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Abstract
1.	 Chlorophyllous plants exhibiting partial mycoheterotrophy obtain carbon through 

mycorrhizal interactions in addition to photosynthesis. In arbuscular mycorrhizal 
(AM) plants, the Paris-morphotype (i.e. hyphal coils) is considered essential for 
mycoheterotrophic carbon gains. Numerous tree species in tropical lowland for-
ests form this morphotype, and under light- and nutrient-limitation, additional 
carbon gain would be beneficial. However, if seedlings of woody species in the 
understory of tropical lowland forests exhibit partial mycoheterotrophy remains 
unexplored.

2.	 Here we (a) examined the AM morphotype (Paris- or Arum-type) in seedlings of 41 
tropical woody species, and (b) to determine if any of the target Paris-type species 
are partially mycoheterotrophic, we compared their multi-element stable isotope 
natural abundance (13C, 2H, 18O, 15N) with neighbouring autotrophic non-Paris-
type reference seedlings.

3.	 About 50% of the investigated species (and 80% of the genera) exhibited the 
Paris-type, expanding the number of tropical plant genera with Paris-type AM. 
Enrichment in 13C, but not in 18O in target compared with neighbouring reference 
plants indicated partial mycoheterotrophy in seedlings of 6 of the 21 investigated 
Paris-type AM species.

4.	 Our results indicate for the first time that carbon gain through mycoheterotro-
phy occurs in seedlings of AM tropical tree species. In tropical forests, partial 
mycoheterotrophy during seedling establishment may confer so far unrecognised 
ecological advantages influencing seedling recruitment and ecosystem dynamics.
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1  |  INTRODUC TION

The vast majority of plants are associated with mycorrhizal fungi, 
which optimise their nutrient and water supply from the soil. In re-
turn, mycorrhizal fungi receive organic carbon (C) compounds from 
the plant associates (Smith & Read, 2008). This mutualistic interac-
tion, however, can shift to an exploitive disparity, where plants often 
referred to as ‘cheaters’ gain C from their fungal partners—a nutri-
tional mode called mycoheterotrophy (Leake, 1994; Merckx, 2013). 
Some plants use fungal-derived C (either from photosynthesising 
plants or from saprotrophic nutrition) to such an extent that they 
lost their photosynthetic ability and have become achlorophyllous. 
This phenomenon, which is known as full mycoheterotrophy, occurs 
in several hundred endo-mycorrhizal plant species (Merckx, 2013).

Some chlorophyllous mycorrhizal plant species gain C from their 
associated fungi in addition to their own photosynthetic C gain, that 
is, they exhibit partial mycoheterotrophy. This nutritional mode has 
been recognised in herbaceous plants, mostly from the Orchidaceae, 
Ericaceae, and some Gentianaceae. It is considered, inter alias, a 
strategy to gain additional C where photosynthesis is severely light-
limited (Cameron & Bolin, 2010; Gebauer & Meyer, 2003; Hynson 
et al., 2013; Preiss et al., 2010; Zimmer et al., 2007). Recent evidence 
from stable isotope analyses shows that in herbaceous species ad-
ditional C gain from fungal partners (i.e. partial mycoheterotrophy) 
is considerably more widespread than previously assumed (Gebauer 
et al., 2016; Giesemann et al., 2021).

Over 70% of flowering plant species are associated with endo-
symbiotic arbuscular mycorrhiza (AM; Brundrett,  2017). The AM 
fungal partners belong to the subphylum Glomeromycotina within 
the phylum Mucoromycota (Spatafora et al., 2016). AM is typical for 
most herbaceous (i.e. non-woody) plant species, and has been es-
pecially well studied for agricultural plants (Genre et  al., 2020). In 
forest ecosystems, AM associations dominate in tropical lowland 
trees (e.g. Alexander, 1989; Mangan et al., 2004), whilst ectomycor-
rhizal associations prevail in boreal and temperate biomes (Baldrian 
et al., 2023). Studies of C transfer between woody plant species have 
mainly focussed on ectomycorrhizal plants (e.g. Avital et al., 2022; 
Cahanovitc et al., 2022; Klein et al., 2023; Simard et al., 1997), but 
rarely AM plants (e.g. Avital et al., 2022; Lerat et al., 2002), and these 
studies did not focus on partial mycoheterotrophy.

With about 43,000 tree species, tropical forests contain by far 
the highest tree diversity of any biome, yet, they belong to the most 
threatened terrestrial systems (Wright,  2010). Intact tropical for-
ests provide important ecosystem services, acting as tremendous 
C pools and sinks (Brockerhoff et al., 2017; Harris et al., 2021; Pan 
et  al.,  2011). Vegetation-climate feedbacks with tropical forests 
are crucial for global climate change projections, and their C rela-
tions have thus received considerable attention (Hubau et al., 2020; 
Strengers et al., 2010). Yet, if woody plants in tropical forests supple-
ment C from fungi through partial mycoheterotrophy has not been 
addressed (Kuyper & Jansa, 2023).

Seedlings in the shaded understory of tropical forests are se-
verely light-limited (Holste et al., 2011; Pearcy, 1987), with light 

conditions often below the light compensation point (Baltzer 
& Thomas,  2007). Yet, seedlings of many species can survive, 
that is, maintain a positive C balance, for many years (Hubbell 
et  al.,  1999; Rüger et  al.,  2009). Additionally, soil phosphorus 
(P) availability to plants is low in many tropical forests (Turner 
et  al.,  2007; Turner & Engelbrecht,  2011; Vitousek,  1984), with 
nutrient limitation restricting plant growth (Holste et  al.,  2011; 
Santiago et  al.,  2012). During the dry season water availability 
to plants is reduced, also limiting C gains from photosynthesis 
(Comita & Engelbrecht, 2009; Engelbrecht et al., 2002; Santiago 
et al., 2017). Under these conditions, an ability for additional C 
gain through mycoheterotrophy might provide a significant eco-
logical and evolutionary advantage. In fact, mycoheterotrophic 
AM plant lineages probably evolved in tropical forests (Merckx 
& Bidartondo,  2008), where light and P (but not N) are limiting 
factors. At the same time, AM allowed various achlorophyllous 
fully mycoheterotrophic herbacous taxa to diversify in the tropics 
(Gomes et al., 2019; Merckx, 2013).

A specific AM morphotype, the Paris-morphotype (named 
after its occurrence in Paris quadrifolia), occurs in all achlorophyl-
lous fully mycoheterotrophic plants and is thus considered indis-
pensable for their fungal C gain (Imhof, 1999). This morphotype is 
characterised by intracellular hyphal coils that colonise the plant 
root cells (Gallaud,  1905). In contrast, a second AM morphotype, 
the Arum-type (named after its occurrence in Arum maculatum), has 
intercellular hyphae with emerging branched fungal structures (i.e. 
arbuscules). Chlorophyllous herbaceous partially mycoheterotro-
phic AM plant species in the understory of temperate forests also all 
exhibited the Paris-type AM, whilst plants with Arum-type AM ex-
hibited autotrophy (Giesemann et al., 2021; Giesemann, Rasmussen, 
et al., 2020). Paris-type AM is thus considered to be a prerequisite 
for fungal C gain in both achlorophyllous (fully mycoheterotrophic) 
and chlorophyllous (partially mycoheterotrophic) AM plant spe-
cies, yet not all plant species with Paris-type AM gain C from fungi 
(Giesemann et al., 2021; Murata-Kato et al., 2022).

The Paris-morphotype occurs in a significant proportion (≈40%) 
of all AM plants (Dickson et  al.,  2007). Thus, a large share of AM 
plant species globally may potentially exhibit partially mycohetero-
trophic C gain (Giesemann et al., 2021). So far, research on PHM has 
focussed on herbaceous understory plants (Giesemann et al., 2021; 
Giesemann, Rasmussen, et al., 2020; Kusakabe et al., 2024; Murata-
Kato et al., 2022).

Quite a number of common tropical tree species are in genera 
that form Paris-type AM, indicated for example by a comparison of 
a comprehensive review of AM morphotypes (Dickson et al., 2007) 
with tree species occurring in forests of Central Panama (Condit 
et  al.,  2013). About 31 plant genera included in the review con-
tain woody species that occur in the Panama Canal area (Condit 
et al., 2013). Thereof, 18 genera (which include 64 woody species 
in Central Panama) included species characterised as Paris-type 
(and 13 genera with 51 species as Arum-type, Dickson et al., 2007). 
Combined with the potential ecological advantages that partial my-
coheterotrophy might confer to plants in the understory of tropical 
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2722  |    ZAHN et al.

forests, we expect that mycoheterotrophy might occur, or even be 
widespread amongst seedlings of tropical tree species. Since all AM 
fungi are obligate biotrophic, that is, gain their C from living host 
plants (Trépanier et  al.,  2005), and lack saprotrophic capability 
(Tisserant et al., 2013), that would imply C sharing amongst trees via 
common mycorrhizal networks (Horton, 2015; Merckx et al., 2024). 
This in turn may have pervasive, yet entirely unrecognised implica-
tions for the composition, productivity, and C cycle of tropical for-
ests. However, investigations on partial mycoheterotrophy in AM 
woody species are currently lacking in tropical forest ecosystems as 
well as in other ecosystems.

Mycoheterotrophic understory plants that utilise AM fungi 
as a C source can be identified by comparing their natural stable 
isotope signature to autotrophic plants co-occurring under the 
same environmental conditions. Tissues of mycoheterotrophic 
plants are enriched in 13C, reflecting a relative 13C enrichment 
of their fungal C source, that is, the AM fungal hyphae (Courty 
et al., 2011; Gomes et al., 2020, 2023; Klink et al., 2020, 2022), 
which in turn is due to the fact that the fungi take up 13C-enriched 
carbohydrates from their photosynthesising host plants (Gleixner 
et al., 1993). Significant 2H enrichment of leaves can serve as an 
additional and independent indication for fungus-to-plant C trans-
fer (Cormier et al., 2018; Gebauer et al., 2016), because second-
ary heterotrophic organic compounds originating from fungi are 
often enriched in 2H compared with primary photosynthetic com-
pounds (Yakir, 1992). However, 13C and 2H abundances of leaves 
are also strongly influenced by stomatal regulation. Leaf 18O iso-
tope abundances, which are affected by transpiration but not by 
mycoheterotrophic C exchange, can be used to separate the effect 
of mycoheterotrophic C gains on 13C or 2H abundance from a tran-
spiration effect (Barbour, 2007; Cernusak et al., 2004; da Silveira 
Lobo Sternberg, 1988; Farquhar et al., 1982): 13C enrichment com-
pared with neighbouring autotrophic plants without parallel 18O 
enrichment is indicative of heterotrophic C gain rather than lower 
transpiration and higher water use efficiency. Additionally, my-
coheterotrophic plants tend to be generally enriched in 15N and 
display higher total N concentrations than autotrophic reference 
plants, although these parameters are highly variable (Giesemann, 
Eichenberg, et al., 2020; Gomes et al., 2020), and thus not neces-
sarily diagnostic of partial mycoheterotrophy in plants associated 
with AM.

