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Abstract
Network analysis is an effective tool to describe and quantify the ecological interac-
tions between plants and root- associated fungi. Mycoheterotrophic plants, such as 
orchids, critically rely on mycorrhizal fungi for nutrients to survive, so investigating 
the structure of those intimate interactions brings new insights into the plant com-
munity assembly and coexistence. So far, there is little consensus on the structure 
of those interactions, described either as nested (generalist interactions), modular 
(highly specific interactions) or of both topologies. Biotic factors (e.g., mycorrhizal 
specificity) were shown to influence the network structure, while there is less evi-
dence of abiotic factor effects. By using next- generation sequencing of the orchid 
mycorrhizal fungal (OMF) community associated to with plant individuals belong-
ing to 17 orchid species, we assessed the structure of four orchid– OMF networks 
in two European regions under contrasting climatic conditions (Mediterranean vs. 
Continental). Each network contained four to 12 co- occurring orchid species, in-
cluding six species shared among the regions. All four networks were both nested 
and modular, and fungal communities were different between co- occurring orchid 
species, despite multiple sharing of fungi across some orchids. Co- occurring orchid 
species growing in Mediterranean climate were associated with more dissimilar fun-
gal communities, consistent with a more modular network structure compared to 
the Continental ones. OMF diversity was comparable among orchid species since 
most orchids were associated with multiple rarer fungi and with only a few highly 
dominant ones in the roots. Our results provide useful highlights into potential fac-
tors involved in structuring plant– mycorrhizal fungus interactions in different cli-
matic conditions.
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1  |  INTRODUC TION

Ecological network analyses constitute a powerful tool to under-
stand how community assemblies can form complex interactions 
in nature based on processes defining species coexistence (i.e., 
niche partitioning) and the diversity of species interactions (e.g., 
antagonistic or mutualistic interactions) (Bascompte, 2010; Olesen 
et al., 2007; Thompson, 2005). The structure of ecological net-
works observed across diverse communities is commonly described 
as nested or modular. The core of a nested network is composed 
of highly connected generalists that share a subset of their inter-
acting partners with specialized species (Bascompte et al., 2003; 
Ings et al., 2009). In contrast, a modular network comprises dis-
tinct compartments (i.e., modules) of frequently interacting species 
(Bascompte & Stouffer, 2009; Guimerà & Amaral, 2005). The struc-
tural organization of networks can change due to diverse biotic and 
abiotic factors. Thus, the nature of species interactions (i.e., antago-
nistic vs. mutualistic) can influence the network topology. For exam-
ple, antagonistic networks (e.g., host– parasitoid and plant– herbivore 
interactions) tend to be modular (Cagnolo et al., 2011; Thébault & 
Fontaine, 2010), probably due to more frequent specialized inter-
actions caused by ecological and evolutionary pressures between 
partners (Lewinsohn et al., 2006). In comparison, mutualistic net-
works (e.g., plant– pollinator, plant– animal and plant– fungus inter-
actions) tend to be highly nested (Bascompte et al., 2003; Bastolla 
et al., 2009; Jacquemyn et al., 2011). However, some studies have 
reported modular structures also in mutualistic interactions, espe-
cially in plant– mycorrhizal fungus networks (Põlme et al., 2018; Sepp 
et al., 2019) and in some pollination systems (Carstensen et al., 2016; 
Dicks et al., 2002; Joffard et al., 2019).

Plant– mycorrhizal fungi networks represent an interesting model 
for understanding the mechanisms underlying the coexistence of 
plant species. In particular, this system allows us to understand the 
importance of fungi in facilitating niche partitioning between plant 
species to reduce competition for nutrients (Jacquemyn et al., 2014; 
Jacquemyn et al., 2015; Van Der Heijden et al., 2008; Waterman 
et al., 2011). The intensity of host specificity varies greatly among 
mycorrhiza types (Van Der Heijden et al., 2015). Specialized inter-
actions are commonly observed between plants and ericoid mycor-
rhizal fungi or orchid mycorrhizal fungi (OMF) (Li et al., 2021; Põlme 
et al., 2018), which lead to modular networks. Plant– ectomycorrhizal 
fungi (ECM) networks tend to be nested or modular (Bahram 
et al., 2014), while arbuscular mycorrhizal (AM) networks are com-
monly nested (Van Geel et al., 2018). Previous studies have revealed 
a duality in the network structure (with both nested and modular to-
pologies) for plant– OMF (Xing et al., 2019) and plant– AM networks 
(Chagnon et al., 2012; Montesinos- Navarro et al., 2012). Thus, al-
though host specificity varies across plant– mycorrhizal fungus inter-
actions, both nested and modular networks have been documented, 
suggesting the importance of other potential drivers of network ar-
chitecture, such as environmental factors (e.g., climatic and edaphic). 
So far, studies demonstrating the effects of environmental factors 
on plant– mycorrhizal fungus network structure are still scarce.

The orchid– OMF system represents the strongest host- specific 
interactions among all mycorrhiza types (Põlme et al., 2018; Van 
Der Heijden et al., 2015). Orchid– OMF networks differ from the 
above- mentioned plant– mycorrhizal fungus networks by their high 
modularity and variation in nestedness values (Põlme et al., 2018). 
These attributes may reflect the role of local abiotic conditions in 
shaping OMF communities in the soil and corresponding orchid– 
OMF networks (Jacquemyn et al., 2016; Li et al., 2021). Orchid 
species critically rely on mycorrhizal fungi to acquire the nutrients 
essential for seed germination and subsequent life cycles (Smith & 
Read, 2008). Thus, orchids might be strongly conditioned by the 
presence and ecology of their symbionts (Jacquemyn et al., 2014; 
McCormick et al., 2016; Waud et al., 2016). Most temperate or-
chids are associated with OMF belonging to three Basidiomycete 
families: Tulasnellaceae, Ceratobasidiaceae (Cantharellales) and 
Serendipitaceae (Sebacinales) (Rasmussen, 2002; Taylor et al., 2002; 
Weiß et al., 2016), that is the former polyphyletic rhizoctonia group 
(Dearnaley et al., 2012). Across multiple plant populations and cli-
matic regions, the orchid– OMF networks were described either with 
a nested topology (Jacquemyn et al., 2010; Jacquemyn et al., 2011) 
or a modular one (Jacquemyn et al., 2016; Martos et al., 2012). On 
a local scale, coexisting orchids and OMF displayed a modular net-
work in a Mediterranean grassland (Jacquemyn et al., 2015), while 
a nested (Xing et al., 2020) or both a nested and modular network 
(Xing et al., 2019) were found in a tropical habitat. The resulting 
discrepancies may be due to differences in sampling (i.e., plot size, 
number of orchid species, number of individuals), variations in orchid 
species specificity towards the fungi or changes in local abiotic con-
ditions. Moreover, all the preceding cited studies used exclusively 
binary data, namely the presence or absence of OMF operational 
taxonomic units (OTUs), to build and interpret the ecological net-
works. This binary approach ignores the frequency of interactions 
and gives equal importance to all OTUs. In contrast, although un-
balanced amplification of OTUs may arise through molecular biases, 
considering weighted data quantifies the frequency of a given in-
teraction across different samples, providing more ecologically rel-
evant information on the strength of individual interactions. Thus, 
the weight of rare OTUs is reduced, and more weight is given to the 
abundant ones, resulting in a more realistic topological structure of 
the network (Barrat et al., 2004; Ma et al., 2018). Hitherto, no study 
has yet analysed the structure of orchid– OMF networks using quan-
titative data.

