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Abstract
1. Pioneer trees require high-light environments for successful seedling establish-

ment. Consequently, seeds of these species often persist in the soil seed bank
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spite extensive pressure from seed predators and soil-borne pathogens remains

an intriguing question.

. This study aims to test the hypotheses that decades-old seeds collected from the

SSB in a lowland tropical forest remain viable by (i) escaping infection by fungi,
which are major drivers of seed mortality in tropical soils, and/or (ii) maintaining
high levels of seed dormancy and seed coat integrity when compared to inviable

seeds.

. We collected seeds of Trema micrantha and Zanthoxylum ekmanii at Barro

Colorado Island, Panama, from sites where adult trees previously occurred in the
past 30years. We used carbon dating to measure seed age and characterized

seed coat integrity, seed dormancy and fungal communities.

. Viable seeds from the SSB ranged in age from 9 to 30years for T. micrantha, and 5

to 33years for Z. ekmanii. We found no evidence that decades-old seeds maintain
high levels of seed dormancy or seed coat integrity. Fungi were rarely detected
in fresh seeds (no soil contact), but phylogenetically diverse fungi were detected
often in seeds from the SSB. Although fungal infections were more commonly
detected in inviable seeds than in viable seeds, a lack of differences in fungal di-
versity and community composition between viable and inviable seeds suggested
that viable seeds are not simply excluding fungal species to survive long periods
in the SSB.
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1 | INTRODUCTION

Tropical pioneer trees colonize and establish in treefall gaps and
other forest disturbances. In old-growth forests, treefall gaps typ-
ically result from seasonal blowdowns and lightning strikes (Gora
etal., 2021) and are rare at the landscape level (Lobo & Dalling, 2013).
Their rarity limits recruitment opportunities for seeds of pioneer
trees in space and time. Therefore, some species of pioneer trees
compensate for infrequent recruitment opportunities by prolonging
seed persistence in the soil.

In the seed ecology literature, it is often stated that seed dor-
mancy, defined as physical or physiological characteristics of seeds
that prevent germination when environmental conditions are appro-
priate for germination, improves the chances of survival by delaying
germination until conditions are favourable for seedling establish-
ment and growth, thus reducing the risk of reproductive failure (e.g.
Long et al., 2015). Mechanisms of dormancy differ among species:
for example, physically dormant seeds are enclosed inside a water-
impermeable layer that prevents germination, whereas physio-
logically dormant seeds are permeable but can only germinate if
dormancy is broken, often as a response to specific chemical or envi-
ronmental cues (Thompson, 2000). Seed persistence, defined as the
time between soil arrival and germination, ranges from a few weeks
to a few decades for tropical pioneer trees (Dalling & Brown, 2009;
Long et al., 2015). Burial experiments and carbon dating of seed
coats of pioneer species from the lowland forests in Panama suggest
that decadal seed persistence may be common among larger seeded
pioneers that have either physical or physiological seed dormancy
(Dalling & Brown, 2009; Zalamea et al., 2018).

After reaching the soil, seeds can be attacked by granivores or
infected by microbes, including soil-borne fungi that are significant
causes of seed mortality in tropical forest soils (Dalling et al., 1997,
1998). Thus, seeds have a range of defensive strategies, with the
production of hard and fibrous external layers or investment in
chemical defences fine-tuned to limit predation and pathogen infec-
tion (Dalling et al., 2020). Recent work on tropical seeds has revealed
how investments in physical and chemical seed defences vary with
seed dormancy class, reflecting the importance of seed permeabil-
ity as a key trait (Zalamea et al., 2018). Seed mortality due to fungi
is widespread across pioneer species (Dalling et al., 1998; Gallery
et al, 2010). However, recent evidence also suggests that non-
dormant (i.e. quiescent) seeds of Cecropia species may be particularly
dependent on protection from certain soil-borne, seed-infecting

5. Synthesis. Our findings reveal the importance of a previously understudied aspect
of seed survival, where the impact of seed-microbial interactions may be critical

to understand long-term persistence in the SSB.