In this study, we evaluated if seedlings of (at least some) com-
mon tropical woody species (i.e. trees or shrubs) in the understory 
of tropical forests in Central Panama exhibit partial mycoheter-
otrophy, that is, gain organic C from fungal AM partners in addi-
tion to their own photosynthesis. To this end, we (a) assessed the 
AM morphological type (Paris- or Arum-type) for tropical woody 
species from genera that include species with known AM mor-
photype (based on Dickson et  al.,  2007), and (b) compared the 
multi-element stable isotope natural abundance (13C, 2H, 18O, 15N) 
of potentially mycoheterotrophic target woody seedlings with 
Paris-type AM with neighbouring autotrophic reference plants 
(i.e. without Paris-type AM) to determine if they exhibit partially 

mycoheterotrophic C gain. Specifically, we tested if any Paris-type 
AM target species showed enrichment in the heavy isotopes 13C 
without simultaneous enrichment in 18O relative to neighbouring 
non-Paris-type reference plants, that is, the isotopic signature in-
dicative of partial mycoheterotrophy.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

This study was conducted in semi-deciduous lowland forests in 
Central Panama, in the Soberania National Park and on Barro 
Colorado Island, that is, within an area of about 20 km × 3.5 km 
along the Panama Canal (approx. 9.07°–9.16° N, 79.65°–79.85° W). 
The climate is moist tropical with mean annual precipitation of 
about 2100–2600 mm, a distinct dry season from January to April 
(Engelbrecht et al., 2007), and a mean annual temperature of ~25°C 
(Autoridad Nacional del Ambiente Panamá, 2010). Soils formed on 
volcanic rocks or marine sediments include Oxisols and Alfisols 
(Baillie et al., 2007; Turner & Engelbrecht, 2011). Sampling took place 
in the understory of old secondary forests along established trails. 
Research and collection permission was granted by the Panamanian 
Ministry of the Environment (MiAmbiente, SE/AP-23-19).

2.2  |  Study species and sampling design

For this study, we selected woody species (all C3-photosynthesis 
and non-succulent) from genera for which information on the AM 
type (Paris- or Arum-type) was available in the comprehensive review 
by Dickson et  al.  (2007). From these species, we a priori selected 
species from Paris- and Arum-type genera that are relatively fre-
quent and abundant in Central Panama (Condit et al., 2013), and that 
are shade tolerant (Rüger et al., 2009). We included two of the most 
speciose and common shrub genera in the understory of Central 
Panama, Piper and Psychotria (Foster & Hubbell,  1990), since they 
promised to allow for numerous and easily identifiable Arum-type 
reference plants (based on Dickson et  al.,  2007). During sampling 
(see below), we opportunistically included additional woody species 
from genera for which AM morphotype information was available 
in Dickson et al.  (2007). Overall, we collected samples from seed-
lings of 41 woody species within 20 genera and 15 families (see 
Table  S1, including 8 Psychotria and 14 Piper species) with a wide 
range of abundances and light requirements. For comparison, we 
also collected the fully mycoheterotrophic, achlorophyllous herba-
ceous species Voyria tenella (Gentianaceae), which has Paris-type AM 
(Imhof, 1997).

We focussed on juvenile plants 30–80 cm in height, referred to 
as seedlings in the following (consistent with the tropical forest lit-
erature, e.g. Comita et al., 2007). Sampling of tree and shrub seed-
lings took place during the dry season (in March and April, Table S1), 
whilst the full mycoheterotroph Voyria tenella, which only emerges in 
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    |  2723ZAHN et al.

the wet season, was sampled in September (together with its respec-
tive reference plants).

For a posteriori microscopic determination of the species' AM 
morphotype in our study area, we collected roots of two to three 
individuals per plant species. Roots were mostly collected from the 
same individuals as for leaf sampling (below) or occasionally from 
separate plants along forest trails. Sampled roots were washed with 
tap water and fixed in ethanol (60%) until further processing for mi-
croscopic observations (see below).

The sampling design for leaf stable isotope analysis followed the 
approach of Gebauer and Meyer (2003), with few modifications. We 
aimed to compare the isotopic signature of potential partially my-
coheterotrophic target plants (i.e. species with Paris-type AM) with 
autotrophic reference species (i.e. without Paris-type AM) growing 
under similar environmental conditions in their direct vicinity (up 
to 2 m distance, mostly considerably closer). This design accounts 
for variations in environmental factors (e.g. nutrient availability, mi-
croclimate, light conditions) and sampling time, which are known to 
affect stable isotope signatures (Dawson et al., 2002). Specifically, 
walking along established trails, we first searched for a priori tar-
get plants (Paris-type genus according to Dickson et al., 2007). If at 
least three (up to 6) a priori reference plants (‘Arum-type AM’ or ‘non-
mycorrhizal’) grew in the immediate vicinity, we sampled leaves for 
analyses (see below). For each a priori target species, we sampled a 
minimum of five such sampling plots (total 105) with the plots sepa-
rated by at least 30–50 m.

For stable isotope analyses, from each plant individual, at least 
one healthy, fully developed leaf was collected, carefully cleaned 
with a moist paper towel, and kept in a paper bag. If necessary, the 
number of leaves per sample was increased to ensure sufficient ma-
terial for analyses. For Voyria tenella, we sampled the entire above-
ground parts.

2.3  |  AM morphotype determination in roots

For microscopic determination of the AM morphological type, an 
arbitrary subsample of the fine roots of each plant species was 
prepared and stained according to a modified staining protocol 
based on Phillips and Hayman  (1970) and Vierheilig et al.  (2005) 
following recommendations of T. Camenzind (pers. comm.). 1–2 cm 
root segments were cleared in 10% KOH (w/v) at 60°C (water 
bath: W760, Memmert GmbH, Schwabach, Germany) for 1.5 h to 
1.5 days (depending on hardness), bleached in 3% (v/v) H2O2 at 
room temperature for 30 min to 4 h (depending on pigmentation), 
acidified in 1% (v/v) HCl and stained for 0.5–1 h in 0.05% (w/v) 
Trypan Blue lactoglycerol solution at 60°C. Stained roots were 
mounted onto slides with lactoglycerol for assessment. We ex-
amined the mounted root samples with a compound microscope 
at 100x magnification (Motic BA210, Motic Instruments Inc., 
Richmond, Canada).

Based on the presence of fungal structures in the roots and 
their morphological characteristics, we a posteriori classified the 

investigated plant species into (1) species with Paris-type AM 
hyphal coil structures in their roots. They either had exclusively 
Paris-type AM or exhibited both Paris-type and Arum-type AM 
structures. In the following, we refer to these species, which were 
potentially partially mycoheterotrophic, as ‘Paris-type’ plants. (2) 
species without any Paris-type AM structures. They had either 
only Arum-type AM or were non-mycorrhizal. In the following, 
we refer to these species as ‘non-Paris-type’ plants and consider 
them as autotrophic reference plants. Microscopically unclear 
plant species were excluded from further analyses (not available, 
‘NA’, Table S1).

2.4  |  Multi-element stable isotope 
analyses of leaves

Leaf samples (or entire above-ground plant samples in the case of 
Voyria tenella) were oven-dried to constant weight at 105°C, ground 
to a homogenous, fine powder using a ball mill (Retsch Schwingmühle 
MM2, Haan, Germany), and weighed into tin and annealed silver 
capsules (micro balances: Sartorius CPA2P & MSE3.6P-000-DM, 
Göttingen, Germany). Relative nitrogen and C isotope natural abun-
dances (δ15N, δ13C) were determined simultaneously using an EA-
IRMS coupling, and relative natural abundances of hydrogen (δ2H) 
and oxygen isotopes (δ18O) were measured using a TC-IRMS cou-
pling as specified in Zahn et al. (2023). Relative isotope abundances 
were denoted as δ values relative to their respective standards: δ13C, 
δ15N, δ2H or δ18O = (Rsample/Rstandard − 1) × 1000‰, where Rsample and 
Rstandard are the ratios of heavy to the light isotope of the samples 
and the respective standard (for utilised standards refer to Zahn 
et al., 2023).

2.5  |  Replication statement

Scale of 
inference

Scale at which 
the factor 
of interest is 
applied

Number of replicates at 
the appropriate scale

Species Plots Minimum of 5, Mean 
of 14

Arbuscular 
mycorrhiza type

Pooled species 21 ‘Paris-type’ species
12 ‘non-Paris-type’ 
reference species

2.6  |  Data analysis

To normalise for environmental and temporal variation of the iso-
topic signature (see above), we compared within each plot the δ of the 
potentially partially mycoheterotrophic ‘Paris-type’ target plant indi-
viduals to the average δ of the neighbouring autotrophic ‘non-Paris-
type’ reference plants (classification based on our own a posteriori 
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microscopic observations, see Table S1). Additionally, we also com-
pared within each plot the δ of each individual ‘non-Paris-type’ refer-
ence plant to the average δ of the ‘non-Paris-type’ reference plants. 
To that end, we calculated the comparative enrichment, that is, 
their enrichment factors ε according to Preiss and Gebauer (2008): 
ε = δS − δREF, where δS is a single δ13C, δ2H, δ18O or δ15N value of an 
individual plant (‘Paris-type’ target or ‘non-Paris-type’ reference), and 
δREF is the mean value across all ‘non-Paris-type’ reference plants in 
the respective plot. An analogous standardisation was carried out 
for Total N concentrations.

After the a posteriori reclassification of the species' AM morpho-
type, 79 plots contained a minimum of one ‘Paris-type’ target indi-
vidual and one ‘non-Paris-type’ reference individual and were thus 
suitable for the calculation of ε. The mean sample size (i.e. number of 
plots) for each of the 21 a posteriori ‘Paris-type’ target species was 
14 (minimum 5, see Table S2 for details).

We initially strived to include a diverse range of co-occurring 
reference taxa to account for a potentially wide variation of phys-
iological signals inherent in the isotopic signature. After reclassifi-
cation, each target plant had on average two reference individuals 
from two reference species in the same plot (Figure S2), with almost 
all reference plants belonging to the genus Piper (Piperaceae, plus 
one species in the genus Acalypha, Euphorbiaceae). Limited phylo-
genetic representation introduces the risk that the isotopic range 
of autotrophic plants is not fully represented and leads to false-
positive results. Yet, Piper is one of the most speciose genera with 
>>30 species in the area, with a wide range of habitats and accord-
ingly high diversity of ecological and physiological strategies (Foster 
& Hubbell, 1990; Fredeen & Field, 1996; Kyllo et al., 2003; Lasso & 
Jaramillo,  in press). We included 11 different Piper species, which 
exhibit pronounced variation of habitat and functional traits, so a 
systematic bias of isotopic signatures between target and reference 
plants is rather unlikely.

