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Abstract
Ectomycorrhizal tree species may benefit from positive plant–soil feedbacks, where 
soil environments near adult trees enhance conspecific seedling growth and survival. 
In tropical monodominant forests, seedling survival is particularly important, as seed-
ling banks help maintain stand-level dominance over generations. Positive plant–soil 
feedbacks may be mediated by diverse ectomycorrhizal fungal communities, which 
improve nutrient acquisition of heavily shaded seedlings. Despite the potential im-
portance of these fungi, little is known about ectomycorrhizal fungal community de-
velopment on seedlings of tropical monodominant trees. In Guyana, we sequentially 
monitored percent colonization and species composition of ectomycorrhizal fungi 
on an even-age cohort of seedlings of the tropical monodominant tree Dicymbe cor-
ymbosa (Fabaceae subfamily Detarioideae). Ectomycorrhizal fungi found on D.  cor-
ymbosa seedlings over a 12-month period of early development were compared to 
those of conspecific adults and four other ectomycorrhizal tree species in the region. 
Species turnover was high (80%) between 6- and 12-month-old seedlings, though the 
/russula-lactarius, /clavulina, and /tomentella-thelephora lineages were species-rich 
on seedlings at all ages. The number of ectomycorrhizal morphotypes per seedling in-
creased with age, but extent of fungal colonization did not. Seedling ectomycorrhizal 
fungi were shared with sympatric conspecific adults (55%) and, to a lesser extent, re-
gional heterospecific adults (27%), but numerous species were previously unrecorded 
for Guyana. Over their development D. corymbosa seedlings did not rely strictly on 
adult trees for their mycobionts but appeared to foster unique assemblages of ecto-
mycorrhizal fungi.
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1  |  INTRODUC TION

Monodominance is common in temperate and boreal ecosystems 
but less common in the tropics (ter Steege et al., 2019). Most lowland 
tropical forests are very tree diverse (Richards, 1996), but stands 
occur in which a single tree species is dominant (e.g., Alexander & 
Högberg, 1986; Corrales et al., 2016; Henkel, 2003). These tropical 
monodominant (TMD) forests are known from the Neotropics (e.g., 
Corrales et al., 2016; Henkel, 2003), Guineo-Congolian Africa (e.g., 
Hall et al., 2020; Hart et al., 1989; Kearsley et al., 2017), and SE Asia 
(e.g., Greller et al., 1987; Itoh et al., 1997; van der Velden et al., 2014). 
In monodominant stands, alpha diversity of trees is low by tropical 
standards, and the dominant species comprises 60% or more of the 
canopy trees (Connell & Lowman, 1989).

Nearly all TMD tree species associate with root symbiotic ecto-
mycorrhizal (ECM) fungi (Corrales et al., 2018; ter Steege et al., 2019). 
Like TMD forests, the ECM mutualism is patchily distributed in the 
tropics, as most tropical woody angiosperms form arbuscular mycor-
rhizal (AM) symbioses (Tedersoo & Brundrett, 2017). A functional 
connection between the ECM symbiosis and TMD has long been hy-
pothesized (e.g., Connell & Lowman, 1989; Janzen, 1974). Proposed 
mechanisms have centered on the superior ability of ECM fungi to 
recycle litter nutrients relative to AM fungi (see Courty et al., 2010; 
Phillips et al., 2013; Smith & Read, 2008, and references therein), an 
advantage that is evident on a genetic level (Miyauchi et al., 2020). 
Competitive exclusion of AM trees may facilitate dominance by 
ECM trees in both low- and high-latitude ecosystems (Corrales et al., 
2018; Finlay & Read, 1986; Henkel et al., 2005; Hobbie & Colpaert, 
2003; Mayor et al., 2009).

In addition to forming ectomycorrhizas, many TMD trees exhibit 
supra-annual mast seeding that results in establishment of dense, 
heavily shaded seedling cohorts under parental adults (e.g., Henkel 
& Mayor, 2019; Torti et al., 2001). In tree-diverse tropical rainfor-
ests, seedlings of AM tree species have low survival rates when near 
their parent tree or in high conspecific densities (Comita et al., 2014; 
Connell, 1971; Janzen, 1970). This is a consequence of a type of neg-
ative plant–soil feedback (PSF) involving species-specific pathogens 
in the soil environment of adult trees that inhibit the growth and 
survival of conspecific seedlings (Bagchi et al., 2014; Mangan et al., 
2010). In TMD stands of ECM trees, however, many seedlings es-
tablish under parent trees with subsequent low mortality rates (e.g., 
Henkel & Mayor, 2019). Seedling survival in such TMD stands may 
be a consequence of a positive PSF (Klironomos, 2002) in which the 
soil environment near adult trees, along with their ECM fungal sym-
bionts, may benefit conspecific seedlings (Putten et al., 2016). Plant–
soil feedbacks, whether positive or negative, are major influencers of 
tree community composition (van der Heijden et al., 2008; Mangan 
et al., 2010). The establishment of shade-tolerant seedlings in TMD 
forests could also indicate a dampening of negative PSFs (Connell 
& Lowman, 1989; Hart, 1990; Henkel & Mayor, 2019; Read et al., 
1995).

