim  Soil microbial legacy is a potentially important 
regulator of the associations of plants and mycorrhi-
zal fungi. However, our understanding of how plant 
performance and root-associated fungi react to dis-
tinct soil microbial legacies during subalpine forest 
succession remains unclear.
Methods  A pot experiment of two coniferous (Picea 
asperata Mast. and Abies fargesii var. faxoniana 
(Rehder & E. H. Wilson) Tang S. Liu) tree seedlings, 
using sterilized soil inoculated with the soil microbial 
legacy of herbs, shrubs, and trees, was conducted in a 
greenhouse. Plant biomass, root morphological traits 

(total root length, root surface area, and the number of 
root tips), the percentage of ectomycorrhizal (EcM) 
root colonization, root-associated fungal communities, 
and soil inorganic nitrogen content were measured.
Results  Both coniferous seedling performance and 
EcM colonization were facilitated when grown in the soil 
microbial legacies of shrubs and trees rather than herbs. 
Correspondingly, soil microbial legacy favored root-asso-
ciated EcM Ascomycetes and EcM fungi with ‘short-
distance’ exploration type. The soil microbial legacies 
of trees induced a greater relative abundance of Wilcox-
ina, while those of herbs and shrubs resulted in greater 
abundances of Trichophaea, Geopora, and Hebeloma 
(belonging to ‘short-distance’ exploration type). Nota-
bly, the relative abundances of ‘short-distance’ explorers 
were positively correlated with root biomass.
Conclusions  Soil microbial legacy may affect tree seed-
ling establishment and modify plant performance across 
successional stages by regulating the colonization, com-
position, and exploration type of root-associated fungi.

Keywords  Coniferous tree seedling · 
Ectomycorrhizae · Exploration type · Forest 
succession · Root morphology · Soil microbial legacy

Introduction

The natural regeneration of tree seedlings in degraded 
subalpine forests is recognized as a slow and difficult 
process because of the complex interactions between 
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plants and soil microbial legacy (Reid and Holl 2013; 
Cahoon et al. 2018; Coban et al. 2022; Koyama et al. 
2022). Conifer seeds that are entering the soil are 
exposed to a wide array of soil microbial legacy dur-
ing forest secondary succession (Schmid et al. 2021). 
After germination, the roots are the first organ in con-
tact with the soil microbial legacy of a pre-existing 
plant (Lozano et al. 2020). Changes in the soil micro-
bial legacy induced by different plant species can in 
turn facilitate or inhibit the growth and survival of 
con- and hetero-specific plants (Teste et  al. 2017; 
Wang et  al. 2020; Jing et  al. 2022). Given the vari-
able effects of the soil microbial legacy on host plant 
fitness, it remains unclear how the changes in soil 
microbial legacy from various functional groups of 
pre-existing adult plants (i.e., herbs, shrubs, and trees) 
drive the establishment of coniferous tree seedlings.

Although tree seedlings are able to grow for a 
short period without mycorrhizal associations, conifer 
establishment is often limited by a lack of soil fun-
gal communities, especially ectomycorrhizal (EcM) 
fungi (Collier and Bidartondo 2009; Nuñez et  al. 
2009; Hayward et al. 2015). Thus, the initial recovery 
of trees during forest secondary succession depends 
on whether appropriate EcM fungi in the soil micro-
bial legacy persist and are able to serve as partners to 
regenerate tree seedlings (Glassman et  al. 2016). The 
symbiosis between plants and EcM fungi is tightly 
coupled, and diverse EcM fungi acquire carbohydrates 
from the host plant in exchange for soil-derived nutri-
ents (Corrales et al. 2016), resist soil-borne plant path-
ogens (Chakravarty and Unestam 2008), and improve 
tolerance to water stress (Parke et al. 1983). For obli-
gate mycorrhizal species (e.g., Pinaceae), the infection 
status of EcM fungi has been demonstrated to enhance 
the nitrogen (N) supply for plants in N-limited forests 
(Vozzo and Hacskaylo 1971; Li et  al. 2015; Zhang 
et  al. 2019), which strengthens the positive effects of 
EcM fungi on vulnerable seedling growth (Bennett 
et al. 2017; Dong et al. 2021). As a result, an appropri-
ate EcM fungi-host combination is critical for optimal 
tree seedling cultivation. However, it is still not clear 
to what extent the variations in soil microbial legacy 
(especially for EcM fungal communities) from dif-
ferent forest succession stages can regulate seedling 
establishment. Identifying the EcM fungal community 
compositions and the colonization status of roots can 
provide a basis for facilitating coniferous tree seedling 
establishment during the forest restoration process.