We first tested for overall differences amongst the three 
groups (‘Paris-type’ target, ‘non-Paris-type’ reference, fully myco-
heterotrophic Voyria) in their isotopic enrichment compared with 
their respective neighbouring ‘non-Paris-type’ reference plants 
(ɛ13C, ɛ2H, ɛ18O, ɛ15N) and N concentrations (ɛTotalN). We fit-
ted separate linear mixed models (‘lmer’, package lme4, version 
1.1.29; Bates et al., 2015) for each variable, including ‘Species’ and 
‘Plot’ as random effects. And 95% confidence intervals (CIs) and 
p-values were computed using a Wald t-distribution approxima-
tion. For post hoc pairwise comparison between groups, we used 
the ‘emmeans’ and ‘contrast’ functions (package emmeans, version 
1.7.5; Russell et  al.,  2022) with Bonferroni-Holm p-value adjust-
ment. Excluding Voyria as a group in these analyses did not quali-
tatively change the results.

Subsequently, in order to identify individual ‘Paris-type’ target 
species with an isotopic signature consistent with partial mycohet-
erotrophy, we then ran separate linear mixed models for each pa-
rameter, which compared individual ‘Paris-type’ target species to 
all pooled neighbouring ‘non-Paris-type’ reference plant species, 
including ‘Plot’ as random effect.

Calculations and statistics were conducted in R version 4.2.3 (R 
Core Team, 2023).

3  |  RESULTS

3.1  |  AM morphotypes

Overall, about half of the investigated species (21 out of 41 species, 
in 16 out of 20 genera, Table S1) exhibited Paris-type AM, that is, 
we detected coil structures in the roots. Of those, most (81%) had 
only Paris-type AM, whilst the others showed both Paris- and Arum-
type structures (i.e. also had arbuscules). About 12 of the species 
we examined (in 2 genera) did not show any Paris-type structures: 
they exhibited only arbuscules characteristic for the Arum-type AM 
(4 species) or had no visible AM structures (8 species). In additional 8 
species, the AM morphotype could not be conclusively determined.

Comparing our microscopic root assessments of tropical woody 
species in Central Panama with the previous literature-based classi-
fication (Dickson et al., 2007; Table S1), all genera which had been 
known to contain Paris-type AM species consistently exhibited 
Paris-type AM in our study, except for two species, which remained 
unclear. In our study, species in six additional genera exhibited Paris-
type structures, whilst species in the same genera exhibited Arum-
type structures in Dickson et al. (2007). For instance, in Psychotria, 
which we had a priori considered to be Arum-type, six of the species 
showed Paris-type structures (whilst two remained unclear). Several 
of the genera including Arum-type AM species according to Dickson 
et  al.  (2007) exhibited no visible AM structures in our study (e.g. 
most Piper species), or the morphotype could not be determined.

From the a posteriori AM morphotype determination, 21 of the 
investigated 41 species were considered as potentially partially my-
coheterotrophic (‘Paris-type’ target species), and 12 species were re-
garded as autotrophic ‘non-Paris-type’ reference plants (‘Arum-type’ 
or ‘non-mycorrhizal’) (Tables S1 and S2).

3.2  |  Comparison of isotopic signatures amongst 
plants with different AM morphotypes

Overall, ‘Paris-type’ woody target plants did not show significantly 
higher isotope enrichment (ε) of 13C or 2H than ‘non-Paris-type’ refer-
ence plants, but instead, they were depleted in 2H and 18O (Table 1). 
Thus, not surprisingly, across species, no general trend to partial my-
coheterotrophy in the investigated ‘Paris-type’ plants was indicated 
by the stable isotopes. In contrast, as expected, the fully mycohet-
erotrophic Voyria showed highly significantly stronger enrichment 
in both 13C and 2H relative to reference plants and showed no sig-
nificant difference in 18O and 15N enrichment (Table 1). Enrichment 
of 15N and TotalN did not differ across groups (Table 1). We will not 
further elaborate on the N data due to their limited diagnostic power 
for partial mycoheterotrophy in AM plants (full results are available 
in Table S5 and Figure S1).
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    |  2725ZAHN et al.

3.3  |  Isotopic signatures of individual ‘Paris-type’ 
target species compared with ‘non-Paris-type’ 
reference plants

At the level of individual species, seedlings of six ‘Paris-type’ target 
species (28.6%) showed significant enrichment in 13C compared 
with the neighbouring autotrophic ‘non-Paris-type’ reference 
plants, whilst at the same time not showing an 18O enrichment 
(Figure  1; Table  S5). Their combined 13C and 18O isotopic signa-
ture thus supports partial mycoheterotrophy. The significance 
of 13C enrichment in each of these species was based on at least 
six intra-plot comparisons (see Figure S3). One of these species, 
Anacardium excelsum, was additionally significantly enriched in 2H 
compared with the ‘non-Paris-type’ reference plants and thus ful-
filled a second criterion for partial mycoheterotrophy. In contrast, 
the remaining five species with 13C enrichment were depleted in 
2H (Figure 1b; Table S5).

Whilst no ‘Paris-type’ target species showed significant 18O en-
richment, seven species were significantly depleted in 18O relative 
to reference plants (Figure  1c; Table  S5). This complicates inter-
pretation with regard to partial mycoheterotrophy (see below for 
discussion).

Only one target species was significantly enriched in 2H, but 18 
target species were significantly depleted in 2H compared with the 
‘non-Paris-type’ reference plants (Figure 1b; Table S5).

Seedlings of nine of the target species were not enriched in 13C 
and 2H, and indistinct in ε18O from reference plants, that is, these 
species showed isotopic signatures that clearly do not support par-
tial mycoheterotrophy.

4  |  DISCUSSION

To the best of our knowledge, this is the first study that investigated 
stable isotope natural abundances of tropical woody species with 
respect to partial mycoheterotrophy. Seedlings of six species exhib-
ited isotopic signatures indicative of partial mycoheterotrophy, that 

is, 13C enrichment compared with neighbouring autotrophic species 
without a parallel 18O enrichment. For one of our study species, 
namely, Anacardium excelsum, 2H enrichment provides additional 
evidence for partial mycoheterotrophy.

4.1  |  AM morphotypes

The Paris-type AM is considered to be a prerequisite for a fungus-
to-plant C transfer in both achlorophyllous fully mycohetero-
trophic and chlorophyllous partially mycoheterotrophic plants with 
AM (Giesemann et  al.,  2021; Imhof,  1999, but see Murata-Kato 
et al., 2022). We showed that Paris-type AM is indeed rather wide-
spread in seedlings of tropical woody species, occurring in 50% of 
the investigated species (21 of 41) and in 80% of the genera (16 of 
20) in lowland moist forests in Panama.

Several tropical woody plant genera contain both Paris- and 
Arum-type species (based on comparison with Dickson et al., 2007) 
and we occasionally observed two morphological structures in 
the same plant species, even within the same root system (e.g. 
Anacardium excelsum, Cecropia insignis, Croton billbergianus, Acalypha 
macrostachya). In general, plant and AM fungal identity as well as 
the environment are considered to impact the formation of Arum- 
or Paris-type structures along a continuum (e.g. Ahulu et al., 2006, 
2007; Kubota et al., 2005; Lovelock et al., 2003). It remains poorly 
understood what exactly determines the formation of specific 
AM morphotype structures (Bennett & Groten,  2022; Dickson 
et al., 2007), and consequently if a plant individual, species or genus 
may be capable of partial mycoheterotrophy. Thus, in situ AM mor-
photype evaluation is pivotal. AM fungal communities in tropical 
forests are recognised as highly diverse (Alexander & Lee,  2005; 
Kottke et  al.,  2006; Muthukumar et  al.,  2003; Zhang et  al.,  2021) 
with considerable spatial (Mangan et al., 2004) and temporal (Herre 
et al., 2009; Husband et al., 2002) variation. Further investigations 
combing morphotype determination and fungal associate identifica-
tion in different woody species along environmental gradients may 
help to better understand the formation of Paris-type AM structures.

TA B L E  1  Comparison of stable isotope enrichment and total nitrogen concentrations (ε, i.e. the difference between neighbouring plants 
within a plot) in tropical woody seedlings without ‘Paris-type’ AM, with ‘Paris-type’ AM, and in the fully mycoheterotrophic herbaceous 
species Voyria tenella. Shown are mean ε13C, ε2H, ε18O, ε15N (‰) and εTotalN (mmol gdw−1) and standard deviations (SD) across the 
respective plots and species (see Tables S3 and S4 for detailed results). Different letters indicate significant differences between groups 
(p < 0.05, within each parameter) based on linear mixed-effect models and post hoc tests for pairwise comparisons. All models included 
‘Species’ and ‘Plot’ as random effect.

Woody seedlings without Paris-type AM Woody seedlings with Paris-type AM Voyria tenella

ε13C 0.00 ± 1.02a 0.57 ± 2.36a 6.11 ± 1.37b

ε2H 0.00 ± 4.97a −5.27 ± 9.52b 22.57 ± 9.16c

ε18O 0.00 ± 0.98a −0.93 ± 2.07b,* 0.39 ± 0.69a

ε15N 0.00 ± 0.71a −0.12 ± 1.87a 1.50 ± 1.84a

εTotalN 0.00 ± 0.25a −0.06 ± 0.53a 0.23 ± 0.26a

Note: Standard deviation is given in “italic”.
*Difference not significant after Bonferroni-Holm correction.
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4.2  |  Isotopic evidence for partial 
mycoheterotrophy in woody tropical seedlings

Seedlings of six species with Paris-type AM (Anacardium excelsum, 
Annona spraguei, Cecropia insignis, Croton billbergianus, Acalypha 
macrostachya and Trichilia pallida) displayed significant 13C enrich-
ment compared with the neighbouring autotrophic ‘non-Paris-type’ 
reference plants, and none of these species exhibited a parallel 
enrichment of 18O. We can thus exclude that enrichment in 13C 
in these species was caused by lower transpiration and a higher 
water use efficiency of the target relative to reference plants (and 
all woody species in the study system have C3 photosynthesis). 
The isotopic signature thus provides a strong indication for supple-
mentary gain of enriched 13C through fungus-to-plant C transfer, 
that is, that these species exhibit partial mycoheterotrophy. The 
13C-enriched seedlings exhibited a similar isotope pattern to fully 
mycoheterotrophic Voyria in our study area (Figure 1; Table S5)—of 
course with a smaller 13C (and 2H) enrichment—and to other fully 
(Courty et al., 2011; Gomes et al., 2020; Merckx et al., 2010) or par-
tially (Giesemann et al., 2021; Giesemann, Rasmussen, et al., 2020; 
Murata-Kato et  al.,  2022) mycoheterotrophic herbaceous AM 
plants. Leaf 13C enrichment of mycoheterotrophic plants in the 
forest understory compared with autotrophic ones reflects a rela-
tive 13C enrichment of their biogenic fungal C source, that is, the 
AM fungal hyphae (Courty et al., 2011; Gomes et al., 2020, 2023), 
which in turn is mainly due to the supply of 13C enriched carbo-
hydrates from canopy trees to the AM fungi (Courty et al., 2011; 
Gleixner et  al.,  1993). Leaf exposure to high irradiance leads to 
13C enrichment during photosynthesis in canopy trees (and thus 
AM fungi) compared with plants in the shaded understory (Courty 
et  al.,  2011). Additionally, the C that plants in the forest under-
story assimilate through photosynthesis is 13C-depleted due to 

CO2 originating from soil respiration (Gebauer & Schulze,  1991). 
This enhances the contrast in the 13C signature between photo-
synthetic and biogenic C sources in understory plants. Such effects 
are especially pronounced in tropical forests, due to higher rates 
of respiratory CO2 released from the soil, leading to a higher verti-
cal profile of air δ13C in tropical forests, compared with temperate 
ones (Courty et al., 2011; Hanba et al., 1997; Quay et al., 1989).