One of the ways in which adult TMD trees may positively im-
pact conspecific seedlings is through their influence on the ECM 

mycobiota. In a Bornean forest co-dominated by multiple species of 
ECM Dipterocarpaceae, ECM seedlings experienced positive growth 
responses and increased mycorrhization when grown in the soil of 
closely related adults (Segnitz et al., 2020). Ectomycorrhizal fungi 
may also benefit seedlings by linking them with conspecific adult 
trees in a mycorrhizal network, through which seedlings may access 
adult resource pools and have improved chances of survival (Booth 
& Hoeksema, 2010; Corrales et al., 2016; Finlay & Read, 1986; 
McGuire, 2007; Nara, 2006; Newman, 1988; Simard et al., 2012; 
Teste et al., 2009; but see Brearley et al., 2016).

In order to understand the role of PSFs in natural environments, 
van der Putten et al. (2016) emphasized the need for field study of 
potential feedback drivers such as ECM fungi. Ectomycorrhizal fungi 
form diverse communities in tropical forests and different species 
may vary in functional traits (Ebenye et al., 2017; Henkel et al., 2012; 
Johnson et al., 1997). Variation in functional traits could in turn in-
fluence the strength of PSFs. For example, some ECM fungal species 
greatly improve host plant nutrient acquisition, while others have 
little effect (Nara, 2006). If the ECM fungal community of an adult 
tree is composed primarily of highly beneficial ECM fungi, then the 
effect of PSFs on seedlings should be positive. Alternatively, if adult 
tree ECM fungi impart little benefit to their host tree, positive PSFs 
should be weak and seedling survival diminished. However, few 
studies have examined the relationship between positive PSFs and 
diversity and composition of ECM fungal communities on seedlings 
(e.g., Nash et al., 2020).

In this study, we examined ECM fungal communities on young 
seedlings of the TMD tree Dicymbe corymbosa Spruce ex Benth. 
(Fabaceae subfam. Detarioideae) in Guyana. Dicymbe corymbosa 
seedlings established in TMD stands after mast seeding events 
have high supra-annual survival (Henkel & Mayor, 2019) but do 
poorly in soils of nearby mixed rainforests (McGuire, 2007). To 
identify ECM fungal communities that may contribute positively 
to high seedling survival, we collected seedlings at <1, 6, and 
12  months of age. For each seedling, we measured the extent 
of ECM colonization and isolated ECM morphotypes for high-
throughput DNA sequencing. If adult tree ECM fungi improve 
seedling survival over time, we would expect significant overlap 
between seedling and adult tree ECM fungal communities. To test 
this, we compared seedling ECM fungal communities to those 
of previously sampled nearby adult trees of D. corymbosa (Smith 
et al., 2011, 2017). Because many ECM fungi are host-generalists 
(Molina et al., 1992), positive effects on seedlings mediated by 
ECM fungi may occur among heterospecific ECM trees as well. 
We therefore compared D. corymbosa seedling ECM fungi to those 
of regionally co-occurring heterospecific adult ECM trees (Smith 
et al., 2011, 2013, 2017). Our primary objective was to charac-
terize ECM fungal communities on TMD seedlings and to observe 
how these communities change over the course of early seedling 
development. This is the first study to monitor ECM fungal com-
munity assembly over time on seedlings of a TMD tree. It also 
provides an initial glimpse into possible impacts of ECM fungal 
community composition on seedling survival in TMD forests.
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2  |  METHODS

2.1  |  Study site

The study was carried out in a D.  corymbosa forest of the Upper 
Potaro River Basin in Guyana's Pakaraima Mountains. Annual rain-
fall averages 3500–4000 mm, with peak rainy seasons in May–July 
and December–January (Fanshawe, 1952). Daily maximum and mini-
mum temperatures ranged from 25–29 and 19–21°C, respectively 
(Henkel, unpublished). The site was situated in an undulating valley 
20 km east of Mt. Ayanganna and was covered with dense, primar-
ily Dicymbe-dominated closed-canopy forest and, to a lesser extent, 
mixed forests of the Eschweilera–Licania association (Degagne et al., 
2009; Fanshawe, 1952). Study plots were established in D. corym-
bosa monodominant stands within a 5-km radius of a permanent 
base camp near the Potaro River (5.301389, −59.911111) at eleva-
tions of 700–750  m a.s.l. Here, D.  corymbosa comprises 70–90% 
of the basal area of canopy trees, heavily dominates the seedling 
and sapling classes, and no other ECM tree species occur (Henkel, 
2003; McGuire et al., 2008). Further details of climate, geology, soils, 
forest structure, and mast seeding cycles can be found in Henkel 
(2003), Henkel et al. (2005), Henkel and Mayor (2019), and Henkel 
et al. (2002). In 2003, five 0.25-ha plots were established (Henkel 
et al., 2005) and, in 2005, two more 0.25-ha plots were added 
within a 5-km range of the Potaro base camp (Woolley et al., 2008). 
All seedlings collected for this study resulted from the 2016 mast 
seeding event from these seven plots (reported as plots “P1–P7” in 
Henkel et al., 2005; Henkel & Mayor, 2019).