Exploration types, to some extent, could reflect 
the capability of EcM fungi to colonize new roots, or 
acquire and transport resources (Agerer 2001). The 
classification of those fungi based on the character-
istics of extraradical hyphae and rhizomorphs. The 
‘contact’ type has smooth, dense, hydrophilic mantles 
and only a few fungal taxa have emanating hyphae, 
while the ‘short-distance’ types (including coarse 
and delicate types) produce large, non-aggregating, 
short hyphae in close proximity of root tips. Those 
EcM ‘contact’ and ‘short-distance’ types with no or 
few cords have been found to maximize the hyphae 
area and thereby promote rapid uptake of mobile N 
in regions with high N availability (Fernandez et  al. 
2017). By contrast, the ‘medium-distance fringe’ 
forms extensive mycelia with many hydrophobic, 
aggregated cords. The ‘medium-distance smooth’ and 
‘long-distance’ types form thickened mycelial cords 
and produce few extraradical mycelia near the root. 
‘Medium-distance’ and ‘long-distance’ explorers 
focus on spatially concentrated and widely dispersed 
soil resources to enhance the nutrient acquisition of 
hosts (Hobbie and Agerer 2010), especially under 
N-limited conditions (Fernandez et  al. 2017). It has 
also been suggested that exploration type is a pat-
tern to reflect the community assembly through their 
different colonization abilities on roots (Peay et  al. 
2011). However, changes in the root-associated EcM 
exploration type have received little attention in the 
regeneration of coniferous tree seedlings. To improve 
our predictions of the establishment of tree seedlings 
in this region, it is necessary to understand how EcM 
function responds to soil microbial legacy.

Plants may sense the exploration types of specific 
EcM fungi, and their changes, to adjust and optimize 
the traits of their roots (Koide et al. 2014; Defrenne 
et  al. 2019; Anthony et  al. 2022; Chaudhary et  al. 
2022). These various root traits include total root 
length, root diameter, root mass fraction, surface area, 
and the number of tips (Stokes et al. 2009). A recent 
study highlighted that tree species with coarser roots 
are less capable of foraging and adsorbing soil nutri-
ents; thus, they should benefit from ‘medium-’ and 
‘long-distance’ explorers (Liu et  al. 2019). Wasyliw 
and Karst (2020) found that increased areas of fine 
roots in maturing boreal forests may result in lower 
dependence of host trees on EcM fungi, evidenced 
by a decreased abundance of distance explorers. To 
our knowledge, few studies have linked root traits 
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and EcM exploration types, especially in coniferous 
tree seedlings (Cheng et al. 2016; Chen et al. 2018). 
Importantly, changes in root abundance and morphol-
ogy traits are likely to influence the belowground 
resources of hosts, and these shifts could be affected 
by the EcM exploration types. A better understanding 
of the responses of root biomass and morphological 
traits to EcM exploration types is important for pre-
dicting the nutrient uptake strategies of tree seedlings.

Here, a controlled soil inoculation experiment 
was conducted to examine the potential influence 
of the soil microbial legacy on coniferous tree seed-
ling performance during forest succession. Picea 
asperata Mast. and Abies fargesii var. faxoniana 
(Rehder & E. H. Wilson) Tang S. Liu, which repre-
sent the most dominant coniferous tree species on 
the eastern Qinghai-Tibetan Plateau, were selected 
for this study. Differences in seedling performance 
(height, shoot and root biomass, root morphologi-
cal traits (total root length, root surface area, and the 
number of root tips)) and soil nutrient availability 
(ammonium nitrogen (NH4

+-N) and nitrate nitrogen 
(NO3

−-N)) were determined. Additionally, we meas-
ured the colonization percentage of symbiotic EcM 
fungi and identified the fungal compositions using 
MiSeq sequencing. As seedling establishment is more 
strongly affected by the availability of mycorrhizal 
partners (Chen et al. 2018), we hypothesized that (i) 
relative to herb and shrub heterospecific soils, plants 
perform best in the soil microbial legacy of trees due 
to an accumulation of symbiotic EcM fungi on root 
tips that make them better acquire soil nutrients; (ii) 
divergence in root-associated fungal community com-
positions and exploration types would induce by dif-
ferent soil microbial legacies; (iii) host plants would 
benefit more when associated with ‘medium-’ and 
‘long-distance’ explorers, because those fungi with 
rhizomorphs preferentially exploit soil resources for 
plant nutrient.

Materials and methods

Species selection and seed germination

The subalpine coniferous forests are located in the 
Miyaluo Provincial Nature Reserve on the eastern 
Tibetan Plateau in Sichuan, China (N 31°35′, E 102°35′; 
2800 m a.s.l.). The annual temperature is 12.6 °C in July 

and − 8  °C in January. The annual precipitation at the 
sampling location ranges from 600 to 1100 mm. During 
the last century, part of the primary forests were defor-
ested to meet the increasing demands for forest products. 
After deforestation, this area was fenced and afforested, 
forming a complete continuous secondary succession 
of early-successional herbs (dominated by Thalictrum 
uncatum, Rumex nepalensis, Kobresia pygmaea and 
multiple genera of Poaceae), mid-successional shrubs 
(dominated by Rubus sp., Berberis sichuanica, Rosa 
sweginzowii and Sibiraea angustata), and late-succes-
sional trees (dominated by Betula albosinensis, Betula 
platyphylla, Picea asperata and Abies faxoniana).