Recently, some concerns have been raised that 13C enrichment 
(without parallel 18O enrichment) may not always be the result of 
mycoheterotrophy (Murata-Kato et  al.,  2022). They argued that 
in herbaceous species in temperate forests, differences in plant 
phenology could also explain 13C enrichment, with species that 
photosynthesise early before canopy closure being relatively 13C 
enriched because they grow under higher light levels (limited 13C 
discrimination) and lower soil respiration (less 13C-depletion of am-
bient CO2 at the forest floor) conditions than species that continue 
to photosynthesis throughout the growing season (Murata-Kato 
et al., 2022). Similarly, more light is available and soil respiration 
is lower in the understory of tropical lowland forests in the dry 
season compared with the wet season (Cusack et al., 2019; Newell 
et  al.,  2002). However, photosynthetic CO2 uptake is limited in 
the dry season (Comita & Engelbrecht,  2014; Restrepo-Coupe 
et  al.,  2013), and seasonal light differences in the understory of 
semi-deciduous tropical forests are small compared with temper-
ate forests (Gaviria et al., 2017; Matsuo et al., 2021). In addition, 
our investigated species all have long-lived leaves, which most 
likely developed in the wet season (Kitajima et al., 2013; Kursar & 
Coley, 1993) and there is no evidence that our ‘Paris-type’ species 
with 13C enrichment would have different leaf phenology. Partial 
mycoheterotrophy therefore is the most parsimonious explana-
tion for their significant 13C-enrichment (without 18O enrichment) 
compared with neighbouring ‘non-Paris-type’ species.

F I G U R E  1  Enrichment factors ε13C (a), ε2H (b), and ε18O (c) and 95% CI of individual seedlings in ‘Paris-type’ woody species in comparison 
to pooled neighbouring seedlings in ‘non-Paris-type’ reference species (95% CI displayed by dotted vertical lines) based on linear mixed 
models (Table S5). Purple and blue symbols indicate significant enrichment or depletion of ‘Paris-type’ species in comparison to ‘non-Paris-
type’ reference plants, respectively. Orange symbols indicate significant enrichment for fully mycoheterotrophic Voyria tenella. The six 
species that exhibit isotopic signatures indicative of partial mycoheterotrophy are highlighted in bold.

(a) (b) (c)

0 2.5 5.0 7.5 −10 0 10 20 30 −4 −2 0 2

ε13C (‰) ε2H (‰) ε18O (‰)

Anacardium excelsum
Cecropia insignis

Croton billbergianus
Palicourea guianensis 

Trichilia pallida
Acalypha macrostachya

Psychotria acuminata 
Annona spraguei

Thevetia ahouai
Genipa americana

Psychotria ho�mansegiana
Xylopia frutescens

Hybanthus prunifolius
Eugenia oerstediana

Ficus maxima
Terminalia amazonia
Psychotria limonensis

Casearia sylvestris
Psychotria marginata

Psychotria grandis
Psychotria horizontalis

Voyria tenella
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In our study, we considered ‘non-Paris-type’ species (i.e. with 
Arum-type AM or non-mycorrhizal) as autotrophic (Giesemann 
et al., 2021). If this is indeed a general pattern, or if fungus-to-plant 
C transfer can also occur in Arum-type species, has been ques-
tioned (Murata-Kato et al., 2022). However, in our study, none of 
the ‘non-Paris-type’ species showed conspicuous 13C enrichment 
(all ε13C < 0.4 ‰, except two species in which only one individ-
ual was sampled, see Table  S2). Even if Arum-type plants in our 
study would indeed exhibit some 13C enrichment due to partial 
mycoheterotrophy, this would lead to under- rather than overes-
timating the occurrence of mycoheterotrophy in the investigated 
Paris-type AM plants. The finding of an apparent 13C enrichment 
in some Arum-type species by Murata-Kato et  al.  (2022) may be 
traced back to a different sampling design. We collected leaves 
from closely neighbouring target and reference plants (within max. 
2 m2) fulfilling the requirement of growth under similar light con-
ditions, whilst Murata-Kato et al. (2022) collected their target and 
reference plants within a much larger area (25 m2). At this scale, 
light conditions can already vary considerably on the forest floor 
(Nicotra et al., 1999).

In two of the emerging partially mycoheterotrophic species, 
Acalypha macrostachya and Trichilia pallida, the 13C enrichment sig-
nature may indeed even underestimate fungus-to-plant C transfer. 
In these species, 18O was depleted relative to ‘non-Paris-type’ ref-
erence plants, indicating higher transpiration and lower water use 
efficiency (Barbour, 2007). This counteracts any 13C enrichment by 
heterotrophic nutrition. Higher transpiration and lower water use 
efficiency indicated by 18O depletion may also explain their 2H de-
pletion (see below).

Five additional ‘Paris-type’ species (all in the genus Psychotria) 
exhibited higher transpiration than their respective reference plants 
(indicated by 18O depletion). In these species, which did not differ in 
ε13C from ‘non-Paris-type’ reference plants, the transpiration effect 
leading to 13C depletion may have completely masked possible 13C 
enrichment through biogenic C gain. Thus, it is possible that these 
species also exhibit partial mycoheterotrophy, but currently, we can-
not conclusively resolve their nutritional mode based on the stable 
isotope signatures.

Our finding of stable isotope signatures indicative of partial my-
coheterotrophy in seedlings of nearly 30% of the studied Paris-type 
AM tropical woody species, provides for the first time evidence that 
supplementary C gain through partial mycoheterotrophy exists in 
seedlings of tropical tree species with AM associations.

4.3  |  2H depletion amongst partially 
mycoheterotrophic seedlings

A 2H enrichment relative to ‘non-Paris-type’ reference plants, which 
has been observed in fully and partially mycoheterotrophic herba-
ceous AM species (Giesemann et al., 2021; Giesemann, Eichenberg, 
et  al.,  2020; Gomes et  al.,  2020) and is considered an additional 
independent indication for biogenic organic matter gain from 

fungi, occurred only in seedlings of one ‘Paris-type’ tree species 
(Anacardium excelsum).

Instead, five out of the six 13C-enriched ‘Paris-type’ species ex-
hibited even significant depletion of 2H. This was unexpected and has 
not been described before, neither for fully nor partially mycohetero-
trophic AM plants (Giesemann et al., 2021; Giesemann, Eichenberg, 
et al., 2020; Gomes et al., 2020). In those species that also exhibit 
depletion of 18O compared with the reference plants, higher tran-
spiration may explain the observed 2H depletion (i.e. for Acalypha 
macrostachya and Trichilia pallida). Yet, in the species where no 18O 
depletion emerged, such a transpiration effect can be excluded (for 
Annona spraguei, Cecropia insignis, and Croton billbergianus). A major 
fungus-to-seedling C supply in the form of 2H-depleted lipids (higher 
lipid-to-carbohydrate gain ratio) might potentially explain 2H-
depleted leaf tissues in these species: AM fungi receive substantial 
amounts of lipids (i.e. fatty acids) from their ‘C donor plant’ partner 
(Jiang et al., 2017; Keymer et al., 2017; Luginbuehl et al., 2017) and 
lipids represent the major C-storage compounds in AM fungi (Wipf 
et al., 2019). Lipids have been recognised to be 2H-depleted com-
pared with cellulose due to 2H-fractionation during the biosynthesis 
of plant organic compounds (Cormier et al., 2018).

4.4  |  Possible ecological implications of partial 
mycoheterotrophy for tropical woody seedlings

Our results indicate for the first time that supplementary C gain 
through partial mycoheterotrophy exists in seedlings of tropical tree 
species with AM associations. They imply that plant–fungus–plant 
C transfer occurs in some tropical tree species with AM via com-
mon mycorrhizal networks (Merckx et al., 2024). Additional C gain 
and redistribution of C through partial mycoheterotrophy may have 
pervasive ecological implications considering the severe light, and 
frequently also P and water limitation to tree regeneration in the 
understory of tropical lowland forests (Comita & Engelbrecht, 2014; 
Holste et al., 2011; Santiago et al., 2017).

Partial mycoheterotrophy is considered a strategy to allow 
for seedling establishment, survival, and growth under C-limited 
conditions, especially light limitation (e.g. Preiss et  al.,  2010). 
Seedlings of shade-tolerant species can survive for decades in the 
deep shade of the tropical forest understory (Hubbell et al., 1999; 
Rüger et al., 2009). Biogenic C supply through partial mycoheter-
otrophy in addition to photosynthetic C gain may lead to a lower 
whole-plant light compensation point in some species, and help to 
maintain a positive C balance under these conditions. Additional 
C gain through partial mycoheterotrophy may also allow to al-
leviate the trait-based trade-off between survival in the shade 
and growth rates in seedlings of the respective species (Ellers 
et al., 2012). Yet, those species, for which we found evidence for 
partial mycoheterotrophy in seedlings, were not the most shade-
tolerant ones in the system (Rüger et al., 2018) and even included 
pronounced light-requiring pioneers (Cecropia insignis and Croton 
billbergianus). These results imply that partial mycoheterotrophy 
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may provide additional or alternative advantages to woody seed-
lings (particularly of pioneer species) beyond survival and growth 
under light-limited conditions.

Partial mycoheterotrophy may additionally enable plants 
to cope with P limitation and/or drought during the dry season 
by providing organic C when photosynthesis is limited (Comita 
& Engelbrecht,  2014; Holste et  al.,  2011; Santiago et  al.,  2017). 
Fully mycoheterotrophic plants in tropical forests are associated 
with low-fertility sites (Gomes et al., 2019; Sheldrake et al., 2017) 
and the dependency of partially mycoheterotrophic plants on 
fungal-derived carbon can increase under drought (McCormick 
et al., 2022). The distribution of the woody species, with evidence 
for partial mycoheterotrophy in seedlings, was associated with 
dry sites (with the exception of Croton billbergianus), whilst no pat-
tern emerged for the association with soil P availability (Condit 
et al., 2013). C gains from fungi can also be crucial for germina-
tion in plants with tiny seeds that provide only limited C resources 
(Eriksson & Kainulainen,  2011). In our study, the species with 
evidence for partial mycoheterotrophy exhibited a wide range 
of seed sizes. Seedlings of pioneer species with small seeds and 
thus low C reserves might benefit from additional biogenic C sup-
ply through partial mycoheterotrophy during initial survival and 
growth. Detecting partial mycoheterotrophy amongst seedlings of 
species with variable light, P and water requirements and different 
seed sizes suggests that ecological advantages differ across spe-
cies and possibly growing conditions.