Regarding the influence of climate on the structure of ecological 
networks, Kottke et al. (2013) suggested that climatic factors might 
influence the signal of nestedness in orchid– OMF networks. A re-
cent meta- analysis on the effects of mean annual temperature and 
precipitation on network metrics found a negative correlation be-
tween the nestedness values and mean annual precipitation for the 
sum of all mycorrhiza types, but this correlation was absent in orchid 
mycorrhiza type, and no relationship was found for modularity val-
ues (Põlme et al., 2018). We may expect different signals for orchid 
mycorrhiza type, given their higher specialization for their fungal 
partners which may enable better resource partitioning (Novotná 
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    |  3MENNICKEN et al.

et al., 2023; Nurfadilah et al., 2013), especially in a drier environment 
where water resources are limited.

By using next- generation sequencing of OMF communities in 17 
orchid species in total and a weighted data approach we describe 
the structure of four orchid– OMF networks based on the same- size 
plots situated in two different climatic regions (Mediterranean vs. 
Continental). We hypothesized that: (i) within each site, co- occurring 
orchid species associate with different fungal communities, which 
may facilitate the partitioning of limited nutrients; and (ii) the archi-
tecture of orchid– OMF networks differs between the two studied 
regions since the conditions of the Mediterranean climate (lower 
summer precipitation, higher annual temperature) may cause higher 
levels of network modularity than those of the Continental climate.

2  |  MATERIAL S AND METHODS

2.1  |  Study sites and sampling

The study was conducted in four orchid species- rich grasslands 
located in two different climatic regions, according to Köppen and 
Geiger (1930): a warm- summer Continental climate (Czech Republic, 
referred to as CZ1 and CZ2) and a hot- summer Mediterranean cli-
mate (Southern France, referred to as FR1 and FR2). The climatic 
conditions for each site (monthly temperature and precipitation) 
were inferred from the nearest weather stations (<40 km away, at a 
similar altitude, years 2008– 2018) (Table 1). The edaphic conditions 
were analysed from a mixture of 10 random soil cores from 10 cm 
of soil depth at each study site. Each sample was air dried before 
analyses for total nitrogen and total carbon (dry combustion on an 
elemental analyser), total phosphorus (perchloric acid digestion fol-
lowed by a colorimetric assay), plant- available phosphorus (Mehlich 
III method), organic matter content (loss on ignition at 550°C), soil 
texture (silt and clay; by the pipette method), soil water capacity and 
soil pH(H2O). The analyses were conducted in the certified labora-
tories of the Research Institute for Soil and Water Conservation in 

Prague and the Department of Biology of Ecosystems at the Faculty 
of Science USB in České Budějovice (Czech Republic) (Table S1).

In May– June 2018, we established a 45 × 20- m plot at each site 
composed of four to 12 co- occurring orchid species, including eight 
and six species shared in the Mediterranean region and between the 
two regions, respectively (Table S1). In total, we sampled 17 orchid 
species inside the plots, from the genera Anacamptis, Dactylorhiza, 
Gymnadenia, Neottia, Neotinea, Orchis, Ophrys and Platanthera. Due 
to the observed hybridization between Platanthera bifolia and P. 
chlorantha at both French sites, we sampled both species together 
as Platanthera spp. Within each plot, three to five root pieces were 
carefully sampled from a minimum of four and up to 14 plants per 
orchid species (Table S1). The number of orchid species was higher 
in the French sites than in the Czech ones. Nevertheless, the Czech 
site CZ2 hosted an additional two orchid species located outside the 
sampling plot (Anacamptis pyramidalis and Platanthera bifolia) and 
four species in the plot with fewer than four individuals (Gymnadenia 
conopsea, tetraploid G. conopsea subsp. conopsea, Neotinea ustulata 
and Ophrys apifera). Initially, the data set contained 309 orchid in-
dividuals, which were reduced to 238 individuals for the analyses 
after removing samples (i) with a low number of reads (i.e., contain-
ing fewer than 70 reads), (ii) located outside the sampling plot, or (iii) 
with fewer than four plants per orchid species per plot. Finally, the 
orchid species were sampled across the whole plot area whenever 
possible to reduce the effect of spatial autocorrelation.

2.2  |  Molecular assessment of mycorrhizal fungi

Roots were surface sterilized for 30 s in 4.7% sodium hypochlorite, 
washed in sterile distilled water and inspected for mycorrhizal colo-
nization by light microscopy. Up to 12 well- colonized 3- mm- thick 
cross- sections were pooled per plant and stored in cetyltrimethyl-
ammonium bromide (CTAB) for molecular identification of mycor-
rhizal fungi. DNA was extracted by the CTAB method, according to 
Doyle and Doyle (1987). The Internal Transcribed Spacer 2 (ITS2) of 

TA B L E  1  Geographical, climatic and biological parameters of the four sites (France: FR1 and FR2; Czech Republic: CZ1 and CZ2).