EcM tree species P.  asperata and A. faxoniana 
were selected for the greenhouse experiment. Seeds 
were collected from the study site during the autumn 
of 2018, and then stored in a refrigerator at 4  °C. 
All seeds were surface sterilized in K2MnO4 (0.3%) 
for 15  min to remove microbial contamination, fol-
lowed by rinsing with demineralized water four times. 
Seeds were germinated on sterilized soil in a growth 
chamber (25  °C constant, 12  h:12  h  day:night, rela-
tive humidity 70%). Germinated seedlings were trans-
planted when they had reached an approximate height 
of 3 cm so that the seedlings were at a similar plant 
ontogenetic stage.

In May 2019, nine independent soil samples were 
collected as inoculum, including early-successional 
herbs (Poa annua (PAN), Koeleria macrantha (KM), 
Anemone rivularis (AR)), mid-successional shrubs 
(Berberis sichuanica (BS), Rhododendron fortunei 
(RF)) and late-successional trees (Betula platyphylla 
(BP), Betula albosinensis (BA), Picea asperata (PA) 
and Abies faxoniana (AF). Soils were collected from 
the rooting zone (5–20 cm) of several individuals of 
each target species present by excavating the plants. 
The soil was sieved through a 1 cm mesh to remove 
coarse stones and roots, transported to the labora-
tory in coolers and stored at 4 °C until the start of the 
experiment in June 2019.

Greenhouse sterilization experiment

To eliminate the effect of soil biota, we col-
lected bulk soils from the study area (far away 
from the study species) and sterilized them with 
25-kGy gamma irradiation. The bulk soil proper-
ties at the beginning of the experiment were as 
follows: pH = 6.4, soil organic matter = 7.43  g/
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kg dry soil, NH4
+-N = 9.76  mg/kg dry soil, and 

NO3
−-N = 10.78  mg/kg dry soil. Gamma radiation-

treated bulk soils and rooting zone soils were mixed 
at a proportion of 93:7 volume/volume (Teste et  al. 
2017). The mixed soils were filled into plastic cir-
cular pots (9.8 × 11.6 × 11.6  cm), and one seedling 
was then transplanted into each pot. In total, the 
combined experiments (2 seedling species × 9 soil 
sources) were replicated eight times, resulting in 144 
pots (Fig. S1). The pots were arranged in 16 blocks 
(i.e., eight replicated per seedling species) and the 
positions of the pots and the pots within a block 
were randomly shifted every month. Seedlings were 
grown in a climate-controlled greenhouse (25  °C 
constant, 12  h:12  h light:dark, relative humidity 
70%) with water supply three times per week. After 
13 months of growth, we measured the plant height 
from the substrate to the tip of the stem. Plants were 
harvested blockwise on the same day, and the roots 
were washed over a 53 μm sieve to capture any bro-
ken roots during the process. We extracted the soil 
soluble inorganic nitrogen (NH4

+-N and NO3
−-N) 

from fresh soil using 2 mol L−1 KCL. The concentra-
tions of NH4

+-N and NO3
−-N in extract were deter-

mined by the indophenol-blue (Dorich and Nelson 
1983) and phenol disulfonic acid colorimetry (Nich-
olas and Nelson 1957), respectively.

Root morphology and mycorrhizal colonization

Each root sample was scanned with a dedicated 
scanner (Epson Expression 11000XL, Seiko Epson 
Corporation, Nagano, Japan), and their total length, 
number of root tips, and total surface area were 
analysed with WinRhizo software (Regent Instru-
ments, Inc., Quebec, Canada, 2012). Root tip-col-
onized EcM fungi were distinguished from uncolo-
nized root tips by the presence of fungal mantle and 
Harting net (Smith and Read 2010). EcM coloniza-
tion was calculated as the number of root tips colo-
nized by EcM fungi divided by the total number of 
root tips (Brundrett et al. 1996). The corresponding 
root samples were then longitudinally divided into 
two equal parts that were weighed. The first set of 
subsamples was dried at 65  °C for 48  h, and the 
total dry weight of each sample was obtained based 
on the dry-to-wet ratio. The second set of subsam-
ples was frozen (−20  °C) immediately for later 
examination of the fungal community composition.