2.2  |  Root sampling

Thirty newly established seedlings per plot were harvested at 
6-month intervals between July 2016 and July 2017 following 
the 2016  masting event. Seedling age classes were defined as: 
<1-month-old (July 2016; 2–3 weeks after germination), 6-month-old 
(January 2017), and 12-month-old (July 2017). Whole seedlings were 
carefully extracted from the soil with their entire root systems (radi-
cle + emerging lateral fine roots) intact, transported to base camp, 
and their roots rinsed with water. Root system width, depth, and 
stem height were measured on 6- and 12-month seedlings. Due to 
time constraints, ECM percent colonization (percent ECM) estima-
tion and morphotype selection for <1-month seedlings were com-
pleted in the field (see details below). For 6- and 12-month seedlings, 
all lateral roots of each seedling were cut from the main root axis and 
dried with silica gel. Roots were transported to the USA to measure 
percent ECM, sort morphotypes, and sequence DNA.

2.3  |  Seedling mycorrhization

For <1-month seedlings, entire root systems were viewed under a 
dissecting microscope in the field. We estimated percent ECM of 

root systems using the following categories: 0 (0%), 1 (1–25%), 2 
(26–50%), 3 (51–75%), and 4 (76–100%). For each 6- and 12-month 
seedling, the dried lateral roots were cut into 0.5-cm segments and 
placed in a 10-cm petri dish with a 1 × 1 cm grid. Roots were rehy-
drated with distilled water and viewed under a dissecting microscope 
at 40× magnification. Each time a root intersected a gridline it was 
scored as “ECM” or “non-ECM” based on the presence or absence 
of a fungal mantle (Giovannetti & Mosse, 1980). Seedling percent 
ECM was calculated by dividing the number of ECM roots by the 
total number of root tips scored, multiplied by 100. The categorical 
scores of <1-month seedlings were converted to percentage scores 
for comparisons with 6- and 12-month seedlings. For <1-month-old 
seedlings within each categorical score (0–4), we used the median 
value of the corresponding percentage range.

Ectomycorrhizal root tips were sorted into morphotypes based 
on morphological variations. An ectomycorrhiza typically consists of 
layers of interwoven fungal hyphae (“mantle”) surrounding the root, 
hyphae penetrating inward from the mantle between the outer root 
cells to form the interface for nutrient exchange (“Hartig net”), and 
usually features extramatrical diffuse hyphae and/or hyphal cords 
extending out from the mantle (Smith & Read, 2008). Observable 
combinations of color, hyphal density of the mantle, and structure 
of the extramatrical hyphae may be characteristic of the genus or 
family of fungus forming the ectomycorrhiza (Agerer, 2006).

2.4  |  Illumina sequencing of ECM root tips

Each distinctive morphotype encountered on an individual seedling 
was placed in cetyltrimethyl ammonium bromide (CTAB). These were 
grouped by sampling plot and by age class, yielding seven pooled 
extractions per age class. Each group of pooled ectomycorrhizas 
was ground in liquid nitrogen, and the DNA extracted using the 
CTAB method outlined in Vilgalys and Hester (1990). The DNA pel-
lets were resuspended in 50 μl TE (10 mM tris hydrochloride, 1 mM 
disodium EDTA) and stored at −20°C until use. The ITS1 region was 
then amplified from each of the extracts using the primer pair ITS1F 
and ITS2 (Gardes & Bruns, 1993; White et al., 1990). Those primers 
were amended with a TruSeq 33 bp flanking region (Illumina), so that 
unique barcodes could be ligated during the next round of PCRs. 
These PCR products were cleaned with ExoSAP-IT (Thermo Fisher 
Scientific), and a second PCR was performed using TruSeq DNA am-
plicon combinatorial dual index adaptors (Illumina). These barcoded 
libraries were pooled in equal concentrations, along with a barcoded 
non-biological synthetic control, SynMock (Palmer et al., 2018), and 
250-bp paired-end reads were sequenced on one half of a lane on an 
Illumina MiSeq at the Purdue Genomics Core.