The seedling stage comprises a bottleneck in population dy-
namics (Harper, 1977) and the foundation for future forest com-
position. Even small C gains through partial mycoheterotrophy 
may confer seedlings of the respective species a performance ad-
vantage in the forest understory and expand their niches (Merckx 
et  al.,  2024; Tedersoo et  al.,  2020). It may thus impact species' 
relative regeneration success, and subsequently forest com-
munity composition (Mangan et  al.,  2010; Parihar et  al.,  2020). 
Although any direct contribution from fungi to overall C cycling 
processes in tropical forests is likely insignificant, effects on for-
est composition mediated by AM may have pervasive indirect ef-
fects on ecosystem function, specifically for C uptake and storage 
(Merckx et al., 2024).

Partial mycoheterotrophy amongst AM plants requires at least 
a tripartite association interconnecting a mycoheterotrophic ‘C re-
ceiver plant’ via an AM fungus to a photosynthetic ‘C donor plant’, 
because AM fungi are obligate biotrophic, that is, they entirely 
depend on organic C supplied by a living plant partner (Tisserant 
et  al.,  2013; Trépanier et  al.,  2005). Our results therefore imply 
for the first time that C transfer through common mycorrhizal 
networks must occur amongst woody tropical AM species, which 
are dominant in lowland tropical forests. Thus, C transfer via AM 
in forests is not restricted to herbaceous species (e.g. Giesemann 
et al., 2021; Sheldrake et al., 2017), where it has been suggested to 
be prevalent (Merckx et al., 2024). Plant–fungus–plant C exchange 
dynamics amongst woody plants within common mycorrhizal net-
works have been primarily studied in ectomycorrhizal systems in 

temperate and boreal climates (e.g. Avital et al., 2022; Cahanovitc 
et al., 2022; Klein et al., 2023; Simard et al., 1997) and only few 
studies consider woody AM species (e.g. Avital et al., 2022; Lerat 
et  al.,  2002). However, direct C transfer and resource transfer 
within such common mycorrhizal networks remains highly debated 
(Figueiredo et al., 2021; Henriksson et al., 2023; Karst et al., 2023; 
Klein et  al.,  2023; Luo et  al.,  2023), because it is challenging to 
firmly establish a fungal connection between plants (see Rillig 
et al.  (2024) for a critical evaluation of the definition of common 
mycorrhizal networks). Achlorophyllous fully mycoheterotrophic 
AM herbaceous plants provide conclusive examples for plant–fun-
gus–plant C transfer, and thus for common mycorrhizal networks 
(Merckx et al., 2024). Shared mycorrhizal fungi in common mycor-
rhizal networks have been suggested to link over- and understorey 
C and nutrient exchanges (Balandier et  al.,  2022), and to play a 
fundamental role in balancing plant interactions within communi-
ties harbouring mycoheterotrophs (Selosse et al., 2006; Tedersoo 
et al., 2020). To confirm the indication for a plant–fungus–plant C 
transfer in seedlings of woody AM species based on our results, 
valuable insights could be gained from tracer experiments (Klein 
et  al.,  2016) and natural abundance stable isotope signatures of 
fungal hyphae extracted from plant roots (Gomes et  al.,  2023; 
Klink et al., 2020; Zahn et al., 2023) together with DNA sequenc-
ing for fungal partner identification.

Additional studies are also called for to explore how wide-
spread partial mycoheterotrophy is in (tropical) woody species, 
and across forests under different environmental conditions (e.g. 
different soils, seasonality) and to quantify the extent of trans-
fer of biogenic C though partial mycoheterotrophy. The ecologi-
cal advantages that partial mycoheterotrophy provides for woody 
species in tropical forests remain to be investigated, as well as 
the consequences for community composition and ecosystem 
function.

5  |  CONCLUSIONS

We detected stable isotope signatures indicative of partial mycohet-
erotrophic nutrition in seedlings of almost 30% of the investigated 
Paris-type AM woody species in the understory of neo-tropical low-
land forests and thus provide the first evidence for additional C gain 
through fungal interactions in tropical woody AM species. Paris-type 
AM, considered a prerequisite for biogenic C gain, occurred in seed-
lings of about half of the investigated species, suggesting that partial 
mycoheterotrophy might actually be rather widespread in tropical 
woody plants.

Given the far-reaching possible ecological implications of partial 
mycoheterotrophy in tree seedlings of tropical (as well as other) for-
ests, we urgently need to gain further insights.
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E. Zahn. Gerhard Gebauer supervised and quality-controlled the 
isotope abundance analyses. Franziska E. Zahn analysed the data 
and wrote the first manuscript draft with inputs from Bettina M. J. 
Engelbrecht and Gerhard Gebauer. All authors commented and ap-
proved the final version of the manuscript. This work was supported 
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brings together authors from different countries, including scientists 
based in the country where the study was carried out. All authors 
were engaged early on with the research and study design to ensure 
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from the onset. Whenever relevant, literature published by scien-
tists from the region was cited.

ACKNOWLEDG EMENTS
We thank Carina Bauer, Petra Eckert, and Heidi Zier (BayCEER 
Laboratory of Isotope Biogeochemistry) for skillful technical as-
sistance and Alicia Knauft for assistance with laboratory work. 
The Smithsonian Tropical Research Institute (STRI) and its dedi-
cated staff provided logistical support and research facilities, and 
we acknowledge research and collection permits from the Ministry 
of Environment in Panama (MiAmbiente). The Department of 
Agroecology (University of Bayreuth) provided access to labora-
tories and microscope facilities. Protocols and discussion on root 
staining approaches provided by Tessa Camenzind (Freie Universität 
Berlin) are sincerely appreciated.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that they have no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Additional data are available in the Supporting Information and de-
posited in Dryad Digital Repository: https://​doi.​org/​10.​5061/​dryad.​
kprr4​xhf2 (Zahn et al., 2024).

ORCID
Franziska E. Zahn   https://orcid.org/0009-0003-8998-8480 
Bettina M. J. Engelbrecht   https://orcid.
org/0000-0001-8314-0778 
Gerhard Gebauer   https://orcid.org/0000-0003-1577-7501 

R E FE R E N C E S
Ahulu, E. M., Andoh, H., & Nonaka, M. (2007). Host-related variabil-

ity in arbuscular mycorrhizal fungal structures in roots of Hedera 
rhombea, Rubus parvifolius, and Rosa multiflora under controlled 
conditions. Mycorrhiza, 17, 93–101.

Ahulu, E. M., Gollotte, A., Gianinazzi-Pearson, V., & Nonaka, M. (2006). 
Cooccurring plants forming distinct arbuscular mycorrhizal mor-
phologies harbor similar AM fungal species. Mycorrhiza, 17, 37–49.

Alexander, I. (1989). Mycorrhizas in tropical forests. In J. Proctor (Ed.), 
Mineral nutrients in tropical forest and savanna ecosystems (pp. 169–
188). Blackwell Scientific Oxford.

Alexander, I. J., & Lee, S. S. (2005). Mycorrhizas and ecosystem processes 
in tropical rain forest: Implications for diversity. In D. Burslem, M. 
Pinard, & S. Hartley (Eds.), Biotic interactions in the tropics (pp. 165–
203). Cambridge University Press.

Autoridad Nacional del Ambiente Panamá. (2010). Atlas Ambiental de la 
Republica de Panama (Primera Versión).

Avital, S., Rog, I., Livne-Luzon, S., Cahanovitc, R., & Klein, T. (2022). 
Asymmetric belowground carbon transfer in a diverse tree commu-
nity. Molecular Ecology, 31, 3481–3495.

Baillie, I., Elsenbeer, H., Barthold, F., Grimm, R., & Stallard, R. (2007). Semi-
detailed soil survey of Barro Colorado Island, Panama. Smithsonian 
Tropical Research Institute.

Balandier, P., Mårell, A., Prévosto, B., & Vincenot, L. (2022). Tamm re-
view: Forest understorey and overstorey interactions: So much 
more than just light interception by trees. Forest Ecology and 
Management, 526, 120584.

Baldrian, P., López-Mondéjar, R., & Kohout, P. (2023). Forest microbiome 
and global change. Nature Reviews Microbiology, 21, 487–501.

Baltzer, J. L., & Thomas, S. C. (2007). Determinants of whole-plant 
light requirements in Bornean rain forest tree saplings. Journal of 
Ecology, 95, 1208–1221.

Barbour, M. M. (2007). Stable oxygen isotope composition of plant tis-
sue: A review. Functional Plant Biology, 34, 83–94.

Bates, D., Mächler, M., Bolker, B. M., & Walker, S. C. (2015). Fitting linear 
mixed-effects models using lme4. Journal of Statistical Software, 67, 
1–48.

Bennett, A. E., & Groten, K. (2022). The costs and benefits of plant-
arbuscular mycorrhizal fungal interactions. Annual Review of Plant 
Biology, 73, 649–672.

Brockerhoff, E. G., Barbaro, L., Castagneyrol, B., Forrester, D. I., 
Gardiner, B., González-Olabarria, J. R., Lyver, P. O. B., Meurisse, 
N., Oxbrough, A., Taki, H., Thompson, I. D., van der Plas, F., & 
Jactel, H. (2017). Forest biodiversity, ecosystem function-
ing and the provision of ecosystem services. Biodiversity and 
Conservation, 26, 3005–3035.

Brundrett, M. C. (2017). Global diversity and importance of mycorrhi-
zal and nonmycorrhizal plants. In L. Tedersoo (Ed.), Biogeography 
of mycorrhizal symbiosis. Ecological studies (Vol. 230, pp. 533–556). 
Springer.

Cahanovitc, R., Livne-Luzon, S., Angel, R., & Klein, T. (2022). 
Ectomycorrhizal fungi mediate belowground carbon transfer be-
tween pines and oaks. ISME Journal, 16, 1420–1429.

Cameron, D. D., & Bolin, J. F. (2010). Isotopic evidence of partial 
mycoheterotrophy in the gentianaceae: Bartonia virginica and 
Obolaria virginica as case studies. American Journal of Botany, 97, 
1272–1277.

Cernusak, L. A., Pate, J. S., & Farquhar, G. D. (2004). Oxygen and carbon 
isotope composition of parasitic plants and their hosts in south-
western Australia. Oecologia, 139, 199–213.

Comita, L. S., Condit, R., & Hubbell, S. P. (2007). Developmental changes 
in habitat associations of tropical trees. Journal of Ecology, 95(3), 
482–492.

Comita, L. S., & Engelbrecht, B. M. J. (2009). Seasonal and spatial varia-
tion in water availability drive habitat associations in a tropical for-
est. Ecology, 90, 2755–2765.