Root tip fungal DNA extraction sequencing

Root tip samples were surface-sterilized in 99% etha-
nol for 1 min, washed with 2.63% NaOCl for 6 min, 
99% ethanol for 30  s, and then rinsed with distilled 
water. We extracted total DNA from the root tip 
samples using the cetytrimethylammonium bromide 
(CTAB) method (Allen et al. 2006). The nuclear ribo-
somal internal transcribed spacer (ITS) region was 
amplified by polymerase chain reaction (PCR) using 
dual-indexed primers: ITS1F (5’-CTT​GGT​CAT​TTA​
GAG​GAA​GTAA-3′) and ITS2 (5’-GCT​GCG​TTC​
TTC​ATC​GAT​GC-3′) (Gardes and Bruns 1993). Each 
PCR (30  μl) contained 15  μl PhusionMasterMix 2× 
(Phusion® High-Fidelity PCR Master Mix with GC 
Buffer), 3 μl of 2 μM primers, 10 μl of DNA template 
(1 Ng μl−1), and 2 μl of H2O. The PCR amplification 
procedure was conducted with a temperature profile 
at 98  °C for 1  min, followed by 30  cycles of dena-
turation at 98 °C for 10 s, primer annealing at 50 °C 
for 30 s and elongation at 72 °C for 30 s. The cycle 
was finished with an extension at 72  °C for 5  min 
to ensure complete amplification. After purification 
and quantification, high-throughput sequencing was 
done via Illumina HiSeq 2500 (San Diego, CA, USA; 
2 × 300 bp).

The raw sequencing reads containing any nucleo-
tide mismatches within the primers or the barcode 
and any ambiguous bases were removed. Usearch 10 
was used to identify and remove chimeric sequences. 
The remaining sequences were clustered into opera-
tional taxonomic units (OTUs) by UPARSE analysis 
pipeline with the similarity of 97% sequence (Edgar 
2013). The taxonomy of each OTU representative 
fungal sequence was analyzed by Ribosomal Data-
base Project (RDP) Classifier, based on the ITS 
database (Unite v8.0) (Nilsson et  al. 2019). Putative 
EcM fungi were further assigned using the FunGuild 
algorithm at the “high probable” and “probable” con-
fidence rankings (Nguyen et  al. 2016). On the other 
hand, OTUs assigned to similar guilds were retained, 
such as EcM fungi that were simultaneously identified 
as saprotrophs. Additionally, assignment of the explo-
ration types (hyphal foraging distance) were based on 
previous studies (Agerer 2001; Tedersoo and Smith 
2013; Moeller et al. 2014) and the DEEMY database 
(http://​www.​deemy.​de/) (Rambold and Agerer 1997). 
Each ECM fungal species or genus was further classi-
fied into different exploration types.

http://www.deemy.de/
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Data analysis

All statistical analyses were conducted with R, v.4.1.2 
(R Core Team 2020). To test how soil microbial leg-
acy generated effects on plant biomass, root morpho-
logical traits and the percentage of EcM root coloni-
zation, models were created with soil inoculum origin 
as a fixed factor and block as a random factor. When-
ever significant interactions were investigated, post 
hoc Tukey’s HSD tests were performed to test which 
treatments differed from each other. We used a linear 
regression to test whether the root biomass in the dif-
ferent soil microbial legacies explained the observed 
responses to root mycorrhizal colonization percentage 
and soil inorganic N content. The data were checked 
for normality using the Shapiro–Wilk test and, when 
needed, were log transformed before analysis to meet 
the assumption of normality.

To test the effects of the soil microbial legacy and 
plant species on the entire and EcM fungal community 
composition, a permutational multivariate analysis of 
variance (PERMANOVA) was performed using the 
function ‘adonis’ of the VEGAN package (Oksanen 
et al. 2019) based on the Bray-Curtis distance dissimi-
larity and 999 permutations. To visualize the influ-
ences of inoculated soil microbial legacies of various 
plant functional groups (i.e., herbs, shrubs, and trees) 
on the relative abundance of root-associated fungi, 
post hoc test was used to test which plant functional 
groups differed from each other. Because ‘medium-’ 
and ‘long-distance’ explorers were less abundant and 
present in a tiny minority of samples, linear regression 
was only used to analyse the correlations between root 
biomass and the log10-transformed relative abundances 
of  ‘short-distance’ exploration types (including coarse 
and delicate types). Redundancy analysis (RDA) was 
used to assess the relationship between plant perfor-
mance (root biomass and morphology) and EcM fungal 
community composition using the R package VEGAN.