Parameter Site code FR1 FR2 CZ1 CZ2

Geographical Locality La Pezade Col de la Barrière Javorník Zahrady

Region Occitanie, southern France South Bohemia, 
Czech Republic

South Moravia, 
Czech Republic

Coordinates 43°53′ N, 3°15′ E 43°58′ N, 3°24′ E 49°7′ N, 13°39′ E 48°53′ N, 17°31′ E

Climatic Mean annual temperature MAT (°C) 11.4 5.7 10.6

Summer MAT (°C) 19.5 14.2 20.3

Mean annual precipitation MAP (mm) 658.1 710.9 699.2

Summer MAP (mm) 143.0 286.7 257.6

Biological Total number of sampled orchid 
species

12 10 5 4

Total number of sampled orchid 
individuals

88 82 37 31

Total number of OMF OTUs 31 30 21 17
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4  |    MENNICKEN et al.

the nuclear rDNA region was amplified using two barcode- tagged 
primer pairs: the forward primer 5.8S- OF (5′- CATYG ART YKT TGA 
ACGCA- 3′) (Vogt- Schilb et al., 2020) complemented with the reverse 
primer (i) ITS4OF (5′- GTTAC TAG GGG AAT CCT TGTT- 3′) (Taylor & 
McCormick, 2008) (further called ITS4OF primers) and (ii) ITS4Tul 
(5′- CCGCC AGA TTC ACA CATTGA- 3′) (Taylor & McCormick, 2008) 
(further ITS4Tul primers). These two primer pairs cover the whole 
diversity of OMF (see Vogt- Schilb et al., 2020). Each sample was 
assigned to a unique Multiplex Identifier (MID) barcode sequence. 
Polymerase chain reaction (PCR) was carried out in two replicates, 
each in a final volume of 20 μL, containing 11.2 μL H2O, 4 μL buffer, 
0.4 μL dNTP, 0.2 μL Phusion polymerase, 4 μL of primer and 2 μL of 
DNA. The PCR conditions included: initial denaturation at 98°C for 
30 s, followed by 20 (for ITS4OF primer) or 23 (for ITS4Tul) cycles of 
denaturation at 98°C for 10 s, annealing at 55°C for 30 s, extension at 
72°C for 15 s, and a final extension step at 72°C for 7 min. Each PCR 
product was checked on a 1% agarose gel. When the bands were 
absent, the missing samples were diluted at 1:10 before repeating 
the PCR amplification. The two PCR replicates were then pooled and 
purified using the NucleoSpin Gel and PCR Clean- up Kit (Macherey- 
Nagel). Purified dsDNA amplicons were quantified using the Qubit 
fluorometer (Thermo Fisher Scientific). The samples were pooled 
at equimolar concentration into libraries separated per primer com-
bination. Subsequently, the libraries containing the same samples 
amplified with the two primer pairs were merged at a ratio of 1:9 
for the ITS4Tul/ITS4OF primers. Negative controls were included in 
the libraries for the CTAB extraction and the molecular processes. 
The positive control comprised equimolar amounts of genomic DNA 
extracted from fungal cultures. It included Ceratobasidiaceae (one 
OTU), Serendipitaceae (one OTU), Tulasnellaceae (two OTUs) and 
Ascomycetous (one OTU) isolates. Sequencing was performed on a 
MiSeq Illumina by the SEQme Company. The obtained reads were 
then assigned to OTUs regardless of the two primer pairs, for further 
analyses.

2.3  |  Bioinformatic analysis

Paired- end reads were merged using flash 1.2.11 (Magoč & 
Salzberg, 2011) and cleaned in vsearch 2.7.1. (Rognes et al., 2016). 
Sequences were demultiplexed using MID tags and primers, and 
then those presenting any mismatch to the MID tags of primers 
were removed using mothur 1.40 (Schloss et al., 2009). An ITS2 re-
gion was extracted from the sequences by itsx 1.2 (Bengtsson- Palme 
et al., 2013). Putative chimeras were identified using de novo detec-
tion followed by comparison with a reference database, uchime ver-
sion 7.2 (Nilsson et al., 2015), and finally removed with vsearch. The 
remaining sequences were clustered into OTUs at a 95% similarity 
threshold using cd- hit (Li & Godzik, 2006) and then taxonomically 
identified by blastn queries against the UNITE database version 8.0 
(Nilsson et al., 2019; UNITE Community, 2019). All singletons and 
doubletons were removed, as they primarily represent artificial 
OTUs (Brown et al., 2015). Misaligned sequences were re- aligned 

using codoncode aligner version 4.02 (CodonCode Corp.) and merged 
at a 95% similarity threshold. OTUs present only in the negative con-
trols were removed, while the read count of OTUs present at lower 
magnitude in the negative controls but abundant in the samples was 
reduced in the samples according to their abundance in the negative 
controls, as suggested by Nguyen et al. (2015). Finally, we manually 
checked all erroneously assigned taxa, and we removed OTUs with 
a low abundance of reads from samples to avoid overestimation of 
diversity by using a 0.05% cut- off of the proportion of reads for each 
sample (as in Duffy et al., 2019). Blasted sequences with an e- value 
<e−50 and a length of ≥100 bp were considered reliable to assign 
OTUs in the fungal kingdom. OTUs were regarded as OMF taxa 
when belonging to the families Ceratobasidiaceae, Tulasnellaceae 
and Serendipitaceae with a similarity threshold of at least 85%. 
Subsequently, other fungal taxa such as ectomycorrhizal and sapro-
bic fungi, known to form orchid mycorrhiza (Dearnaley et al., 2012), 
were screened manually and kept for further analysis. One repre-
sentative sequence of each OTU was deposited in GenBank at NCBI 
(no. SUB12222961; see Table S2).

2.4  |  Data analysis

All analyses were performed using r software version 3.5.2 (Core 
Team R, 2018). We used the log- transformed number of reads to 
mitigate the disparities of OTU amplifications by balancing the 
weights between overestimated abundant OTUs and underesti-
mated rare ones. Fungal relative frequencies were then expressed as 
the number of reads of an OTU within a sample divided by the total 
number of reads found in this sample. We explored the fungal OTU 
diversity associated with an orchid species calculated based on the 
Shannon– Wiener diversity index (referred to as the Shannon index). 
We investigated if fungal diversity differs between co- occurring 
orchid species between and within sites using a one- way analysis 
of variance (ANOVA) followed by the Tukey post hoc test. Further, 
the sampling effort was evaluated with species accumulation curves 
showing the level of saturation of OMF OTU richness in sampled 
orchid species, calculated for each orchid species using the “specac-
cum” function in the vegan package.