Seed coat integrity, seed dormancy, seed endophytes, seed germination, seed long-term
persistence, seed-fungal interactions, soil seed bank, tropical pioneer trees

fungi (Dalling et al., 2020; Gallery et al., 2007; Zalamea et al., 2021).
Thus, fungal infections may have positive or negative effects, with
the outcome of interactions between seeds and fungi (i.e. functional
specificity, Sarmiento et al., 2017) highly dependent on host species
identity.

Seed burial experiments often are used to study seed fate in the
soil seed bank (SSB) (Long et al., 2015). However, they are usually
short in time and therefore do not address mechanisms of long-
term seed persistence. Census data collected from long-term for-
est dynamics plots contain fine-scale data on the past locations of
trees, which allows sampling of potentially decades-old SSBs. Using
this approach in the 50-ha forest dynamics plot on Barro Colorado
Island (BCI), Panama, Dalling and Brown (2009) found that physio-
logically dormant seeds of Croton billbergianus, Trema micrantha and
Zanthoxylum ekmanii collected at or near the soil surface (<3 cm soil
depth) can survive for at least 38, 31 and 18years respectively. Seed
burial experiments at BCI that excluded seed predators but allowed
microbial colonization also showed that seeds of T. micrantha and
Z. ekmanii did not lose viability after 30 months of burial (Zalamea
et al., 2018). However, little is known about the effect of dormancy
status and microbial colonization on the fate of decades-old seeds
with seed dormancy from the natural SSB.

The aim of this study was to test the hypotheses that decades-
old seeds collected from the SSB in a lowland tropical forest remain
viable by (i) escaping infection by fungi and/or (ii) maintaining high
levels of seed dormancy and seed coat integrity when compared to
inviable seeds. We focused on Trema micrantha and Zanthoxylum ek-
manii, which are pioneer species that have seeds that can persist in
the SSB for decades, produce physiologically dormant seeds and dif-
fer in their investment in chemical defences (Dalling & Brown, 2009;
Zalamea et al., 2018). We collected seeds of each species from sites
at BCI where conspecific reproductive trees had occurred over the
previous 30years. We then used carbon dating to measure seed
age and characterized seed coat integrity, seed dormancy and fun-
gal communities to test three predictions. First, if dead seeds ac-
cumulate saprobic infections, we predicted that infection rates of
old seeds would be higher for dead seeds than live seeds. Second, if
dead seeds can be colonized by opportunistic fungi, but viable seeds
are mainly colonized by a narrower pool of endophytes or patho-
gens that can impact seed survival, inviable seeds should have higher
fungal diversity when compared to viable seeds. Third, as long-term
seed persistence can be achieved by having permeable seeds that
are well-defended chemically or by having impermeable seeds that
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are well-defended physically (Zalamea et al., 2018), we predicted
that viable old seeds of T. micrantha and Z. ekmanii should maintain
high levels of seed dormancy and seed coat integrity. Finally, we
explored if the focal plant species harbour distinct seed-associated
fungal communities as previous work suggested for other pioneer
seed species (Sarmiento et al., 2017; Zalamea et al., 2021).

2 | METHODS
2.1 | Study site and species selection

This study was conducted in a seasonally moist lowland tropical
forest on BCl, Republic of Panama (9°10’N, 79°51' W). Rainfall on
BCI averages 2600 mm/year, with a pronounced dry season from
January to April (Windsor, 1990). The BCl 50-ha forest dynamics
plot on the central plateau of the island was established in 1980 with
all trees >1cm diameter at breast height (DBH) identified, mapped,
and censused every 5years.

Trema micrantha (Cannabaceae) and Zanthoxylum ekmanii
(Rutaceae) are pioneer species that retain high seed viability in burial
experiments (Dalling et al., 1997; Zalamea et al., 2018). Trema mi-
crantha is a rare canopy tree in old-growth forest at BCI. Its fruits
are produced year-round and seeds, with an average seed mass of
3.2mg, are dispersed by birds. Zanthoxylum ekmanii is a relatively
common dioecious canopy tree in old-growth forest at BCI. Its fruits
are produced annually and seeds, with an average mass of 16.2mg,
are dispersed primarily by primates and secondarily by ants (Dalling
& Brown, 2009; Ruzi et al., 2017, 2021; Zalamea et al., 2018).