The resulting MiSeq amplicon data were analyzed using the 
AMPtk pipeline, which processes next-generation sequencing ampl-
icon data from Illumina platforms (Palmer et al., 2018). Forward and 
reverse primer sequences were trimmed, and paired-end reads were 
merged using USEARCH v. 9.2.64 (Edgar, 2010). Reads were then 
clustered into operational taxonomic units (OTUs) at 97% identity 



    |  1489DELEVICH et al.

with UPARSE (Edgar, 2013). Possible chimeras were detected and 
filtered out by the UPARSE-OTU algorithm (Edgar, 2013). To account 
for index-bleeding, or when reads are assigned to the wrong sample, 
we used the “filter” command in AMPtk, which filters the OTU table 
based on the number of reads that bleed into and out of the non-
biological synthetic control barcoded sample (Palmer et al., 2018). To 
increase reproducibility, we only retained OTUs that contained >50 
read counts in at least one sample.

Identification of OTUs utilized the global alignment (Lindahl et al., 
2013; Selosse et al., 2016) algorithm implemented in USEARCH 
(Edgar, 2018) on our own custom sequence database, which con-
tains sporocarp and ectomycorrhiza ITS sequences generated over 
20 years of ECM sampling in the study area (e.g., Henkel et al., 2012; 
Smith et al., 2011; Smith et al., 2017; Koch & Aime, unpublished). 
OTUs were considered identified if they shared ≥97% nucleotide 
identity with an identified sequence in our database. When se-
quences did not match any samples in the custom database, we used 
Nucleotide BLAST on GenBank to estimate the closest taxonomic 
group. The resulting OTU table was curated to remove likely con-
taminant sequences of taxa that occur exclusively outside of tropical 
South America. Names were applied to OTUs as follows: (a) bino-
mials for described taxa; (b) genus names with collection numbers 
for undescribed Guyanese sporocarp morphospecies of T. Henkel 
(TH) or M.C. Aime (MCA); (c) soil core samples collected in D. cor-
ymbosa monodominant forest by K. McGuire (e.g., GUYSOILD11, 
PFG09GadID; McGuire et al., 2010; McGuire et al., 2013); (d) genus 
name with a clone number (i.e., Inocybe 65ms_3g) from a cloning-
based dataset (Smith et al., 2017); (e) closest taxonomic group fol-
lowed by “ecm” and a number (e.g., Clavulina ecm1037) or only a 
number (i.e., Russula2) for taxa found only from previous Guyana 
ECM root tip sampling (Smith et al., 2011, 2017); and (f) closest tax-
onomic group followed by a unique code (e.g., Clavulina i12-194) for 
taxa found only in this study.

2.5  |  Comparisons with adult trees

We determined species overlap of ECM fungi occurring on D. cor-
ymbosa seedlings and adults of ECM tree species in the Upper 
Potaro River Basin and the nearby Upper Mazaruni River Basin. 
Smith et al. (2011) collected 20 ECM roots from each of 19 adult 
individuals of each of the three sympatric ECM trees D. corymbosa, 
Dicymbe altsonii Sandw., and Aldina insignis (Benth.) Endl. (Fabaceae 
subfam. Papilionoideae). This site was located 10  km southeast 
of the current site in forests with D.  corymbosa and D.  altsonii as 
canopy co-dominants and A.  insignis trees scattered throughout 
at low densities. In a subsequent study, Smith et al. (2013) sam-
pled roots from 20 trees each of the two co-dominant ECM trees 
Pakaraimaea dipterocarpacea Maguire & P.S. Ashton (Cistaceae) and 
Dicymbe jenmanii Sandw. in a savanna-fringing forest in the Upper 
Mazaruni River Basin, located 25 km west of the current study site. 
Of these five tree species, only D. corymbosa forms extensive, purely 
monodominant stands in the region. In both studies, host tree roots 

were traced from the base of the tree to the fine roots, where root 
samples were collected, and individual ECM root tips were Sanger 
sequenced. Smith et al. (2017) collected 80 soil cores from differ-
ent soil microhabitats of ten adult D. corymbosa from plots in close 
proximity to our seedling sampling sites. In that study, 100 healthy 
ectomycorrhizas were randomly selected from each soil sample and 
pyrosequenced with 454 technology.

GenBank accession numbers of ECM fungal OTUs from these 
adult trees were obtained from tables in Smith et al. (2011, 2013, 
2017). Our seedling ECM fungal OTUs were BLAST searched to look 
for conspecific matches with adult tree accession numbers. Adult and 
seedling root tip OTUs were considered conspecific if they shared at 
least 97% sequence identity. We then calculated the proportion of 
D. corymbosa seedling OTUs that were conspecific with OTUs recov-
ered from each of the adult ECM tree species. Additionally, datasets 
for adult D.  corymbosa were segregated into those occurring near 
the seedling sampling sites (Smith et al., 2017) and those at 10 km 
distant (Smith et al., 2011). The proportion of ECM fungi shared with 
seedlings was calculated for each.