Results

Effects of the soil microbial legacy on plant 
performance and EcM fungal colonization

The root biomass of both tree seedlings was 
strongly affected by soil microbial legacy (Fig.  1a, 
b, and S2; P < 0.001). Root dry biomass of P. 

asperata and A. faxoniana were mostly lower in the 
soil microbial legacy of herbs. P. asperata seedlings 
grew best in pots inoculated with the soil microbial 
legacy of AF (0.423 ± 0.023  g), but post hoc tests 
revealed no significant difference between AF, BS 
(0.405 ± 0.024  g) and PA (0.386 ± 0.041  g) treat-
ment (Fig. 1a). A. faxoniana root biomass was sig-
nificantly higher in BS treatment (0.303 ± 0.006 g) 
than in other treatments (Fig.  1b). Analyses of the 
shoot biomass, plant height, total root length, total 
root surface area, and root tip numbers showed sim-
ilar patterns to the root biomass analysis (Fig. S2).

Similarity, the level of EcM root colonization 
differed based on soil microbial legacy (Fig.  1c, 
d). When averaged across all pots, EcM root 
colonization ranged from 10.05% to 45.05% in 
P. asperata and from 11.24% to 49.28% in A. 
faxoniana. For P. asperata, lower colonization 
was obtained when plants grew in soil micro-
bial legacy of herbs, and post hoc tests revealed 
that colonization was significantly higher when 
plants grew in soil microbial legacies of shrubs 
and trees. On the other hand, P. asperata seed-
lings grown in inoculated soil with microbial 
legacy of AF exhibited the highest level of col-
onization (45.05 ± 1.55%), and post hoc tests 
revealed no differences between treatments of 
AF, BS (42.16 ± 1.73%), BA (40.72 ± 1.73%), 
and PA (41.97 ± 1.85%) (Fig.  1c). For A. faxo-
niana, in most cases, post hoc tests revealed 
that EcM colonization was lower when plants 
grew in soil microbial legacies of herbs than in 
shrubs and trees, and the highest colonization 
(49.28 ± 1.74%) was observed in BS treatment 
(Fig.  1d). Further analysis showed that for the 
seedlings in the pots, the percentage of root colo-
nization by EcM fungi significantly positively 
correlated with their root biomass (Fig.  2a, b), 
but negatively correlated with NH4

+ -N  (Fig. 2c, 
d) and NO3

−-N (Fig. 2e, f).

Root‑associated fungal community composition and 
function

Sequencing of the ITS1 region yielded 5,490,779 
reads, which were clustered into 2173 fungal 
OTUs. Of these, 1365 OTUs corresponded to uni-
dentified fungi in UNITE. The composition of root 
fungal communities was dominated by Ascomycota 
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(70.3% of total fungal sequences), followed by 
Basidiomycota (11.72%) and Chytridiomycota 
(0.19%) (Fig.  S3). We were able to assign 349 
OTUs to functional guilds, and 50 OTUs were clas-
sified as EcM (26.68% of total fungal sequences). 
After several months of seedling growth, the com-
positional differences in root-associated EcM fun-
gal communities were significantly influenced by 

nine inoculated soil microbial legacies (P < 0.001), 
or two plant species (P = 0.027) (Table  1). These 
tree species colonized unique microbiomes in dif-
ferent soil treatments as indicated by the significant 
plant species × inoculated soil microbial legacies 
interactions (P = 0.009). Nearly identical results 
were obtained when using total fungal data in the 
PERMANOVA (Table 1).

Fig. 1   Root biomass (a, b) and EcM fungal colonization (c, d) 
of P. asperata and A. faxoniana seedlings grown in pots with 
inoculated soils originating from nine plant species. The inoc-
ula were the rooting zone soils from early-successional herbs 
(PAN, Poa annua; KM, Koeleria macrantha; AR, Anemone 
rivularis), mid-successional shrubs (BS, Berberis sichuanica; 

RF, Rhododendron fortunei), and late-successional trees (BP, 
Betula platyphylla; BA, Betula albosinensis; PA, Picea asper-
ata; AF, Abies faxoniana). Data are mean values ± SEs (n = 8). 
Different lowercase letters indicate significant differences 
(P < 0.05) among the inoculated soil types using one-way 
ANOVA followed by Tukey’s HSD test
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Herein, we confirmed that a total of 17 gen-
era of EcM fungi were encountered across both 
host seedlings, ten of which were shared between 
hosts (58.82%), with five (Amphinema, Boletellus, 
Entoloma, Sistotrema, and Tylospora) exclusive 
to P. asperata (29.41%) and two (Cortinarius and 
Sebacina) exclusive to A. faxoniana (11.6%). At 
the genus level, Trichophaea, Wilcoxina, Geopora, 
and Hebeloma were the four most abundant genera 
for both conifers (Fig.  3). Furthermore, the abun-
dance proportions of several EcM fungal genera 
were greatly affected by the successional stages 
of the inoculated soils (Fig.  4). Colonization by 

Wilcoxina was higher in seedlings grown with 
the soil microbial legacy of trees than herbs and 
shrubs, especially for A. faxoniana. The abundance 
proportion of Hebeloma and Geopora was much 
more abundant when P. asperata received inocu-
lants from soil microbial legacies of herbs and 
shrubs relative to trees (Fig. 4a). For A. faxoniana, 
the same decreasing trend was found for the abun-
dance proportions of Trichophaea and Geopora 
(Fig. 4b).