2.2 | Seedsampling

2.2.1 | Replication statement

Scale at which the

Scale of factor of interestis Number of replicates at the
inference applied appropriate scale
Species Species Two species, five individuals

for Trema micrantha and six
individuals for Zanthoxylum
ekmannii, two levels of seed
viability (i.e. viable and
inviable).

Number of seeds of Trema
micrantha and Zanthoxylum
ekmannii used for viability and
ID of seed-associated fungi
(692 and 593 respectively);
germination (236 and 196
respectively); carbon dating
(9 and 9 respectively); and
fracture resistance (224 and
142 respectively).

Functional Ecology E EE‘I’E':J“

We used the BCI 50-ha plot census data to locate sites occupied
in the past by reproductive-sized individuals of T. micrantha and Z.
ekmanii. Sites were selected to ensure that at least one reproductive-
sized individual of each tree species died at least 5years before the
seed sampling, with no subsequent recruitment, mature conspecif-
ics in the immediate area.

We collected soil cores between July and December 2014 from
five individual localities where T. micrantha occurred previously, and
six localities where Z. ekmanii occurred. We collected 0.5L cores
consisting only of surface soil layers (0-3cm depth) to ensure that
seeds were collected at depths from which emergence can success-
fully occur (Pearson et al., 2002; Ruzi & Suarez, 2022). For each sam-
pled site, soil cores were collected from at least three haphazardly
chosen areas in a 5m by 5m quadrat. No Panamanian permits are
required for collecting soil cores at BCl and permission to sample in
the 50-ha plot was granted by the Smithsonian Tropical Research
Institute Scientific Committee.

2.3 | Seed germination, seed viability, isolation of
seed-associated fungi and seed fracture resistance

Seeds were extracted from soil cores by rinsing the soil with tap
water under a series of sieves, with a minimum pore diameter of
2mm for Z. ekmanii and 1mm for T. micrantha. Seeds were identi-
fied to species and then partitioned for tests of (i) seed viability
measured using the tetrazolium (TZ) test and identification of seed-
associated fungi (692 and 593 seeds of T. micrantha and Z. ekmanii
respectively), (ii) germination and carbon dating (a total of 239 and
196 seeds of T. micrantha and Z. ekmanii, respectively, where nine vi-
able seeds of each species were carbon dated) and (iii) seed fracture
resistance as a measure of seed coat integrity (224 and 142 seeds of
T. micrantha and Z. ekmanii respectively).

Fungal isolation and seed viability assessment followed
Sarmiento et al. (2017) and Zalamea et al. (2021). About 60% of
seeds recovered from each soil core were haphazardly selected, sur-
face sterilized (95% ethanol, 10s; 0.7% sodium hypochlorite, 2 min;
70% ethanol, 2min), and allowed to surface-dry under sterile con-
ditions. Surface sterilization allows the isolation of fungi that had
colonized the interior of the seed while eliminating fungi that were
restricted to the seed surface. After surface sterilization, the seeds
were cut in half under sterile conditions. One half was used to score
seed viability using TZ (2, 3, 5-triphenyl tetrazolium chloride), and
the other half was placed on 2% malt extract agar (MEA) in an in-
dividual 1.5mL microcentrifuge tube for fungal isolation. With this
approach both fungal infection and seed viability status were scored
for each seed. For viability testing, seed halves were placed in Petri
dishes lined with filter paper, saturated with 0.5% TZ immediately
after cutting, and kept at room temperature (ca. 22°C) in the dark for
24h prior to scoring as viable or inviable. To avoid seed desiccation
throughout the incubation time, dishes were sealed with Parafilm®.

For fungal isolation, tubes were incubated at room temperature with
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natural light-dark cycles and checked for fungal growth after a few
months of incubation (often 2-4 months). We also made sure that
every tube was checked at least once after 12 months of incubation,
so slow-growing fungi were able to grow. If fungal growth was ob-
served, we excised a small piece of fresh mycelium from each emer-
gent culture under sterile conditions. Fungi were isolated into pure
culture, vouchered as living mycelium in sterile water, and processed
for DNA extraction and Sanger sequencing (see below). All vouch-
ers have been archived at the Robert L. Gilbertson Mycological
Herbarium, University of Arizona (MYCO-ARIZ).