To investigate the first hypothesis, we compared the OMF com-
munity composition between co- occurring orchid species across all 
sites by computing Bray– Curtis distances using the “vegdist” func-
tion in the vegan package. Precisely, we calculated a Bray– Curtis dis-
similarity index of fungal communities: in the first step, we averaged 
distances between each individual and other heterospecific individ-
uals at a particular site, and in a second step, the mean individual dis-
tances were averaged per each orchid species (hereafter mentioned 
as the interspecific dissimilarity index, IDI). Thus, the resulting IDI 
measured the fungal dissimilarity index across orchid species in each 
sampled site. Then, it was compared among sites using a one- way 
ANOVA followed by the Tukey post hoc test. The OMF community 
composition associated with orchid species at the four sites was vi-
sualized by nonmetric multidimensional scaling (NMDS) using the 

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.16918 by C
ochrane France, W

iley O
nline L

ibrary on [29/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  5MENNICKEN et al.

Bray– Curtis distances in the vegan package (Oksanen et al., 2015). 
PERMANOVA tests were carried out using the “adonis” function in 
the same package to test whether OMF community composition dif-
fered significantly among orchid species and sites.

To test the second hypothesis on the description of the orchid– 
OMF network topologies, we assembled a bipartite species- level 
matrix at each site based on the relative frequencies of OMF OTUs 
associated with co- occurring orchid species. The four networks were 
visualized based on the algorithm Atlas 2 using the gephi software 
0.9.2. (Bastian et al., 2009). The nestedness and modularity metrics 
(Fortuna et al., 2010; Thébault & Fontaine, 2010) were calculated for 
each network using the bipartite package in R (Dormann et al., 2017; 
Dormann et al., 2009). As most network indices in this package can-
not be applied directly to the relative frequencies, we converted 
them to integers by multiplying them by 10,000, following Pauw and 
Stanway (2015). The degree of nestedness was calculated using the 
weighted version of the nestedness metric (wNODF), which is less in-
fluenced by the matrix size (Almeida- Neto & Ulrich, 2011). This index 
varies between 0 (nested) and 100 (non- nested). The degree of mod-
ularity was calculated by the Q modularity index for the weighted 
matrix using the DIRTLPAwb+ algorithm (Beckett, 2016). The ob-
served values of nestedness and modularity were tested against a 
null distribution using the “vaznull” model (Vázquez et al., 2007) with 
999 permutations. Observed and expected values were compared 
using Z- scores (Almeida- Neto et al., 2008). The Z- scores allow the 
comparison of nestedness and modularity indices among networks 
that may differ in size, presence and the number of interacting spe-
cies (Bascompte & Jordano, 2007; Dormann et al., 2009; Miranda 
et al., 2019). For the Q modularity index, Z- score values >2 are con-
sidered highly significantly modular (Dormann & Strauss, 2014). The 
p- values were based on the Z- scores and were used to test the signif-
icance of the nestedness index. In addition to the modularity index, 
we calculated the network specialization H2′ quantitative index in 
the bipartite package (Blüthgen et al., 2006), which represents the 
number and dominance of OMF OTUs to which an orchid species is 
connected. This index ranges between 0 (generalization) and 1 (spe-
cialization). Finally, we compared our general statement with the as-
sessment of the topology in networks by calculating the nestedness 
and modularity indices (i) in two of the studied networks (one per 
region) by exclusively selecting the orchid species that occurred in 
both regions (see Appendix S1); and (ii) in all networks with a binary 
matrix (i.e., the presence or absence of an interaction between an 
orchid species and an OMF) (see Appendix S2).

We then analysed in detail the role of fungal OTUs and the 
strength of their interactions with orchid species, to complete the 
general network analysis. Following Guimerà and Amaral (2005), 
different universal roles of fungal OTUs in a network were defined 
based on their location in the z– P parameter space, calculated as 
within- module degree zi and among- module connectivity Pi using the 
function “czvalues” (Guimerà & Amaral, 2005; Olesen et al., 2007). 
Thus, we classified the fungal OTUs into four categories of network 
topologies: “peripherals” representing the specialists, “module hubs” 
and “module connectors” as the generalists, and “network hubs” 

for the supergeneralist OTUs (see Appendix S3 for more details). 
Evaluation of the strength and statistical significance of the inter-
action between the relative frequencies of OMF OTUs and orchid 
species was determined using the multilevel pattern analysis in the 
package indicspecies (function “multipatt”) (De Cáceres et al., 2010) 
with 999 permutations. Interaction strength was calculated by an in-
dicator value index using the association function “IndVal.g” with the 
“group- equalized” option to avoid the potential bias of unbalanced 
sampling (De Cáceres & Legendre, 2009).

3  |  RESULTS

3.1  |  Meteorological and edaphic conditions of 
sites

During 2008– 2018, summer precipitation was two- fold lower, and 
mean temperature was higher at the French sites than at the Czech 
sites (mostly compared to CZ1) (Table 1). Regarding edaphic condi-
tions, the sites had quite similar values of most measured soil param-
eters, except a lower soil pH and correspondingly lower amount of 
total and available calcium found in CZ1 site, while a higher amount 
of available calcium, rather low amount of available phosphorus and 
distinct clayish structure were found in CZ2, compared to the other 
sites (Table S1).

3.2  |  Fungal sequencing

Illumina sequencing produced 1,232,085 fungal (max. length 460 bp, 
mean 410 bp) and 5,810,830 nontarget plant or animal sequence 
reads that passed quality filtering. We assigned 491 OTUs from the 
fungal sequences to putative OMF, which were further reduced to 
56 OMF OTUs (1,213,481 sequences) after re- alignment and a 0.05% 
cut- off. The OMF OTUs were primarily dominated by the rhizoctonia 
group (48 OTUs), assigned to the following families: Tulasnellaceae 
(22 OTUs, 82.2% of OMF sequences), Ceratobasidiaceae (17 OTUs, 
9.5%) and Serendipitaceae (nine OTUs, 7.1%) (hereafter referred 
to as “T,” “C” and “S” respectively, Table S2). The remaining OMF 
OTUs belonged to five families with putative mycorrhizal abilities 
(eight OTUs, 1.2%): Sebacinaceae (one OTU), Thelephoraceae (three 
OTUs), Omphalotaceae (one OTU), Psathyrellaceae (one OTU) and 
Russulaceae (two OTUs) (hereafter referred to as “SB,” “TH,” “O,” 
“P” and “R” respectively, Table S2). Tulasnellaceae was the dominant 
rhizoctonia family associated with all orchids (Figure 1), especially 
dominating the roots of Orchis and Ophrys species. Furthermore, the 
families Ceratobasidiaceae and Serendipitaceae were only dominant 
in the genus Platanthera and Neottia ovata, respectively (Figure 1). 
Some orchid species formed associations with Thelephoraceae and 
other potential OMF families (e.g., Neottia ovata associating with 
Sebacinaceae), mainly at the French sites (Figure 1). Across the 56 
identified OMF OTUs, 27 were specific to the Mediterranean, 15 were 
specific to the Continental region and 14 were present in both regions.
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6  |    MENNICKEN et al.