2.6  |  Statistical analyses

Statistical analyses were carried out using R software v. 1.1.456 (R 
Core Team, 2016). Percent ECM and the number of morphotypes 
per seedling were compared among seedling age classes using non-
parametric Kruskal–Wallis rank sum tests, as the data were not nor-
mally distributed (Kruskal & Wallis, 1952). Post hoc Mann–Whitney 
U-tests were performed when rank sum tests showed significant 
differences between groupings. Boxplot comparisons were gener-
ated using the ggplot2 package (Wickham, 2016). Means and stand-
ard deviations of percent ECM and the number of morphotypes per 
seedling among the seven sampling plots were calculated for each 
age class. OTU accumulation curves were calculated over collection 
sites for 6 and 12-month seedlings (Figure S1). A correlation matrix 
was generated to examine relationships between percent ECM, the 
number of morphotypes per seedling, root system width, root sys-
tem depth, seedling height, and the number of root tips per seedling 
using combined data from 6- and 12-month seedlings (Figure S2).

Ectomycorrhizal fungal species richness was estimated for each 
plot and seedling age class based on the number of unique OTUs. 
A non-metric multidimensional scaling (NMDS) ordination was cre-
ated using the metaMDS function in vegan (Oksanen et al., 2019) 
to visualize groupings of ECM fungal communities based on seed-
ling age class or sampling plot within a seedling age class (Kruskal, 
1964). The NMDS ordination used a presence–absence dataset of 
OTUs assigned to sequences from 6- and 12-month-old seedlings. 
Species turnover was calculated using the vegan package (Oksanen 
et al., 2019), with seedling age as the time variable and collection 
plot as the replicate variable. The NMDS ordination and species 
turnover used data only from 6- and 12-month-old seedlings, as 
<1-month-old seedlings were not grouped by plot at time of sam-
pling. We used betadisper() to test whether the dispersions of the 
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two seedling age groups were homogenous. Although betadisper() 
revealed heterogeneous dispersions (p = 0.011), we used a permu-
tational multivariate analysis of variance (PERMANOVA) to test for 
a difference in ECM fungal communities between 6- and 12-month 
seedlings. PERMANOVA has been found to be unaffected by het-
erogeneous dispersions in balanced datasets such as this current 
study (Anderson & Walsh, 2013). Tests were based on Morisita-
Horn dissimilarity distances and 999 permutations.

3  |  RESULTS

3.1  |  ECM colonization and community assembly

Percent ECM colonization of D. corymbosa seedlings differed among 
seedling age classes (χ2 = 56.7; p < 0.001) (Figure 1). Percent ECM 
colonization was significantly higher in 6-month compared to <1-
month (p = 0.015) and 12-month (p < 0.001) seedlings; percent ECM 
was lowest in 12-month compared to <1-month (p  < 0.001) seed-
lings. There was high variation in percent ECM within all seedling 
age classes: <1-month (45.1 ± 25.0), 6-month (48.3 ± 17.2), and 12-
month (35.1 ± 18.1).

Overall, we detected 73 distinct seedling ECM fungal OTUs, 
including 21 ECM fungal OTUs that were not detected in previous 
studies. The most OTU-rich ECM fungal lineages were /russula-
lactarius (35 OTUs), /clavulina (19 OTUs), and /tomentella-thelephora 

(14 OTUs) (Figure 2). OTU richness increased from <1 (6 OTUs) to 
6 months (47 OTUs) but did not change from 6 to 12 months (48 OTUs). 
However, ECM fungal community composition did change from 6 to 
12 months, as evidenced by high turnover (βA = 0.80 ± 0.05). The 
PERMANOVA revealed distinct grouping of ECM fungal OTUs at 6 
and 12 months (p = 0.002, F = 12.8), though heterogeneous disper-
sions were apparent (Figure 3). Beta-diversity of fungal communities 
among sampling plots was moderate at 6 months (βw = 0.47 ± 0.07), 
but higher among plots at 12 months (βw = 0.70 ± 0.04). Only four 
OTUs were detected in all three seedling age classes: Clavulina 
sprucei group MCA3989 (/clavulina), Craterellus atratus Yomyart 
et al. (/cantharellus), Inocybe lepidotella Matheny & Aime (/inocybe), 
and Russula puiggarii group 62rm_3c (/russula-lactarius).

The number of ECM morphotypes on seedlings increased over 
time (p  <  0.001). Morphotypes per seedling averaged 1.20  ±  0.69 
at <1 month, 3.17 ± 1.27 at 6 months, and 3.55 ± 1.47 at 12 months 
(Figure 4).