When classifying the EcM fungal OTUs into differ-
ent exploration types, we found that the relative abun-
dance of the ‘short-distance coarse’ type was dominant 

Fig. 2   Correlations of EcM 
fungal colonization in (a, c, 
e) P. asperata and (b, d, f) 
A. faxoniana seedlings with 
root biomass, NH4

+-N and 
NO3

−-N
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(24.56% fungal sequences), followed by the ‘short-
distance delicate’ type (3.12% fungal sequences). The 
proportions of the different ‘short-distance’ exploration 

types were not significantly different between plant 
species. ‘Medium-’ and ‘long-distance’ exploration 
types were rare in the analysed samples (Fig. 4).

Table 1   Results of a permutational multivariate analysis of 
variance (PERMANOVA) testing the effects of soil microbial 
legacies and plant species on the root-associated fungal com-

munity structure, using Bray-Curits based distances as a meas-
ure of dissimilarity and 999 permutations

Pseudo F values, explained variance (R2) and p values are presented. Significant p values are presented in bold

Factor F R2 p value

(a) Total fungal community
Plant species F(1,71) = 4.375 0.034 0.002
Soil microbial legacies F(8,71) = 7.169 0.441 0.001
Plant species × Soil microbial legacies F(8,71) = 1.800 0.111 0.001
(b) Ectomycorrhizal fungal community
Plant species F(1,71) = 2.922 0.023 0.027
Soil microbial legacies F(8,71) = 7.277 0.452 0.001
Plant species × Soil microbial legacies F(8,71) = 1.726 0.107 0.009

Fig. 3   Relative abundance 
of EcM fungi at the genus 
level in the P. asperata 
(a) and A. faxoniana (b) 
roots after growing in 
pots with inoculated soils 
originating from nine plant 
species. The inocula were 
the rooting zone soils from 
early-successional herbs 
(PAN, Poa annua; KM, 
Koeleria macrantha; AR, 
Anemone rivularis), mid-
successional shrubs (BS, 
Berberis sichuanica; RF, 
Rhododendron fortunei), 
and late-successional trees 
(BP, Betula platyphylla; 
BA, Betula albosinensis; 
PA, Picea asperata; AF, 
Abies faxoniana). Blue 
(Ascomycota) and green 
(Basidiomycota) colours 
indicate different ECM 
fungi at the phylum level. 
Exploring type: S-D (short-
distance delicate explorers), 
S-C (short-distance coarse 
explorers), M-S (medium-
distance smooth explorers), 
M-F (medium-distance 
fringe explorers), L (long-
distance explorers)
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Relationships between root traits and functional traits 
of EcM

To better understand the differences in functional 
capacities between EcM fungal communities linked 
to root biomass and root morphological traits, we 
examined differences in exploration types among 
EcM communities using distance-based redundancy 
analysis (RDA). Axes 1 and 2 explained 55.17% and 
21.05% of the variation, respectively. The EcM fun-
gal community composition was significantly cor-
related with the biomass, surface area, number of 
tips, and total length of roots (P < 0.001, Fig.  5a), 
and the root biomass (48.26%) explained more 
variation than the root morphological traits. At 
the level of the exploration type, the root biomass 

was significantly and positively correlated with the 
abundance of genera belonging to the ‘short-dis-
tance’ (R2 = 0.640, P = 0.017) exploration type (i.e., 
Tricholophaea, Geopora and Tuber) (Fig. 5b).

Discussion

By measuring the seedling performance (e.g., height, 
biomass, total root length, root surface area, and num-
ber of root tips) and EcM fungal root colonization 
at each pot, we found that P. asperata and A. faxo-
niana seedlings performed better in the soil micro-
bial legacies of shrubs and trees and worse in the 
soil microbial legacy of herbs (Fig.  1 and S2). Soil 
microbial legacy also led to marked differences in the 

Fig. 4   The relative abun-
dances of top 8 EcM fungal 
genera on P. asperata (a) 
and A. faxoniana (b) roots. 
Error bars are ± SE of the 
mean with the different 
letters indicating significant 
differences (P < 0.05) of 
EcM fungal abundance 
among plant functional 
groups (e.g., three inocu-
lated soil microbial legacies 
from three herb species) 
based on post-hoc analysis. 
Exploring type: S-D (short-
distance delicate explorers), 
S-C (short-distance coarse 
explorers)
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Fig. 5   Variation in ectomycorrhizal (EcM) fungal community 
composition in the roots of two coniferous species in response 
to soil microbial legacy, as visualized by the fungal exploration 
type of Redundancy analysis (RDA) (a). The red straight arrow 
represents plant performances variables plotted in ordination 
space. The different colored points indicate different fungal 
exploration types of EcM fungi. The size of the points repre-