Comita, L. S., & Engelbrecht, B. M. J. (2014). Drought as a driver of 
tropical tree species regeneration dynamics and distribution pat-
terns. In D. A. Coomes, D. F. R. P. Burslem, & W. D. Simonson 
(Eds.), Forests and global change (pp. 261–308). Cambridge 
University Press.

Condit, R., Engelbrecht, B. M. J., Pino, D., Pérez, R., & Turnera, B. L. 
(2013). Species distributions in response to individual soil nutri-
ents and seasonal drought across a community of tropical trees. 
Proceedings of the National Academy of Sciences of the United States 
of America, 110, 5064–5068.

 13652435, 2024, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14689 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [13/11/2025]. 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

https://doi.org/10.5061/dryad.kprr4xhf2
https://doi.org/10.5061/dryad.kprr4xhf2
https://orcid.org/0009-0003-8998-8480
https://orcid.org/0009-0003-8998-8480
https://orcid.org/0000-0001-8314-0778
https://orcid.org/0000-0001-8314-0778
https://orcid.org/0000-0001-8314-0778
https://orcid.org/0000-0003-1577-7501
https://orcid.org/0000-0003-1577-7501


2730  |    ZAHN et al.

Cormier, M. A., Werner, R. A., Sauer, P. E., Gröcke, D. R., Leuenberger, 
M. C., Wieloch, T., Schleucher, J., & Kahmen, A. (2018). 2H-
fractionations during the biosynthesis of carbohydrates and lipids 
imprint a metabolic signal on the δ2H values of plant organic com-
pounds. New Phytologist, 218, 479–491.

Courty, P. E., Walder, F., Boller, T., Ineichen, K., Wiemken, A., Rousteau, 
A., & Selosse, M. A. (2011). Carbon and nitrogen metabolism in my-
corrhizal networks and mycoheterotrophic plants of tropical for-
ests: A stable isotope analysis. Plant Physiology, 156, 952–961.

Cusack, D. F., Ashdown, D., Dietterich, L. H., Neupane, A., Ciochina, M., 
& Turner, B. L. (2019). Seasonal changes in soil respiration linked to 
soil moisture and phosphorus availability along a tropical rainfall 
gradient. Biogeochemistry, 145, 235–254.

da Silveira Lobo Sternberg, L. (1988). D/H ratios of environmental water 
recorded by D/H ratios of plant lipids. Nature, 333, 59–61.

Dawson, T. E., Mambelli, S., Plamboeck, A. H., Templer, P. H., & Tu, K. P. 
(2002). Stable isotopes in plant ecology. Annual Review of Ecology 
and Systematics, 33, 507–559.

Dickson, S., Smith, F. A., & Smith, S. E. (2007). Structural differences 
in arbuscular mycorrhizal symbioses: More than 100 years after 
Gallaud, where next? Mycorrhiza, 17, 375–393.

Ellers, J., Kiers, E. T., Currie, C. R., Mcdonald, B. R., & Visser, B. (2012). 
Ecological interactions drive evolutionary loss of traits. Ecology 
Letters, 15, 1071–1082.

Engelbrecht, B. M. J., Comita, L. S., Condit, R., Kursar, T. A., Tyree, 
M. T., Turner, B. L., & Hubbell, S. P. (2007). Drought sensitivity 
shapes species distribution patterns in tropical forests. Nature, 
447, 80–82.

Engelbrecht, B. M. J., Wright, S. J., & De Steven, D. (2002). Survival and 
ecophysiology of tree seedlings during El Niño drought in a tropical 
moist forest in Panama. Journal of Tropical Ecology, 18, 569–579.

Eriksson, O., & Kainulainen, K. (2011). The evolutionary ecology of dust 
seeds. Perspectives in Plant Ecology, Evolution and Systematics, 13, 
73–87.

Farquhar, G. D., O'Leary, M. H., & Berry, J. A. (1982). On the relation-
ship between carbon isotope discrimination and the intercellular 
carbon dioxide concentration in leaves. Australian Journal of Plant 
Physiology, 9, 121–137.

Figueiredo, A. F., Boy, J., & Guggenberger, G. (2021). Common mycor-
rhizae network: A review of the theories and mechanisms behind 
underground interactions. Frontiers in Fungal Biology, 2, 735299.

Foster, R. B., & Hubbell, S. P. (1990). The floristic composition of the 
Barro Colorado Island Forest. In A. H. Gentry (Ed.), Four neotropical 
rainforests (pp. 85–98). Yale University Press.

Fredeen, A. L., & Field, C. B. (1996). Ecophysiological constraints on the 
distribution of Piper species. In S. S. Mulkey, R. L. Chazdon, & A. P. 
Smith (Eds.), Tropical forest plant ecophysiology (pp. 597–618). Springer.

Gallaud, I. (1905). Études sur les mycorrhizes endotrophes. Revue générale 
de botanique, 17, 479–500.

Gaviria, J., Turner, B. L., & Engelbrecht, B. M. J. (2017). Drivers of tree 
species distribution across a tropical rainfall gradient. Ecosphere, 
8(2), e01712.

Gebauer, G., & Meyer, M. (2003). 15N and 13C natural abundance of au-
totrophic and myco-heterotrophic orchids provides insight into ni-
trogen and carbon gain from fungal association. New Phytologist, 
160, 209–223.

Gebauer, G., Preiss, K., & Gebauer, A. C. (2016). Partial mycoheterotro-
phy is more widespread among orchids than previously assumed. 
New Phytologist, 211, 11–15.

Gebauer, G., & Schulze, E.-D. (1991). Carbon and nitrogen isotope ratios 
in different compartments of a healthy and a declining Picea abies 
forest in the Fichtelgebirge, NE Bavaria. Oecologia, 87, 198–207.

Genre, A., Lanfranco, L., Perotto, S., & Bonfante, P. (2020). Unique 
and common traits in mycorrhizal symbioses. Nature Reviews 
Microbiology, 18, 649–660.

Giesemann, P., Eichenberg, D., Stöckel, M., Seifert, L. F., Gomes, S. I. F., 
Merckx, V. S. F. T., & Gebauer, G. (2020). Dark septate endophytes 
and arbuscular mycorrhizal fungi (Paris-morphotype) affect the 
stable isotope composition of ‘classically’ non-mycorrhizal plants. 
Functional Ecology, 34, 2453–2466.

Giesemann, P., Rasmussen, H. N., & Gebauer, G. (2021). Partial mycohet-
erotrophy is common among chlorophyllous plants with Paris-type 
arbuscular mycorrhiza. Annals of Botany, 127, 645–653.

Giesemann, P., Rasmussen, H. N., Liebel, H. T., & Gebauer, G. (2020). 
Discreet heterotrophs: Green plants that receive fungal carbon 
through Paris-type arbuscular mycorrhiza. New Phytologist, 226, 
960–966.

Gleixner, G., Danier, H. J., Werner, R. A., & Schmidt, H. L. (1993). 
Correlations between the 13C content of primary and secondary 
plant products in different cell compartments and that in decom-
posing basidiomycetes. Plant Physiology, 102, 1287–1290.

Gomes, S. I. F., Bodegom, P. M. V., & Soudzilovskaia, N. A. (2019). 
Environmental drivers for cheaters of arbuscular mycorrhi-
zal symbiosis in tropical rainforests. New Phytologist, 223, 
1575–1583.

Gomes, S. I. F., Giesemann, P., Klink, S., Hunt, C., Suetsugu, K., & 
Gebauer, G. (2023). Stable isotope natural abundances of fungal 
hyphae extracted from the roots of arbuscular mycorrhizal myco-
heterotrophs and rhizoctonia-associated orchids. New Phytologist, 
239, 1166–1172.

Gomes, S. I. F., Merckx, V. S. F. T., Kehl, J., & Gebauer, G. (2020). 
Mycoheterotrophic plants living on arbuscular mycorrhizal fungi 
are generally enriched in 13C, 15N and 2H isotopes. Journal of 
Ecology, 108, 1250–1261.

Hanba, Y. T., Mori, S., Lei, T. T., Koike, T., & Wada, E. (1997). Variations 
in leaf δ13C along a vertical profile of irradiance in a temperate 
Japanese forest. Oecologia, 110, 253–261.

Harper, J. L. (1977). Population biology of plants. Academic Press.
Harris, N. L., Gibbs, D. A., Baccini, A., Birdsey, R. A., de Bruin, S., Farina, 

M., Fatoyinbo, L., Hansen, M. C., Herold, M., Houghton, R. A., 
Potapov, P. V., Suarez, D. R., Roman-Cuesta, R. M., Saatchi, S. S., 
Slay, C. M., Turubanova, S. A., & Tyukavina, A. (2021). Global maps 
of twenty-first century forest carbon fluxes. Nature Climate Change, 
11, 234–240.

Henriksson, N., Marshall, J., Högberg, M. N., Högberg, P., Polle, A., 
Franklin, O., & Näsholm, T. (2023). Re-examining the evidence for 
the mother tree hypothesis—Resource sharing among trees via ec-
tomycorrhizal networks. New Phytologist, 239, 19–28.

Herre, E. A., Kyllo, D., Mangan, S., Husband, R., Mejia, L. C., & Eom, A.-
H. (2009). An overview of arbuscular mycorrhizal fungal composi-
tion, distribution and host effects from a tropical moist forest. In 
D. Burslem, M. Pinard, & S. Hartley (Eds.), Biotic interactions in the 
tropics: Their role in the maintenance of species diversity. Ecological 
reviews (pp. 204–225). Cambridge University Press.

Holste, E. K., Kobe, R. K., & Vriesendorp, C. F. (2011). Seedling growth re-
sponses to soil resources in the understory of a wet tropical forest. 
Ecology, 92, 1828–1838.

Horton, T. (2015). Mycorrhizal networks. Ecological studies (Vol. 224). 
Springer.

Hubau, W., Lewis, S. L., Phillips, O. L., Affum-Baffoe, K., Beeckman, 
H., Cuní-Sanchez, A., Daniels, A. K., Ewango, C. E. N., Fauset, S., 
Mukinzi, J. M., Sheil, D., Sonké, B., Sullivan, M. J. P., Sunderland, 
T. C. H., Taedoumg, H., Thomas, S. C., White, L. J. T., Abernethy, 
K. A., Adu-Bredu, S., … Zemagho, L. (2020). Asynchronous carbon 
sink saturation in African and Amazonian tropical forests. Nature, 
579, 80–87.

Hubbell, S. P., Foster, R. B., O'Brien, S. T., Harms, K. E., Condit, R., 
Wechsler, B., Wright, S. J., & Loo De Lao, S. (1999). Light-gap distur-
bances, recruitment limitation, and tree diversity in a neotropical 
forest. Science, 283, 554–557.

 13652435, 2024, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14689 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [13/11/2025]. 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



    |  2731ZAHN et al.

Husband, R., Herre, E. A., & Young, J. P. W. (2002). Temporal variation in 
the arbuscular mycorrhizal communities colonising seedlings in a 
tropical forest. FEMS Microbiology Ecology, 42, 131–136.