Seed germination experiments followed Zalamea et al. (2015).
Briefly, to score seed germination we placed seeds in groups of ~10
into a Petri dish lined with paper towel, moistened with sterile dis-
tilled water and sealed with two layers of Parafilm®. Petri dishes
were incubated in a shade house on BCl under ca. 30% sunlight, high
red: far-red irradiance ca. 1.4, and ambient temperature (23-30°C).
Germination was defined as radicle protrusion and scored weekly
for 6 weeks.

Seed fracture resistance, defined as the minimum force required
to initiate seed rupture, was measured as a proxy of physical pro-
tection. Seed fracture resistance was measured by an Instron Single
Column Testing System Model 3342 (Instron Company, USA) and
followed Zalamea et al. (2018). Briefly, each seed was loaded be-
tween the anvil and the compression probe and then compressed
until the seed coat ruptured. The seed coat rupture creates a sud-
den drop in force, such that the instrument can precisely record the
force causing the fracture. After measuring seed fracture resistance,
we scored seed viability via TZ staining in old seeds, so that seed
viability and seed fracture resistance could be examined in tandem.

To determine baseline values of initial fungal infection rates,
fungal diversity, dormancy levels, and seed fracture resistance we
also collected fresh seeds (i.e. seeds that did not have soil contact)
of T. micrantha and Z. ekmannii from at least five different maternal
sources per species. For each species we evaluated 200 seeds for
fungal infection rates and fungal diversity, 200 seeds for germina-
tion and 35 seeds for seed fracture resistance.

2.4 | Age determination of seeds

To determine seed ages we followed Dalling and Brown (2009).
Seed coat samples from germinated seeds or seed halves from vi-
able seeds used for fungal isolation were cleaned and dated by ac-
celerator mass spectrometry (AMS) at the Center for Accelerator
Mass Spectrometry, Lawrence Livermore National Laboratory. By
directly counting **C ions AMS yields high-precision **C/**C meas-
urements from very small amounts of sample carbon. The measured
14¢/13C ratios were converted to F*C values following standard
conventions (Reimer et al., 2004; Stuiver & Polach, 1977). The cal-
endar year dates of carbon fixation for seed coats were determined
through comparison of the sample F'4C values to a long-term record
for Northern Hemisphere atmospheric 1*C. Seed ages obtained with
this technique are conservative because we assume that carbon

fixation occurred during the period of declining **C/*3C (post-1963)
rather than ascending **C/*3C (1953-1963). Because of the cost of
AMS, we evaluated 18 individual seeds: we selected three sites per
species representing the highest number of seeds recovered from
soil cores and dated three individual seeds per site (Table 1). We av-
eraged dates for sites that included three seeds if the ages differed.
For the other two sites for T. micrantha and three for Z. ekmannii, we
selected the census year when the tree under which we collected
the soil was first reported dead. Carbon-dated seeds were consist-
ently older than expected from the date of tree death recorded in
the 50-ha census data, suggesting that this is a conservative age for
the seeds that were not carbon dated.

2.5 | Seed-associated fungal communities

We used the REDExtract-N-Amp Plant PCR kit (Sigma-Aldrich,
Saint Louis, MO, USA) to extract total genomic DNA from ground
mycelium of each pure culture. The polymerase chain reaction
(PCR) was performed using the primers ITS1F and LR3 to amplify
the nuclear ribosomal internal transcribed spacers and 5.8S gene
(ITS rDNA) and an adjacent portion (ca. 600bp) of the large subunit
(LSU rDNA). If amplification failed, PCR was repeated with primers
ITS5 and LR3. PCR reaction mixture and cycling reactions followed
Sarmiento et al. (2017). PCR products were verified by staining
with SYBR Green | (Molecular Probes, Invitrogen, Carlsbad, CA,
USA) followed by electrophoresis on a 1% agarose gel. Following
Sarmiento et al. (2017) and Zalamea et al. (2021), all PCR products
that yielded single bands were cleaned using 1 uL of ExoSAP-IT rea-
gent (Affymetrix, Inc., Cleveland, OH, USA), quantified, normalized
and sequenced bidirectionally at the University of Arizona Genetics
Core with the original sequencing primers. We assembled contigs
and verified base calls from chromatograms following Sarmiento
etal. (2017).