sents the relative abundance of EcM fungi. Exploration type 
abbreviations: S-D (short-distance delicate), S-C (short-dis-
tance coarse), M-S (medium-distance smooth), M-F (medium-
distance fringe), L (long-distance). Liner relationship between 
the root biomass and the log10-transformed relative abundance 
of short-distance explorers is shown in Panel (b)

abundance and composition of the root-associated 
fungi, which significantly influenced the biomass and 
morphological traits of roots. Importantly, the growth 
of seedlings was enhanced when the EcM genera 
belonging to ‘short-distance’ exploration types were 
increased. Overall, our results suggest that the soil 
microbial legacies of shrubs and trees facilitated the 
colonization of the specialist EcM species on root tips 
and greatly eased the establishment bottleneck. Using 
the soil microbial legacies from various functional 
groups of pre-existing adult plants, our work provides 
new insight into the significant role of root-associated 
fungi in tree seedling growth that may contribute to 
forest succession.

Our findings partly followed hypothesis (i) that 
soil microbial legacies of shrubs and trees facilitated 
tree growth through enhancing EcM root coloniza-
tion, whereas those from herbs reduced plant per-
formance. After 13  months of plant growth, seed-
lings mostly accumulated higher loads of EcM fungi 
on root tips in the soil microbial legacies of shrubs 
and trees (Fig.  1c, d). Interestingly, higher root bio-
mass of conifers was significantly correlated with 

the increase of EcM fungal colonization percentage 
(Fig. 2a, b) as well as the decrease of soil inorganic 
N content (Fig. 2c-f). Hence, these results reinforced 
the view that increased mycorrhization may enhance 
the N capture of host plants in nutrient-poor soils, 
which provides a greater benefit for tree seedling 
establishment (Kuzyakov and Xu 2013; Wang et  al. 
2019; Huang et  al. 2022). Meanwhile, higher levels 
of EcM fungi colonized on the roots are capable of 
hydrolyzing complex compounds (pectins, oil and 
cellulose) and increasing the resistance of seedlings 
to root-invading pathogens (Peterson 2012). This 
may explain previous field observations that EcM 
colonization was consistently greater in established 
shrubs and adult trees and could promote the subse-
quent establishment of neighbouring tree seedlings 
(Haskins and Gehring 2005; Dickie et al. 2012; Liang 
et al. 2020; Mekontchou et al. 2022).

The below interpretations and fungal community 
structure analysis are in line with hypothesis (ii) that 
the root-associated fungal communities were sig-
nificantly different among inoculated soils. Although 
both plant species showed a similar response to EcM 
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colonization and nutrient uptake (Fig.  2c-f), PER-
MANOVA analysis indicated that the soil microbial 
legacies (P < 0.001), plant species (P = 0.027) and 
their interactions (P = 0.009) as a significant factor 
explaining differences in fungal communities among 
samples (Table  1). The root-associated EcM fungal 
communities were dominated by Ascomycete gen-
era under all treatments, indicating that members of 
these fungal taxa occupy a wide niche and strongly 
contribute to seedling growth (Patterson et al. 2019). 
In contrast, Basidiomycetes, such as the genera Hebe-
loma and Boletellus, were less abundant (Fig. 3a, b), 
which have been reported to display complex nutrient-
acquiring enzymatic capabilities, and do not provide a 
strong net benefit to host species in low fertility soils 
(Finlay et  al. 1992; Querejeta et  al. 2021). Previous 
reports identified Ascomycota as possessing a higher 
number of genes involved in carbohydrate metabolism 
and nutrients than Basidiomycota, resulting in greater 
stress tolerance and competitive abilities (Egidi et al. 
2019; Owen et  al. 2019). Because of these effects, a 
higher proportion of Ascomycota may be also partly 
responsible for the greater biomass production. At 
the genus level, Trichophaea, Wilcoxina, and Geo-
pora (Pyronemataceae, Pezizales, Ascomycota) were 
the most abundant on root tips. Taxa in the family 
Pyronemataceae have strong adaptability to stress 
(Mikryukov et  al. 2021), and host plants can profit 
from mineral adsorption mediated by this fungal fam-
ily (Hansen et  al. 2013). Specifically, the abundance 
proportion of Wilcoxina was significantly higher in 
seedlings grown with the soil microbial legacy of trees 
than in seedlings inoculated with the soil microbial 
legacies of herbs and shrubs (Fig.  4a, b). Wilcoxina 
is known to be an excellent and rapid root colonizer 
on Pinaceae seedlings, as it has little host specificity 
and lower carbohydrate requirements than other EcM 
fungi (Jones et al. 2010; Wen et al. 2018; Milani et al. 
2022). Wilcoxina have also been suggested to arise 
from a potential capacity for facultative saprotrophy 
and to increase the resistance of seedlings to patho-
gens (Yu et  al. 2001; Rosenstock et  al. 2019). Fur-
thermore, Wilcoxina seem to be effective in degrad-
ing chitin, which is an abundant organic N reservoir 
in boreal forest soil (Velmala et  al. 2014). A large 
amount of Wilcoxina may be a notable N contributor 
to plant N nutrition in forests. Studies comparing the 
benefits of different EcM fungal associations (Asco-
mycetes, Basidiomycetes, and non-mycorrhizal) have 