Hynson, N. A., Madsen, T. P., Selosse, M.-A., Adam, I. K. U., Ogura-Tsujita, 
Y., Roy, M., & Gebauer, G. (2013). The physiological ecology of my-
coheterotrophy. In V. S. F. T. Merckx (Ed.), Mycoheterotrophy: The 
biology of plants living on fungi (pp. 297–342). Springer.

Imhof, S. (1997). Root anatomy and mycotrophy of the achlorophyllous 
Voyria tenella hook. (Gentianaceae). Botanica Acta, 110, 298–305.

Imhof, S. (1999). Root morphology, anatomy and mycotrophy of the 
achlorophyllous Voyria aphylla (Jacq.) Pers. (Gentianaceae). 
Mycorrhiza, 9, 33–39.

Jiang, Y., Wang, W., Xie, Q., Liu, N., Liu, L., Wang, D., Zhang, X., Yang, 
C., Chen, X., Tang, D., & Wang, E. (2017). Plants transfer lipids to 
sustain colonization by mutualistic mycorrhizal and parasitic fungi. 
Science, 356, 1172–1173.

Karst, J., Jones, M. D., & Hoeksema, J. D. (2023). Positive citation bias and 
overinterpreted results lead to misinformation on common mycor-
rhizal networks in forests. Nature Ecology & Evolution, 7, 501–511.

Keymer, A., Pimprikar, P., Wewer, V., Huber, C., Brands, M., Bucerius, 
S. L., Delaux, P. M., Klingl, V., von Röpenack-Lahaye, E., Wang, T. 
L., Eisenreich, W., Dörmann, P., Parniske, M., & Gutjahr, C. (2017). 
Lipid transfer from plants to arbuscular mycorrhiza fungi. eLife, 6, 
1–33.

Kitajima, K., Cordero, R. A., & Wright, S. J. (2013). Leaf life span spectrum 
of tropical woody seedlings: Effects of light and ontogeny and con-
sequences for survival. Annals of Botany, 112, 685–699.

Klein, T., Rog, I., Livne-Luzon, S., van der Heijden, M. G. A., & Körner, C. 
(2023). Belowground carbon transfer across mycorrhizal networks 
among trees: Facts, not fantasy. Open Research Europe, 3, 168.

Klein, T., Siegwolf, R. T. W., & Körner, C. (2016). Belowground carbon 
trade among tall trees in a temperate forest. Science, 352, 342–344.

Klink, S., Giesemann, P., Hubmann, T., & Pausch, J. (2020). Stable C and 
N isotope natural abundances of intraradical hyphae of arbuscular 
mycorrhizal fungi. Mycorrhiza, 30, 773–780.

Klink, S., Keller, A. B., Wild, A. J., Baumert, V. L., Gube, M., Lehndorff, E., 
Meyer, N., Mueller, C. W., Phillips, R. P., & Pausch, J. (2022). Stable 
isotopes reveal that fungal residues contribute more to mineral-
associated organic matter pools than plant residues. Soil Biology and 
Biochemistry, 168, 108634.

Kottke, I., Beck, A., Haug, I., Setaro, S., Jeske, V., Suarez, J. P., Pazzmino, 
L., Preußing, M., Nebel, M., & Oberwinkler, F. (2006). Mycorrhizal 
state and new and special features of mycorrhizae of trees, eri-
cads, orchids, ferns, and liverworts. In E. Beck, J. Bendix, I. Kottke, 
F. Makeschin, & R. Mosandl (Eds.), Gradients in a tropical mountain 
ecosystem of Ecuador (Vol. 53, pp. 137–148). Springer.

Kubota, M., McGonigle, T. P., & Hyakumachi, M. (2005). Co-occurrence 
of Arum- and Paris-type morphologies of arbuscular mycorrhizae 
in cucumber and tomato. Mycorrhiza, 15, 73–77. https://​doi.​org/​10.​
1007/​s00572-​004-​0299-​0

Kursar, T. A., & Coley, P. D. (1993). Photosynthetic induction times in 
shade-tolerant species with long and short-lived leaves. Oecologia, 
93, 165–170.

Kusakabe, R., Sasuga, M., & Yamato, M. (2024). Ubiquitous arbuscular 
mycorrhizal fungi in the roots of herbaceous understory plants 
with hyphal degeneration in Colchicaceae and Gentianaceae. 
Mycorrhiza, 34, 181–190.

Kuyper, T. W., & Jansa, J. (2023). Arbuscular mycorrhiza: Advances and 
retreats in our understanding of the ecological functioning of the 
mother of all root symbioses. Plant and Soil, 489, 41–88.

Kyllo, D. A., Velez, V., & Tyree, M. T. (2003). Combined effects of ar-
buscular mycorrhizas and light on water uptake of the neotropi-
cal understory shrubs, Piper and Phychotria. New Phytologist, 160, 
443–454.

Lasso, E., & Jaramillo, M. A. (in press). Piper of Barro Colorado Island 
how many species are on the Island and what do we know about 

them? In H. C. Muller-Landau & S. J. Wright (Eds.), The first 100 years 
of research on Barro Colorado Island: Plant and ecosystem science. 
Smithsonian Institution Scholarly Press.

Leake, J. R. (1994). The biology of myco-heterotrophic (‘saprophytic’) 
plants. New Phytologist, 127, 171–216.

Lerat, S., Gauci, R., Catford, J. G., Vierheilig, H., Piché, Y., & Lapointe, 
L. (2002). 14C transfer between the spring ephemeral Erythronium 
americanum and sugar maple saplings via arbuscular mycorrhizal 
fungi in natural stands. Oecologia, 132, 181–187.

Lovelock, C. E., Andersen, K., & Morton, J. B. (2003). Arbuscular mycor-
rhizal communities in tropical forests are affected by host tree spe-
cies and environment. Oecologia, 135, 268–279. https://​doi.​org/​10.​
1007/​s00442-​002-​1166-​3

Luginbuehl, L. H., Menard, G. N., Kurup, S., Van Erp, H., Radhakrishnan, 
G. V., Breakspear, A., Oldroyd, G. E. D., & Eastmond, P. J. (2017). 
Fatty acids in arbuscular mycorrhizal fungi are synthesized by the 
host plant. Science, 356, 1175–1178.

Luo, X., Liu, Y., Li, S., & He, X. (2023). Interplant carbon and nitrogen 
transfers mediated by common arbuscular mycorrhizal networks: 
Beneficial pathways for system functionality. Frontiers in Plant 
Science, 14, 1–15.

Mangan, S. A., Eom, A. H., Adler, G. H., Yavitt, J. B., & Herre, E. A. (2004). 
Diversity of arbuscular mycorrhizal fungi across a fragmented for-
est in Panama: Insular spore communities differ from mainland 
communities. Oecologia, 141, 687–700.

Mangan, S. A., Herre, E. A., & Bever, J. D. (2010). Specificity between 
neotropical tree seedlings and their fungal mutualists leads to 
plant-soil feedback. Ecology, 91, 2594–2603.

Matsuo, T., Martínez-Ramos, M., Bongers, F., van der Sande, M. T., & 
Poorter, L. (2021). Forest structure drives changes in light het-
erogeneity during tropical secondary forest succession. Journal of 
Ecology, 109, 2871–2884.

McCormick, M. K., Good, K. L., Mozdzer, T. J., & Whigham, D. F. (2022). 
Shade and drought increase fungal contribution to partially myco-
heterotrophic terrestrial orchids Goodyera pubescens and Tipularia 
discolor. Frontiers in Ecology and Evolution, 10, 1–11.

Merckx, V. S. F. T. (2013). Mycoheterotrophy: The biology of plants living 
on fungi. Springer.

Merckx, V. S. F. T., & Bidartondo, M. I. (2008). Breakdown and delayed 
cospeciation in the arbuscular mycorrhizal mutualism. Proceedings 
of the Royal Society B: Biological Sciences, 275, 1029–1035.

Merckx, V. S. F. T., Gomes, S. I. F., Wang, D., Verbeek, C., Jacquemyn, 
H., Zahn, F. E., Gebauer, G., & Bidartondo, M. I. (2024). 
Mycoheterotrophy in the wood-wide web. Nature Plants, 10, 
710–718.

Merckx, V. S. F. T., Stöckel, M., Fleischmann, A., Bruns, T. D., & Gebauer, 
G. (2010). 15N and 13C natural abundance of two mycoheterotro-
phic and a putative partially mycoheterotrophic species associ-
ated with arbuscular mycorrhizal fungi. New Phytologist, 188, 
590–596.

Murata-Kato, S., Sato, R., Abe, S., Hashimoto, Y., Yamagishi, H., 
Yokoyama, J., & Tomimatsu, H. (2022). Partial mycoheterotrophy 
in green plants forming Paris-type arbuscular mycorrhiza requires a 
thorough investigation. New Phytologist, 234, 1112–1118.

Muthukumar, T., Sha, L., Yang, X., Cao, M., Tang, J., & Zheng, Z. (2003). 
Distribution of roots and arbuscular mycorrhizal associations in 
tropical forest types of Xishuangbanna, southwest China. Applied 
Soil Ecology, 22, 241–253.

Newell, E. A., Mulkey, S. S., & Wright, S. J. (2002). Seasonal patterns of 
carbohydrate storage in four tropical tree species. Oecologia, 131, 
333–342.

Nicotra, A. B., Chazdon, R. L., & Iriarte, V. B. (1999). Spatial heterogeneity 
of light and woody seedling regeneration in tropical wet forests. 
Ecology, 80, 1908–1926.

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., 
Phillips, O. L., Shvidenko, A., Lewis, S. L., Canadell, J. G., Ciais, P., 

 13652435, 2024, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14689 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [13/11/2025]. 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

https://doi.org/10.1007/s00572-004-0299-0
https://doi.org/10.1007/s00572-004-0299-0
https://doi.org/10.1007/s00442-002-1166-3
https://doi.org/10.1007/s00442-002-1166-3


2732  |    ZAHN et al.

Jackson, R. B., Pacala, S. W., McGuire, A. D., Piao, S., Rautiainen, A., 
Sitch, S., & Hayes, D. (2011). A large and persistent carbon sink in 
the world's forests. Science, 333, 988–993.

Parihar, M., Rakshit, A., Meena, V. S., Gupta, V. K., Rana, K., Choudhary, 
M., Tiwari, G., Mishra, P. K., Pattanayak, A., Bisht, J. K., Jatav, S. 
S., Khati, P., & Jatav, H. S. (2020). The potential of arbuscular my-
corrhizal fungi in C cycling: A review. Archives of Microbiology, 202, 
1581–1596.

Pearcy, R. W. (1987). Photosynthetic gas exchange responses of 
Australian tropical forest trees in canopy, gap and understory 
micro-environments. Functional Ecology, 1, 169.