3.2  |  Comparisons with adult trees

Dicymbe corymbosa seedlings shared ECM fungi with adult D.  cor-
ymbosa, D.  altsonii, D.  jenmanii, A.  insignis, and P.  dipterocarpacea 
(Table 1). Seedlings shared 39 OTUs with adult D. corymbosa from 
the nearby plots of Smith et al. (2017); from the more distant Upper 
Potaro plots of Smith et al. (2011), seedlings shared 26 OTUs with 
D. corymbosa, 24 with A. insignis, and 22 with D. altsonii, and 14 and 8 
OTUs with D. jenmanii and P. dipterocarpacea, respectively, from the 
Upper Mazaruni plots of Smith et al. (2013). Only four ECM fungal 
OTUs (5.5%) were found on each of the five adult host tree species: 
Austroboletus rostrupii (Syd. & P. Syd) E. Horak (/boletus), Russula me-
tachromatica subsp. tarumaensis Singer (/russula-lactarius), Russula 
myrmecobroma S.L. Mill., Aime & T.W. Henkel (/russula-lactarius), 
and Tylopilus potamogeton var. irengensis T.W. Henkel (/boletus). 
None of these OTUs were found on seedlings <1 month old. Forty 
D.  corymbosa seedling ECM fungal OTUs (54.8%) had been previ-
ously detected on adult conspecifics (Smith et al., 2011, 2017). The 
remaining 32 seedling ECM fungal OTUs (43.8%) have not been pre-
viously recovered from ectomycorrhizas of adult ECM trees in the 
region. Four of these OTUs are known from sporocarps, including 
Clavulina pakaraimensis Uehling, T.W. Henkel & Aime (/clavulina), 
Cortinarius aff. amazonicus Singer & I.J.A. Aguiar (/cortinarius), 
Cortinarius cf. galeriniformis Singer & I.J.A. Aguiar (/cortinarius), 
and Lactifluus sulcatipes ined. (/russula-lactarius) (see Henkel et al., 
2012). The remaining “unknowns” were 21 OTUs never detected on 
root tips or from sporocarps, predominantly from the /tomentella-
thelephora (8), /russula-lactarius (5), and /sebacina (5) lineages, and 
seven environmental OTUs in ECM groups detected in soil cores by 
McGuire et al. (2010) and McGuire et al. (2013). With the excep-
tion of P. dipterocarpacea, the proportion of seedling ECM fungi in 
a given age class shared with an adult tree species decreased over 
12 months (Figure 5).

F I G U R E  1  Percent ectomycorrhizal fungal colonization of 
seedling fine lateral roots of the tropical monodominant tree 
Dicymbe corymbosa in Guyana. Seedlings were collected <1, 6, and 
12 months following a 2016 mast seeding event. Boxes span the 
middle 50% of all datapoints, whiskers represent upper and lower 
quartiles, and median values are represented by thick horizontal 
bars. Outliers are shown as bold circles and each seedling datapoint 
is represented by an (x). Percent colonization was significantly 
higher at 6 months than at <1 month (p = 0.015) and 12 months 
(p < 0.001). Percent colonization was also higher at <1 month 
than at 12 months (p < 0.001)
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4  |  DISCUSSION

Over half of the ECM fungal species found over 12  months on 
D.  corymbosa seedlings also occurred on nearby adult conspe-
cifics. This is comparable to the Central African monodominant 
Gilbertiodendron dewevrei (Fabaceae subfam. Detarioideae) in 
which 65% of ECM fungal symbionts were shared between sympa-
tric conspecific seedlings and adults (Ebenye et al., 2017). Similar 
ECM fungal community composition between seedlings and adults 

might indicate adult-seedling mycorrhizal networking, a form of 
positive PSF that may contribute to early survival of seedlings 
(Tedersoo et al., 2020). However, Ebenye et al. (2017) utilized car-
bon and nitrogen isotope data to show that no nutrient transfer 
occurred between adults and seedlings of G. dewevrei. It remains 
an open question whether networking is occurring in the Dicymbe 
system, as circumstantial evidence for it exists but empirical data 
are lacking (McGuire, 2007).

F I G U R E  2  Operational taxonomic 
unit (OTU) richness of ectomycorrhizal 
fungal lineages defined by Tedersoo 
et al. (2010) that were recovered from 
three seedling age groups of the tropical 
monodominant tree Dicymbe corymbosa 
in Guyana. Ectomycorrhizal fungal OTUs 
were assigned to sequences generated via 
Illumina sequencing of pooled seedling 
root tips. Seedlings were grouped by 
age at <1, 6, and 12 months following a 
2016 mast seeding of D. corymbosa