3.3  |  Diversity and composition of the OMF 
community across orchid species and sites

The saturation curves of orchid species showed that the total fun-
gal diversity is likely to increase with sampling effort across the 
sites, as no plateau was reached for most orchid species curves 
(except for Anacamptis pyramidalis and Orchis militaris in the FR2 
site, Figure S1). Most orchid species were associated with multiple 
OMF OTUs across all sites in which they occurred; for example, 
Anacamptis morio, Neotinea ustulata, Neottia ovata and Gymnadenia 
conopsea were associated, on average, with 11.7, 10.5, 9.3 and 9.0 
fungal OTUs, respectively. Nevertheless, a minority of orchid spe-
cies formed specialized interactions across the sites, such as G. 
densiflora, Orchis purpurea, Or. mascula and Or. simia, associating 
on average with one to four fungal OTUs. Similarly, the Shannon 
index showed similar weighted fungal diversity across all the sites 
(ANOVA, F(3,27) = 1.59, p > .05) (Table 2; Table S3a). Regarding fun-
gal diversity among co- occurring orchid species, the Shannon index 
showed a significant difference at the FR2 site (ANOVA, F = 4.42, 
df = 9, p = .0001; Figure S2, Table S3b), while no significant differ-
ences were observed at other sites.

There were significant effects of both site and orchid species 
identity on OMF community composition (PERMANOVA test, 
R2 = .158, F = 1.69, p = .001 and R2 = .68, F = 1.89, p = .001, re-
spectively), with an apparent distinction between the two dif-
ferent climatic regions (Figure S3). Orchid communities reached 
high IDI values (mean = 0.89 ± 0.05) at all sites, indicating distinct 
fungal communities of coexisting orchid species, differing more in 
the Mediterranean region than in the Continental one (ANOVA, 
F(3,27) = 10.6, p < .001) (Table 2; Table S4, Figure S4). Although 
most orchid species within the site did not share fungal OTUs, 
some species- pairs shared more OTUs than others, for example co- 
occurring Or. militaris and Or. purpurea (IDI <0.4 at both French sites) 
(Figure S4). Other species- pairs displayed a low IDI only at one of 
the sites of co- occurrence (e.g., A. morio with G. conopsea at CZ1 and 
Neotinea ustulata with Ophrys passionis at FR1) (Figure S4).

3.4  |  The orchid– OMF BIPARTITE networks

The four orchid– OMF BIPARTITE networks were both significantly 
nested (p < .05) and modular (p < .001) (Table 3) based on the relative 

F I G U R E  1  Relative frequencies of OMF OTUs associated with orchid species at each site (FR1 and FR2 in southern France and 
CZ1 and CZ2 in the Czech Republic). Fungal OTUs were sorted into the three main families from the rhizoctonia group: Tulasnellaceae, 
Ceratobasidiaceae and Serendipitaceae, and into other putative OMF families: Sebacinaceae, Psathyrellaceae, Thelephoraceae, Russulaceae 
and Omphalotaceae. Orchid species: Anacamptis morio (AM), A. pyramidalis (AP); Gymnadenia conopsea (GC), G. densiflora (GD); Dactylorhiza 
sambucina (DS), D. viridis (DV); Orchis mascula (OMA), Or. militaris (OMI), Or. purpurea (OPU), Or. anthropophora (OA), Or. simia (OSI); Ophrys 
holubyana (OPH), Op. passionis (OPP); Platanthera bifolia (PB), P. spp. (PL); Neottia ovata (NO) and Neotinea ustulata (NU).
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    |  7MENNICKEN et al.

frequencies of OMF OTUs. The networks in the Czech Republic 
were slightly more nested than those in France, as indicated by their 
higher Z- scores (Table 3). In contrast, the networks at the French 
sites (mostly FR1) were more modular (higher Z- scores) than those at 
the Czech sites (Table 3). The number of identified modules varied 
from four at the Czech sites to seven and nine at the French sites 
(Figure 2). The degree of network specialization shown by the H2′ 
index was lowest at the CZ1 site (H2′ = 0.57) and the highest at the 
CZ2 and FR2 sites (H2′ = 0.81; Table 3), indicating that co- occurring 
orchid species at the CZ1 site shared most of their OTU associates 
compared to the other sites. Moreover, both French networks were 
characterized by OTUs significantly associated with one particu-
lar orchid species compared to the Czech networks (see Table S5), 
such as Tulasnellaceae T2 for Or. mascula (Indval = 0.98, p = .001) 
at FR1 and Ceratobasidiaceae C1 for Platanthera spp. (Indval >0.94, 
p = .001) at FR1 and FR2 (Table S5; Figure 2).

The most common and generalist fungal OTUs across both re-
gions were T3, T4, C14 and Serendipitaceae S1, forming a high num-
ber of binary links (14, 15, 10 and 10 links, respectively, Figure 3). In 
certain orchid species, these generalist OTUs were highly dominant 
(Figures 2 and 3), such as T4 in G. conopsea (relative frequency in 
the roots of 52% in CZ1), T3 in A. pyramidalis (46% in FR1; 74% in 
FR2) and S1 in Neottia ovata (77% in CZ1; 30% in CZ2). These domi-
nant fungi served as module connectors within the French networks 
(Figure 2) but not in the Czech ones. In detail, the FR1 network was 

composed of eight generalist module connectors and one module 
hub, while the FR2 network was composed of three generalist mod-
ule connectors (Figure 2). In all networks, most OTUs were special-
ists, referred to as peripherals, and formed all or most of their links 
within their modules. In the Czech networks, the peripherals repre-
sented 100% of all OTUs, while in the French networks, they repre-
sented 74.3% and 90% of OTUs (at FR1 and FR2, respectively). The 
largest modules were composed of 11 and 10 OTUs in the French 
sites, associated with Neottia ovata (FR1) and A. morio (FR2), fol-
lowed by a module in CZ1 composed of nine OTUs associated with 
A. morio and G. conopsea (Figure 2). The smallest modules were com-
posed of highly specific and dominant OTUs associated with partic-
ular orchids, such as Orchis mascula, G. conopsea and Platanthera spp. 
at the FR1 site (Figure 2; see Table S5 for details).