also observed that Wilcoxina can outcompete other 
EcM fungi in terms of the seedling biomass and nutri-
ent uptake (Björkman 1949; Siemens and Zwiazek 
2008). Hence, it is possible that the higher coloniza-
tion of Wilcoxina in the soil microbial legacy of trees 
and its specific ecological functions may confer more 
beneficial repercussions for host tree species. As we 
continue to identify and understand the roles of these 
fungal taxa in seedling performance, the soil fungal 
legacy effects on forest regeneration will be better 
predicted.

We further suggest that the relative abundance of 
EcM exploration type was strongly related to the inocu-
lation of soil microbial legacy. Specifically, fewer gen-
era were considered to be the ‘medium-distance’ (e.g., 
Amphinema and Cortinarius) and ‘long-distance’ (e.g., 
Boletellus) exploration types, and the ‘short-distance’ 
(e.g., Trichophaea and Wilcoxina) exploration type har-
boured significantly higher numbers of sequences than 
the ‘medium-’ and ‘long-distance’ types in all treat-
ment groups (P < 0.001). Additionally, ‘short-distance’ 
EcM explorers were significantly less abundant in the 
soil microbial legacies of herbs than those of trees 
(P < 0.001), indicating that the soil microbial legacy of 
trees promoted the establishment of a mycorrhizal spe-
cies with ‘short-distance’ exploration type. Contrary to 
our third hypothesis, a positive relationship was observed 
between the abundance of the ‘short-distance’ explora-
tion type and the root biomass (Fig. 5b). In addition to 
the root biomass, we propose that the ‘short-distance’ 
explorers induce higher total root length, root surface area 
and root tip number (Fig.  5a). Our greenhouse experi-
ment expanded on similar previous conclusions drawn 
from field experiments of Pinus ponderosa Lawson & 
C. Lawson (Owen et al. 2019) and Pinus edulis seedlings 
(Patterson et  al. 2019). The ‘short-distance’ explora-
tion types have relatively low photosynthate costs to the 
host plants (Castaño et al. 2018) and thus may efficiently 
explore a larger soil volume without incurring higher car-
bon costs at the seedling stage (Hobbie and Agerer 2010; 
Näsholm et  al. 2013). In addition, hydrophilic ‘short-
distance’ explorers allow for the rapid intake of labile N, 
such as ammonium, nitrate, and amino acids (Morgado 
et al. 2016), via diffusion through the mantle to the plant 
host root (Nygren et  al. 2008). In contrast, ‘medium-’ 
and ‘long-distance’ explorers favor N immobilization in 
mycelium, resulting in N-deficit in the medium (Agerer 
2006; Näsholm et  al. 2013), and have greater carbon 
requirements of their host plants than ‘short-distance’ 
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explorers (Saikkonen et al. 1999). These processes may 
negatively affect N uptake by seedling roots (Chen et al. 
2018; Mekontchou et  al. 2022). Considering the domi-
nance of EcM fungi in N-limited subalpine coniferous 
forests (Zhang et al. 2017; Guo et al. 2021), we propose 
that a higher abundance of ‘short-distance’ explorers can 
be less costly in terms of mobilizing labile N and have 
beneficial effects on host conifer seedlings (Rosinger 
et al. 2018).

Conclusion

With increasing levels of disturbances in forest eco-
systems, understanding how soil microbial legacy 
affects coniferous tree seedling establishment dur-
ing secondary forest succession is critically impor-
tant. We provide clear evidence of strong associations 
between the root-associated EcM fungal community 
composition and function and root traits in conifer-
ous tree seedlings via a greenhouse experiment. One 
important finding was that conifers apparently have 
greater compatibility with the soil microbial legacies 
of shrubs and trees, potentially due to the colonization 
percentage and functional shifts (based on exploration 
types) in EcM fungal communities over succession. 
EcM fungi provide nutrients to their host plants, and 
greater colonization by Ascomycetes or ‘short-dis-
tance’ explorers may further benefit seedlings grown 
in herb soils. Overall, this work implies that root-fun-
gal symbiosis influence root performance, which may 
affect the prediction of vegetation dynamics over suc-
cessional development in degraded forests.
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