F I G U R E  3  Non-metric multidimensional scaling (NMDS) 
ordination of ECM fungal communities recovered on 6- and 
12-month-old seedlings of the tropical monodominant tree 
Dicymbe corymbosa in Guyana. Polygons show grouping of ECM 
fungal communities based on seedling age, but not on seedling 
sampling plot. A PERMANOVA test showed that ECM fungal 
communities between seedling age classes were significantly 
different (p < 0.010). Seedlings <1-month old were not grouped by 
plot when sampled, so they were excluded from this analysis

F I G U R E  4  The number of visually distinct ectomycorrhizal 
fungal morphotypes found per seedling of the tropical 
monodominant tree Dicymbe corymbosa in Guyana. Seedlings were 
collected <1, 6, and 12 months following a 2016 mast seeding 
event. Boxes span the middle 50% of all datapoints, whiskers 
represent upper and lower quartiles, and median values are 
represented by thick horizontal bars. Outliers are shown as bold 
circles and each seedling datapoint is represented by an (x). There 
was a significant increase over time in the number of ECM fungal 
morphotypes per seedling (p < 0.001)
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Nearly a third of seedling ECM fungi were shared with hetero-
specific ECM adult trees, but only one was shared exclusively with 
a single host species, Russula aff. puiggarii group ecm720 (/russula-
lactarius) on A.  insignis. Of seedling ECM fungi shared with adults, 
most are host generalists, but about a quarter appear to be host-
specific, found only on D.  corymbosa seedlings and adults. In our 
study system, host specificity may be higher than that documented 
in mixed dipterocarp-dominant forests of Borneo (Peay et al., 2015), 
but still less than that seen in hyperdiverse Upper Amazonian forests 
where ECM tree species occur in very low densities and two-thirds of 
ECM fungi exhibited host species specificity (Tedersoo et al., 2010). 
However, D. corymbosa adults were sampled with higher intensity 
using next-generation sequencing, while other regionally sympatric 
adult tree species were only Sanger-sequenced. Further sampling 
using the latest technology should be carried out across all ECM host 
trees in the region to better elucidate host-specific interactions be-
tween trees and fungi. Regardless, when only adult tree ECM fungi 
are considered, no detectable host specificity or distance-decay pat-
terns have been found across host tree species or between sites in 
Guyana's Upper Potaro Basin (Corrales et al., 2018).

While a majority of seedling ECM fungi were shared with con-
specific adults, and to a lesser degree heterospecific adults, nearly 
half of seedling ECM fungi occurred only on seedlings. These results 
are similar to those found with the Guinean ECM tree Cryptosepalum 
tetraphyllum where nearly a third of the ECM fungi recovered were 
found only on seedlings (Diédhiou et al., 2010). In our study, varia-
tion in methods used to sample seedlings versus adults may have 

contributed to apparently high seedling-specific fungal richness. We 
exhaustively sampled seedling root tips by collecting entire root sys-
tems, an impossible task to perform on adult trees. Contrastingly, 
with previous adult tree sampling in the region, only the highest 
quality viable ectomycorrhizas were selected for sequencing (e.g., 
Smith et al., 2011, 2013, 2017). An additional source of variation may 
have been the sampling of seedlings and adults in different years, 
limiting inferences as to whether changes in seedling ECM fungal 
community structure are preceded by changes in adult ECM fungi. 
Concurrent sampling could test the hypothesis that adult trees ma-
nipulate the soil environment of nearby seedlings and lead to posi-
tive PSFs.

The high species turnover of ECM fungi occurring over six months 
on D. corymbosa seedlings may have been influenced by root compe-
tition among ECM fungal species (Jonsson et al., 2001; Landeweert 
et al., 2003; Lilleskov & Bruns, 2003; Wu et al., 1999). Early coloniz-
ing ECM fungi on Pinus seedlings have been shown to be supplanted 
over time by different ECM fungal species (Lilleskov & Bruns, 2003; 
Wu et al., 1999). In contrast, when primary colonizers remain dom-
inant as seedlings age, priority effects may determine ECM fungal 
species composition (Kennedy & Bruns, 2005). High species turn-
over of ECM fungal species may also arise from differences in their 
physiological tolerances, responses to environmental variability over 
time, and the lifespan of individual fungal genets (Koide et al., 2007). 
Aside from P.  dipterocarpacea similarities of seedling-adult fungal 
communities also decreased with seedling age. Strikingly, the steep-
est decline in fungal community overlap was between D. corymbosa 

F I G U R E  5  Ectomycorrhizal fungal community similarity between seedlings of the tropical monodominant Dicymbe corymbosa and adult 
trees of five regionally co-occurring ECM tree species in Guyana (Smith et al., 2011, 2013, 2017). Seedling ectomycorrhizal root tips were 
sampled at <1, 6, and 12 months of age and Illumina was used to sequence ITS1 amplicons of all fungi. Community similarity corresponds to 
the proportion of ectomycorrhizal fungal operational taxonomic units (OTUs) shared with a given adult tree species out of the total number 
of ectomycorrhizal fungal OTUs detected in that age class. Dicymbe corymbosa adults have been separated by distance from seedling 
sampling sites into nearby D. corymbosa (Smith et al., 2017) and more distant D. corymbosa (Smith et al., 2011). Linear equations, R, and P 
values of each linear regression are given in the order they appear in the figure: D. corymbosa nearby, D. corymbosa distant, Aldina insignis, 
Dicymbe altsonii, Dicymbe jenmanii, and Pakaraimaea dipterocarpacea