The sampling sites in the Mediterranean region were richer in 
the number of orchid species than the Czech ones (varying from 
four to 12 species). We compared one network per region by using 
orchid species that occurred in both regions (see Appendix S1; 
Table S6). The reduced French network was still significantly 
nested and modular, revealing higher modularity and lower nested-
ness values than the Czech network. In addition, orchids growing 
in the reduced network in the Mediterranean grassland still shared 
fewer fungal partners than those growing in the Continental region 
(results not shown). When comparing the reduced and unreduced 
FR1 networks, the level of modularity (observed Q modularity and 

Index (mean ± sd) FR1 FR2 CZ1 CZ2

Fungal degree 8.25 (±3.57) a 6.20 (±3.91) a 7.20 (±1.92) a 5.75 (±3.59) a

Shannon index 0.60 (±0.20) a 0.41 (±0.26) a 0.52 (±0.13) a 0.40 (±0.27) a

IDI 0.95 (±0.02) a 0.94 (±0.04) a 0.83 (±0.08) b 0.84 (±0.08) b

Note: Mean indices of the fungal degree (total OTU pool associated with an orchid species), the 
Shannon index (calculated from the number of OTUs and their evenness) and the interspecific 
dissimilarity index (IDI). Different letters of indices between sites represent significant differences 
at p < .05 based on Tukey post hoc tests following ANOVA (see Tables S3 and S4).

TA B L E  2  Comparison of indices of 
fungal OTU diversity and community 
composition, between the four sites (FR1, 
FR2, CZ1 and CZ2).

TA B L E  3  Structure indices of the orchid– OMF networks (FR1, FR2, CZ1 and CZ2) based on weighted data.

Metric Index/measure FR1 FR2 CZ1 CZ2

Nestedness Observed wNODF 16.58 12.64 24.30 16.48

Null wNODF 29.55 21.35 32.27 23.58

Z- score −6.97 −5.25 −3.27 −2.69

p 3.12e- 12*** 1.55e- 07*** 1.06e- 03*** 7.21e- 03***

Modularity Observed Q Mod 0.66 0.69 0.47 0.55

Null Mod 0.24 0.27 0.16 0.22

Z- score 21.83 12.52 9.21 5.80

p 1.09e- 105*** 5.61e- 36*** 3.28e- 20*** 6.46e- 09***

Others H2′ 0.71 0.81 0.57 0.81

Number of binary links 99 62 36 23

Note: Nestedness was analysed with the weighted NODF index (wNODF), modularity with the Q modularity index (Q Mod) and network 
specialization by the H2′ index.
***A highly significant p- value (>.001).
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8  |    MENNICKEN et al.

Z- score) was lower when the orchid species number was reduced, 
while the level of nestedness was higher (observed wNODF and Z- 
score; Table S6). Finally, we observed that the same orchid species 
do not share many fungal OTUs (Table S7) and have a different 
fungal community when growing in different regions.

4  |  DISCUSSION

In our study, we provide evidence that the structure of orchid– 
mycorrhizal fungus networks presents both nested and modular 
topologies simultaneously, yet each region was marked by the prev-
alence of one of the topologies. By sampling four orchid species- 
rich grasslands in two different climatic regions, our study is the 
first to compare the orchid– fungus network architecture using 
quantitative data, providing greater ecological information than the 
frequently used binary data. This perspective offers new leads for 
understanding the possible effects of environmental conditions on 
the orchid community's assembly and their interaction with mycor-
rhizal fungi.

4.1  |  OMF diversity and variation among orchid 
species and sites

Most of our studied orchid species harboured a high number of 
mycorrhizal fungi in their roots, such as Anacamptis morio (similarly 
reported in Bailarote et al., 2012; Ercole et al., 2015), Gymnadenia 
conopsea (Těšitelová et al., 2013; Vogt- Schilb et al., 2020), 
Neotinea ustulata and Neottia ovata (Djordjević et al., 2016; 
Kotilínek et al., 2015). Despite the occurrence of multiple fungal 
associations per species, we demonstrated that only a single or a 
few fungi were constantly more abundant in orchid roots than the 
others based on their relative frequencies. We hypothesize that 
dominant OTUs might represent fungi essential for seed germina-
tion of these orchids (see Těšitelová et al., 2022; J. Jersáková et al., 
unpublished data).

Most of the mycorrhizal fungi present in all studied orchid 
species belonged to the basidiomycetous family Tulasnellaceae, 
as previously reported by Jacquemyn et al. (2017). The second 
most common basidiomycetous family, Ceratobasidiaceae, oc-
curred at various frequencies in nearly all our studied species, 

F I G U R E  2  Orchid– OMF modular matrices and species roles. Red rectangles represent the modules (aggregated sets of highly interacting 
species). Coloured squares show the presence of the interaction, and the blue colour intensity refers to the OMF relative frequencies 
associated with the orchid species, classified into six classes of abundance (from <2% to 80%– 100%). Coloured circles below the matrix 
represent generalist OTUs connecting the different modules within a network: green for the module connectors and yellow for a module 
hub. The absence of a circle represents specialist OTUs called peripherals that form all or most links within its module (see Appendix S2 
for details). The following codes refer to the orchid species: AM = Anacamptis morio, AP = A. pyramidalis; GC = Gymnadenia conopsea, 
GD = G. densiflora; DS = Dactylorhiza sambucina, DV = D. viridis; OMA = Orchis mascula, OMI = Or. militaris, OPU = Or. purpurea, OA = Or. 
anthropophora, OSI = Or. simia; OPH = Ophrys holubyana, OPP = Op. passionis; PB = Platanthera bifolia, PL = P. spp.; NO = Neottia ovata; 
and NU = Neotinea ustulata. The following codes refer to OMF families: T = Tulasnellaceae; C = Ceratobasidiaceae; S = Serendipitaceae; 
SB = Sebacinaceae; TH = Thelephoraceae; O = Omphalotaceae; P = Psathyrellaceae and R = Russulaceae.
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    |  9MENNICKEN et al.

while Serendipitaceae OTUs were confined mainly to Neottia 
ovata (Těšitelová et al., 2015; Vogt- Schilb et al., 2020). Some stud-
ied orchid species harboured ECM, which are usually detected 
in mycoheterotrophic orchid species growing in shaded habitats 
(Selosse & Roy, 2009), but also found in orchids in open stands 
(Vogt- Schilb et al., 2020). However, their role in the nutrition 
of grassland orchids has not been unequivocally demonstrated 
(Rasmussen, 2002; Selosse et al., 2022). Future studies could ex-
plore their implications since we found abundant ECM in some 
orchid roots.