Phillips, J. M., & Hayman, D. S. (1970). Improved procedures for clearing 
roots and staining parasitic and vesicular-arbuscular mycorrhizal 
fungi for rapid assessment of infection. Transactions of the British 
Mycological Society, 55, 158-IN18.

Preiss, K., Adam, I. K. U., & Gebauer, G. (2010). Irradiance governs ex-
ploitation of fungi: Fine-tuning of carbon gain by two partially 
myco-heterotrophic orchids. Proceedings of the Royal Society B: 
Biological Sciences, 277, 1333–1336.

Preiss, K., & Gebauer, G. (2008). A methodological approach to improve 
estimates of nutrient gains by partially myco-heterotrophic plants. 
Isotopes in Environmental and Health Studies, 44, 393–401.

Quay, P., King, S., & Wilbur, D. (1989). 13C/12C of atmospheric CO2 in 
the Amazon Basin: Forest and river sources. Journal of Geophysical 
Research, 94, 18327–18336.

R Core Team. (2023). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://​cran-r-​proje​ct.​
org/​web/​packa​ges/​dunn.​test/​index.​html

Restrepo-Coupe, N., da Rocha, H. R., Hutyra, L. R., da Araujo, A. C., 
Borma, L. S., Christoffersen, B., Cabral, O. M. R., de Camargo, P. B., 
Cardoso, F. L., da Costa, A. C. L., Fitzjarrald, D. R., Goulden, M. L., 
Kruijt, B., Maia, J. M. F., Malhi, Y. S., Manzi, A. O., Miller, S. D., Nobre, 
A. D., von Randow, C., … Saleska, S. R. (2013). What drives the sea-
sonality of photosynthesis across the Amazon basin? A cross-site 
analysis of eddy flux tower measurements from the Brasil flux net-
work. Agricultural and Forest Meteorology, 182–183, 128–144.

Rillig, M. C., Lehmann, A., Lanfranco, L., Caruso, T., & Johnson, D. 
(2024). Clarifying the definition of common mycorrhizal networks. 
Functional Ecology, 1–7.

Rüger, N., Comita, L. S., Condit, R., Purves, D., Rosenbaum, B., Visser, M. 
D., Wright, S. J., & Wirth, C. (2018). Beyond the fast–slow contin-
uum: Demographic dimensions structuring a tropical tree commu-
nity. Ecology Letters, 21, 1075–1084.

Rüger, N., Huth, A., Hubbell, S. P., & Condit, R. (2009). Response of re-
cruitment to light availability across a tropical lowland rain forest 
community. Journal of Ecology, 97, 1360–1368.

Russell, A., Lenth, V., Buerkner, P., Herve, M., Love, J., Singmann, H., & 
Lenth, M. R. V. (2022). Package ‘emmeans’. R topics documented 
(Vol. 34, pp. 216–221). http://​doi.​org/​10.​32614/​​CRAN.​packa​ge.​
emmeans

Santiago, L. S., Silvera, K., Andrade, J. L., & Dawson, T. E. (2017). 
Functional strategies of tropical dry forest plants in relation to 
growth form and isotopic composition. Environmental Research 
Letters, 12, 115006.

Santiago, L. S., Wright, S. J., Harms, K. E., Yavitt, J. B., Korine, C., Garcia, 
M. N., & Turner, B. L. (2012). Tropical tree seedling growth re-
sponses to nitrogen, phosphorus and potassium addition. Journal 
of Ecology, 100, 309–316.

Selosse, M. A., Richard, F., He, X., & Simard, S. W. (2006). Mycorrhizal 
networks: Des liaisons dangereuses? Trends in Ecology & Evolution, 
21, 621–628.

Sheldrake, M., Rosenstock, N. P., Revillini, D., Olsson, P. A., Joseph 
Wright, S., & Turner, B. L. (2017). A phosphorus threshold for my-
coheterotrophic plants in tropical forests. Proceedings of the Royal 
Society B: Biological Sciences, 284, 20162093.

Simard, S. W., Perry, D. A., Jones, M. D., Myrold, D. D., Durall, D. M., & 
Molina, R. (1997). Net transfer of carbon between ectomycorrhizal 
tree species in the field. Nature, 388, 579–582.

Smith, S. E., & Read, D. J. (2008). Mycorrhizal symbiosis. Academic Press.
Spatafora, J. W., Chang, Y., Benny, G. L., Lazarus, K., Smith, M. E., Berbee, 

M. L., Bonito, G., Corradi, N., Grigoriev, I., Gryganskyi, A., James, T. 
Y., O'Donnell, K., Roberson, R. W., Taylor, T. N., Uehling, J., Vilgalys, 
R., White, M. M., & Stajich, J. E. (2016). A phylum-level phylogenetic 
classification of zygomycete fungi based on genome-scale data. 
Mycologia, 108, 1028–1046.

Strengers, B. J., Müller, C., Schaeffer, M., Haarsma, R. J., Severijns, C., 
Gerten, D., Schaphoff, S., Van Den Houdt, R., & Oostenrijk, R. 
(2010). Assessing 20th century climate-vegetation feedbacks of 
land-use change and natural vegetation dynamics in a fully coupled 
vegetation-climate model. International Journal of Climatology, 30, 
2055–2065.

Tedersoo, L., Bahram, M., & Zobel, M. (2020). How mycorrhizal asso-
ciations drive plant population and community biology. Science, 
367(6480), 1–9.

Tisserant, E., Malbreil, M., Kuo, A., Kohler, A., Symeonidi, A., Balestrini, 
R., Charron, P., Duensing, N., Frei Dit Frey, N., Gianinazzi-Pearson, 
V., Gilbert, L. B., Handa, Y., Herr, J. R., Hijri, M., Koul, R., Kawaguchi, 
M., Krajinski, F., Lammers, P. J., Masclaux, F. G., … Martin, F. (2013). 
Genome of an arbuscular mycorrhizal fungus provides insight into 
the oldest plant symbiosis. Proceedings of the National Academy of 
Sciences of the United States of America, 110, 20117–20122.

Trépanier, M., Bécard, G., Moutoglis, P., Willemot, C., Gagné, S., Avis, 
T. J., & Rioux, J. A. (2005). Dependence of arbuscular-mycorrhizal 
fungi on their plant host for palmitic acid synthesis. Applied and 
Environmental Microbiology, 71, 5341–5347.

Turner, B. L., Condron, L. M., Richardson, S. J., Peltzer, D. A., & Allison, 
V. J. (2007). Soil organic phosphorus transformations during pedo-
genesis. Ecosystems, 10, 1166–1181.

Turner, B. L., & Engelbrecht, B. M. J. (2011). Soil organic phosphorus in 
lowland tropical rain forests. Biogeochemistry, 103, 297–315.

Vierheilig, H., Schweiger, P., & Brundrett, M. (2005). An overview of 
methods for the detection and observation of arbuscular mycorrhi-
zal fungi in roots. Physiologia Plantarum, 125, 393–404.

Vitousek, P. M. (1984). Litterfall, nutrient cycling, and nutrient limitation 
in tropical forests. Ecology, 65, 285–298.

Wipf, D., Krajinski, F., van Tuinen, D., Recorbet, G., & Courty, P. E. 
(2019). Trading on the arbuscular mycorrhiza market: From ar-
buscules to common mycorrhizal networks. New Phytologist, 223, 
1127–1142.

Wright, S. J. (2010). The future of tropical forests. Annals of the New York 
Academy of Sciences, 1195, 1–27.

Yakir, D. (1992). Variations in the natural abundance of oxygen-18 and 
deuterium in plant carbohydrates. Plant, Cell & Environment, 15, 
1005–1020.

Zahn, F. E., Contreras, B., Engelbrecht, B. M. J., & Gebauer, G. (2024). 
Stable isotope analysis indicates partial mycoheterotrophy in ar-
buscular mycorrhizal woody seedlings in tropical forests [Dataset]. 
Dryad. https://​doi.​org/​10.​5061/​dryad.​kprr4​xhf2

Zahn, F. E., Söll, E., Chapin, T. K., Wang, D., Gomes, S. I. F., Hynson, N. A., 
Pausch, J., & Gebauer, G. (2023). Novel insights into orchid mycor-
rhiza functioning from stable isotope signatures of fungal pelotons. 
New Phytologist, 239, 1449–1463.

Zhang, J., Quan, C., Ma, L., Chu, G., Liu, Z., & Tang, X. (2021). Plant com-
munity and soil properties drive arbuscular mycorrhizal fungal 
diversity: A case study in tropical forests. Soil Ecology Letters, 3, 
52–62.

Zimmer, K., Hynson, N. A., Gebauer, G., Allen, E. B., Allen, M. F., & Read, 
D. J. (2007). Wide geographical and ecological distribution of ni-
trogen and carbon gains from fungi in pyroloids and monotropoids 
(Ericaceae) and in orchids. New Phytologist, 175, 166–175.

 13652435, 2024, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2435.14689 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [13/11/2025]. 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

https://cran-r-project.org/web/packages/dunn.test/index.html
https://cran-r-project.org/web/packages/dunn.test/index.html
http://doi.org/10.32614/CRAN.package.emmeans
http://doi.org/10.32614/CRAN.package.emmeans
https://doi.org/10.5061/dryad.kprr4xhf2


    |  2733ZAHN et al.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Figure S1. Estimated enrichment factors ε15N (a) and εTotalN 
concentration (b) with 95% CI of individual seedlings in ‘Paris-type’ 
species in comparison to pooled neighbouring seedlings in ‘non-Paris-
type’ reference species (95% CI displayed by dotted vertical lines).
Figure S2. Histogram of the number of ‘non-Paris-type’ reference 
seedlings across plots.
Figure S3. Comparison of the δ13C values of the individuals of the six 
‘Paris-type’ target species with significant 13C enrichment compared 
with the mean δ13C of all ‘non-Paris-type’ reference plants in the 
respective plot.
Table  S1. Morphotype determination based on literature and 
microscopic observations.
Table S2. Isotopic signature for all study species.
Table S3. Summaries of linear mixed models (estimated using REML 
and nloptwrap optimiser, R function: lmer) predicting ε13C, ε2H, 
ε18O, ε15N and εTotalN, respectively with Group (‘Paris-type’, ‘non-
Paris-type’, ‘FMH’ (fully mycoheterotrophic)) for woody tree and 
shrub species (and Voyria).

Table S4. Pairwise comparisons of Group effect (‘Paris-type’, ‘non-
Paris-type’, ‘FMH’ (fully mycoheterotrophic)) on ε13C, ε2H, ε18O, 
ε15N and εTotalN of woody tree and shrub species obtained from 
linear mixed models' post hoc tests comparing differences in 
means.
Table  S5. Summaries of linear mixed models (estimated using 
REML and nloptwrap optimiser, R function: lmer) comparing ε13C, 
ε2H, ε18O, ε15N and εTotalN, respectively of individual potentially 
partially mycoheterotrophic ‘Paris-type’ target species (and fully 
mycoheterotrophic Voyria) to pooled ‘non-Paris-type’ reference 
plants.
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