R = − 0.98, p = 0.12
R = − 0.99, p = 0.079

R = − 0.97, p = 0.17
R = − 0.97, p = 0.15

R = − 0.97, p = 0.16
R = 0.83, p = 0.38

y = 68 − 3.2 x
y = 51 − 1.9 x

y = 53 − 1.3 x
y = 100 − 4.3 x

y = 33 − 1.3 x
y = 1.7 + 1.3 x
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seedlings and adult conspecifics. Seedling ECM fungal communities 
were expected to converge on those of adult conspecifics. The ob-
served diversification of ECM fungal symbionts on seedlings might 
be a unique and important aspect of ECM fungal community assem-
bly in this study system.

We found that percent ECM was not correlated with seedling 
age. This contrasts with the increase in percent colonization from 
seedling to sapling size classes seen in G.  dewevrei (Torti & Coley, 
1999). In D. corymbosa seedlings, colonization extent and high over-
all variation in percent ECM (std. dev. = ±21.1%) may be influenced 
by the species composition and interactions of colonizing fungi. 
Colonization potential may be one of many variable functional traits 
among ECM fungi. Single-species ECM fungal inoculations of tem-
perate Pinus and Salix seedlings have experimentally captured the 
variability of colonization potential, with percent ECM ranging from 
5% to 93% depending on the colonizing fungal species (Dosskey 
et al., 1990; Nara, 2006). Though colonization potential varies among 
ECM fungi, it does not appear to affect early D. corymbosa seedling 
survival, as seedlings with percent ECM as low as 2% were still viable 
at 12 months. Abiotic factors can also influence ECM colonization. 
Percent ECM of Eucalyptus diversicolor seedlings was negatively cor-
related with soil phosphorus (P) concentrations in Australia (Bougher 
et al., 1990). In Guyana, soil P concentrations drop during masting 
events (Henkel & Mayor, 2019; Henkel et al., 2005). While it is con-
ceivable that reduced soil P may have triggered a spike in percent 
ECM in 6-month seedlings, a decrease was seen at 12 months, argu-
ing against this mechanism (Figure 1).

The number of ECM morphotypes per seedling was comparable 
to other tropical ECM seedlings. Up to 11 ECM morphotypes per 
7-month-old seedling were recovered from the dipterocarp Shorea 
leprosula in Malaysia (Alexander et al., 1992), similar to the maximum 
of 10 for a single 6-month-old D. corymbosa seedling (Figure 4). With 
the Congolian G.  dewevrei, 19 ECM morphotypes were recovered 
from a seedling sample of indeterminate age compared to 27 mor-
photypes from our 6-month D. corymbosa seedlings (Torti & Coley, 
1999). This same study also found fewer ECM morphotypes per 
seedling than we did in 6-month seedlings (1.3 ± 0.9 vs. 3.17 ± 1.27). 
Morphotyping is, however, a subjective method that can under- or 
overestimate ECM fungal diversity. More accurate comparisons of 
ECM fungal communities may be facilitated by root tip selection 
and a combination of sequencing techniques (Menkis et al., 2005). 
Regardless, we found that individuals and cohorts of D. corymbosa 
seedlings harbored many species of ECM fungi, even though diver-
sity was likely underestimated given that the 97% sequence simi-
larity threshold for assigning conspecificity among ITS1 sequences 
may not distinguish between members of species complexes (e.g., 
Henkel et al., 2011).

Ectomycorrhizal colonization of seedlings in this tropical 
monodominant forest is a dynamic process involving high overall 
ECM fungal species richness and high species turnover over time. 
Seedlings were not dependent on extensive colonization, but the 
diversity of colonizing fungal species may have played an important 
role in their survival. Seedlings share many ECM fungi with nearby 

conspecific and heterospecific adult trees. Additionally, a large por-
tion of mycobionts may be unique to the seedling age class. Positive 
PSFs have been hypothesized to support growth and survival of 
seedlings in shaded understories of TMD forests. Such posited 
mechanisms have placed a heavy emphasis on the role of adult trees 
in supporting young seedlings through common ECM fungal net-
works. In the D. corymbosa system, adult trees may have networked 
with very young seedlings, but over the subsequent 12  months 
seedling ECM fungal assemblages diverged from those of adults. 
These results suggest that seedlings played a more direct role in 
assembling their ECM fungal communities than previously thought.
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