Although orchids formed multiple fungal associations, we 
found that most coexisting orchid species did not share OTUs. 
One exception was Orchis militaris and Or. purpurea, which shared 
a similar fungal community. In their study, Jacquemyn et al. (2010) 
showed that Or. militaris shared the most dominant OTUs with 
Or. purpurea, which can be explained by the close phylogenetical 
signal between orchid species (Rezende et al., 2007). However, in 
our study, Or. purpurea was associated with a completely different 
fungal community than the phylogenetically related Or. simia and 
Or. anthropophora. Surprisingly, G. densiflora was the only species 
that was both very specific and shared its fungus with the other 

orchid species in the network. Although G. densiflora was available 
at only one site in this study and we could have overestimated 
species specificity, Těšitelová et al. (2013) found associations of 
G. densiflora with the same fungal OTU (GenBank accession no. 
KC243932) at two additional sites in the same region. This may 
indicate specialization for a fungus that is geographically wide-
spread, similar to Or. mascula, which seems to conserve a high 
specificity for the same Tulasnellaceae isolate across different 
habitat preferences, such as forest habitat (GenBank accession 
no. DQ925634; Jacquemyn et al., 2010), restored European grass-
lands (Vogt- Schilb et al., 2020) or Mediterranean grasslands in the 
case of our study (GenBank accession no. OP739310).

4.2  |  Asymmetric interactions and highly specific 
modules in orchid– OMF networks

Our study provided evidence that orchid– fungus networks can 
express both nested and modular topologies, highlighting the 
importance of addressing both parameters to describe the net-
work structure (Lewinsohn et al., 2006). Both nestedness and 

F I G U R E  3  Orchid– OMF bipartite network of study sites. Squares represent the orchid species and circles represent the fungal OTUs 
from different families: Tulasnellaceae (T), Ceratobasidiaceae (C), Serendipitaceae (S), Sebacinaceae (SB), Psathyrellaceae (P), Thelephoraceae 
(TH), Russulaceae (R) and Omphalotaceae (O), respectively. within the four sites (FR1, FR2, CZ1, CZ2). Lines indicate orchid– fungus 
interactions. The size of squares is proportional to the total number of OMF OTUs associated with an orchid species (rank 1: 0– 5 OTUs; rank 
2: 6– 10 OTUs and rank 3: >10 OTUs). Line width is proportional to the relative frequency of OMF OTUs found in a given orchid species. 
Orchid species: Anacamptis morio (AM), A. pyramidalis (AP); Gymnadenia conopsea (GC), G. densiflora (GD); Dactylorhiza sambucina (DS), 
D. viridis (DV); Orchis mascula (OMA), Or. militaris (OMI), Or. purpurea (OPU), Or. anthropophora (OA), Or. simia (OSI); Ophrys holubyana (OPH), 
Op. passionis (OPP); Platanthera bifolia (PB), P. spp. (PL); Neottia ovata (NO); and Neotinea ustulata (NU). See Table S2 for more information on 
OMF OTUs.
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10  |    MENNICKEN et al.

modularity can provide stability to ecological networks (May, 1972; 
Teng & McCann, 2004) and possibly enhance the number of coex-
isting species (Bastolla et al., 2009; Olesen et al., 2007; Stouffer 
& Bascompte, 2011). Both topologies were found in some plant– 
pollinator networks (Olesen et al., 2007), and it has been suggested 
that this structural duality is an outcome of trade- offs in the way 
densely connected communities can organize their interactions 
(Fortuna et al., 2010). Cagnolo et al. (2011) suggested that structural 
duality in plant– AM fungal networks might consist of specialized 
modules with internal nestedness.

High modularity in all four studied networks indicates the 
presence of specific subsets of orchid species and fungal OTUs 
interacting more frequently within a subset than with the rest of 
the network. Similarly, co- occurring orchid species were associ-
ated with distinct OMF communities, as shown in previous studies 
in the Mediterranean and other European habitats (Jacquemyn 
et al., 2012; Jacquemyn et al., 2015). These results support the 
assumption that in species- rich orchid communities, fungal spe-
cies are partitioned into subsets across co- occurring species, thus 
allowing niche partitioning and facilitating orchid coexistence (for 
a review see Põlme et al., 2018). Fungal differentiation between 
niches may regulate the coexistence of associated orchid species 
due to the ability of different mycorrhizal fungi to utilize distinct 
nutrient sources (Novotná et al., 2023; Nurfadilah et al., 2013). 
Furthermore, we found that the four networks were also signifi-
cantly nested, as expressed by asymmetric interactions between 
fungal OTUs and orchid species. Our results indicate that most 
OTUs were specialists with peripheral roles, while most orchids 
established multiple links with the OMF. The higher proportion 
of specialist OTUs contrasts with plant– AM fungus networks, in 
which the fungi are considered rather to be generalists (Põlme 
et al., 2018). A few generalist OTUs, such as Tulasnellaceae T3 
and T4, Serendipitaceae S1 and Ceratobasidiaceae C14, displayed 
a module connector role in the networks as they interacted with 
different orchid species, creating high interconnectivity among or-
chid species within the network. They can be considered keystone 
species (Banerjee et al., 2018; Ings et al., 2009; Jordan, 2009), as 
their absence may weaken the networks and affect the dynamics 
and persistence of orchid populations.

4.3  |  Comparison of the network architecture 
between the two climatic regions

When comparing the network structure across the two climatic re-
gions, we demonstrated that the orchid– fungus networks displayed 
higher modularity and lower nestedness in the Mediterranean grass-
lands than in the Continental habitats. These results align with our 
hypothesis on the increase in orchid specialization towards their 
fungus species in the Mediterranean region.

Mean annual temperature and precipitation are known to affect 
both fungal diversity and community in the soil, as previously re-
ported for ECM richness (Tedersoo et al., 2012) and AM community 

composition (Rasmussen et al., 2018). However, the effects of climatic 
factors on the structure of plant– mycorrhizal fungus networks are 
largely unexplored, especially in the orchid– OMF system (see Põlme 
et al., 2018). Here, we found differences in climatic factors between 
the two regions, with the Mediterranean region being a more drought- 
stressful environment, due to two- fold lower summer rainfall and higher 
mean annual temperature than the Central Europe region. Equally, the 
orchid– fungus networks in the Mediterranean region showed higher 
modularity, suggesting that greater hydric stress may be involved in 
this specialization process. This pattern was maintained when we com-
pared two networks across regions composed of a similar number and 
assembly of orchid species, which supports our assumption.

Edaphic factors are also known to affect the orchid mycor-
rhizal fungal communities in the soil (Illyés et al., 2009; Mujica 
et al., 2016; Vogt- Schilb et al., 2020). In this study, we observed 
some differences in edaphic conditions between regions, namely 
strong soil acidity of the CZ1 site compared to slightly alkaline 
soils of all other sites. The CZ2 site had a low amount of available 
phosphorus and rather high amount of available calcium, which 
might be attributed to its clayish soil structure that has a great 
capacity to adsorb large quantities of nutrients, including calcium. 
The carbon/nitrogen ratio, which is an indicator of organic matter 
decomposition rate, was similar between the sites, but additional 
unmeasured parameters such as soil temperature and moisture 
content also affect the microbial decomposition (Curiel Yuste 
et al., 2007). Due to an incomplete picture of soil characteristics 
and processes, we can only speculate which edaphic parameters 
could be responsible for the observed network patterns between 
the two regions. Though a higher nestedness signal was found in 
orchid– fungus networks in the Continental region. The associa-
tion with multiple fungi may reduce the dependence of orchids on 
a single fungus, which can be particularly advantageous in a fluc-
tuating environment and may occur more frequently in a nutrient- 
poor habitat (McCormick et al., 2006). However, this contradicts 
the expectation of increased nestedness in more drought- stressed 
conditions with limited water resources (Jacquemyn et al., 2010; 
Põlme et al., 2018).

We acknowledge that our results on edaphic and climatic con-
ditions should be interpreted cautiously due to the small number of 
sampled sites in each region. Due to the pronounced difference in 
distances between the sites within regions, a geographical effect 
cannot be excluded, as the Czech sites were located 330 km apart, 
compared to the 20 km between the French sites. Nonetheless, in 
this study, we highlighted the potential role of mycorrhizal fungi in 
structuring orchid communities, where both interacting partners 
were exposed to different environmental stressors. We speculate 
that the duality in the orchid– fungus network structure could re-
flect a double nutritional strategy of orchid species to cope with 
environmental stressors and the competition between species for 
resources. Both strategies of multiple associations with fungal OTUs 
or more specialized associations might increase plant fitness, as my-
corrhizal fungi have been described as potential drivers of plant co-
existence (Tedersoo et al., 2020).
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4.4  |  Methodological considerations

The computation of network metrics of nestedness and modularity 
can be influenced by factors involving statistical approaches (i.e., data 
categories) and sampling design (sampling size, number of species). 
Using binary data (Appendix S2; Table S8), we found that the two 
French sites were significantly nested (ANINHADO, ER model), while 
only one presented both nested and modular structures. The Czech 
networks were considered rather randomly assembled, as we found 
neither nested nor modular signals. Compared with previous studies 
on orchid– fungus networks that have exclusively used the presence or 
absence of the fungal OTUs (for a review see Li et al., 2021), our result 
on modularity in one Mediterranean site is consistent with Jacquemyn 
et al. (2015); however, they did not find a signal of nestedness. This 
structural duality was observed only in one previous study on an 
orchid– fungus network in the tropics (Xing et al., 2019). Compared to 
our main results based on weighted data, we observed that the nest-
edness Z- score values were significantly higher when using binary 
data, while the modularity values were lower. These trends were pre-
viously demonstrated for plant– ant networks (Miranda et al., 2019) 
and plant– ECM networks (Bahram et al., 2014), suggesting that the 
data type may influence the network structure.

The computation of nestedness and modularity is known to 
be sensitive to a few factors, such as the size of the network (i.e., 
the number of interactions), or the sampling area (Bascompte 
et al., 2003; Doré et al., 2020; Olesen et al., 2007; Põlme 
et al., 2018). While we analysed network architecture from equal 
sampling areas, the number and size of the module might have 
been influenced by the number of interacting species (Olesen 
et al., 2007) and the species composition (Rezende et al., 2007), 
as genetically related species tend to associate with similar mycor-
rhizal fungi (Li et al., 2021). Interestingly, our comparison of two 
networks composed of a subset of five orchid species occurring 
in both regions showed a decrease in modularity and an increase 
in nestedness values, which may confirm the effect of network 
size on both modularity and nestedness (Bascompte et al., 2003; 
Olesen et al., 2007). However, selecting a subset in a network 
composed of a larger number of interacting species does not re-
veal all the biases that size (i.e., number of species) can cause in the 
network structure. In this regard, more caution should be paid to 
network comparisons by considering the same sampling protocol 
at all sites, as suggested by Li et al. (2021), and sampling as many 
plant species as possible that are similar.

5  |  CONCLUSIONS

Our study confirmed that coexisting orchid species within species- 
rich sites have a tendency to associate with different fungal OTUs, 
although multiple fungi were shared among some orchid species. In 
the Mediterranean and Continental climatic regions, the four net-
works were both significantly nested and modular, though (i) there 
was no significant difference in OMF diversity and richness of fungi 

associated with orchids, (ii) nestedness tended to be slightly higher 
in the Czech networks than in the Mediterranean ones, and (iii) 
Mediterranean orchid species shared significantly fewer fungal part-
ners within the network than at the Czech sites. This suggests that 
modular network architecture is more likely in the Mediterranean 
region, which differs mainly from the Continental one by its higher 
annual temperature and two- fold lower summer precipitation due to 
a pronounced summer drought.

Our results align with the hypothesis that low overlap in OTUs 
between plant species may decrease competition by resource par-
titioning (Jacquemyn et al., 2014; Waterman et al., 2011), though 
we did not provide a direct test of this. Further investigations on 
functional traits of both OMF fungi (e.g., enzymatic activities and 
growth rate) (see Novotná et al., 2023; Nurfadilah et al., 2013) and 
orchids (e.g., specificity towards fungal associates) may provide ex-
perimental evidence for the differentiation of resource uptake of 
plants via their fungal partners. Finally, we recommend using pref-
erentially weighted data in future investigations to consider more 
biologically realistic interactions by distinguishing the presence of 
some highly dominant OMF in orchid species that may play a more 
important role in growth and germination processes than rare fungal 
taxa (Těšitelová et al., 2022; Vogt- Schilb et al., 2020).
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