Isolation frequency was calculated as the number of isolates di-
vided by the total number of examined seeds. Following Zalamea
et al. (2021), we defined operational taxonomic units (OTUs) by 97%
similarity in the Sanger clustering workflow of the Mobyle SNAP
Workbench (Monacell & Carbone, 2014). We measured fungal di-
versity as Fisher's alpha, because this index is robust to variation
in sample size and it is appropriate given the relative abundance of
OTUs (Sarmiento et al., 2017).

In total, 692 and 593 seeds of T. micrantha and Z. ekmanii were
screened for fungal growth. Overall, 174 and 220 fungal strains were
isolated from each species, and high-quality sequence data were ob-
tained from 100% of all strains (Table 1; Table S1). A total of 129
OTUs were found, all of which were included in measures of fungal
diversity.

We defined the seed-associated fungal communities as the
group of fungal isolates coming from seeds of a given plant species,
tree site and seed viability status. OTUs that are rare in the database
could not be present in all plant species or all communities; thus, we
excluded singletons and fungal communities with fewer than three

d ‘0 ‘SEPTSIET

mo(saqy/:sdny woiy papeoy

ASULDIT SUOWWO)) dANEA1) d[qear[dde ayy Aq PauIdA0S A1 SI[AIIER YO 98N JO SN 10§ AIRIQIT SUI[UQ AD[IA\ UO (SUOHIPUOD-PUB-SULI)/ W0 AA[IM ATeIqipout[uo//:sdny) suonipuoy) pue suud ] oy 998 “[€207/21/07] U0 Areiqry auruQ A9[IA\ “BPLOL] [INOS JO ANSIOAIUN AQ 9L Fb 1 SEPT-SOET/T1111°01/10p/ 0o K1 A.



ZALAMEA ET AL.

Functional Ecology E EE“:%““

TABLE 1 Seed ages, number of viable and inviable seeds processed, number of cultivable fungi, number of sequences, number of
operational taxonomic units (OTUs) and fungal diversity obtained from old seeds of Trema micrantha and Zanthoxylum ekmanii collected from

the soil seed bank in lowland tropical forest on Barro Colorado Island.

C-dated seed age Number  Number of Number of  Total number  Fisher's
Species (years) 95% Cl  Viability of seeds  cultivable fungi sequences  of OTU alpha
Trema micrantha 9 +2 Inviable 66 32 32 14 9.5
Viable 154 47 47 22 16.1
18 +2 Inviable 37 14 14 9 10.9
Viable 156 33 33 16 12.2
25 * Inviable 2 1 1 1 NA
Viable 2 0 NA NA NA
27 +2 Inviable 79 17 17 10 10.2
Viable 167 26 26 19 31.8
30 * Inviable 20 2 2 2 NA
Viable 9 2 2 NA
Zanthoxylum ekmannii 5 * Inviable 20 10 10 8 18.6
Viable 2 1 1 NA
18 +2 Inviable 38 22 22 13 13.3
Viable 83 12 12 12 NA
21 +1.5 Inviable 233 115 115 56 43.1
Viable 94 34 34 23 31.2
25 * Inviable 5 1 1 1 NA
Viable 1 0 NA NA NA
30 * Inviable 60 15 15 12 27.9
Viable 4 1 1 NA
33 LS Inviable 81 8 8 8 NA
Viable 22 1 1 NA

*These seeds were not C dated. We selected the census year when the tree under which we collected the soil was first reported to be dead.

isolates from analyses of community structure. For analyses, we
ended with a pool of 55 OTUs and 13 communities.

2.6 | Data analysis: Linking isolation frequency,
fungal diversity, seed germination, physical
protection, seed age and seed-associated fungal
communities

We used linear mixed effect models to test whether isolation fre-
quency, fungal diversity, proportion of dormant/germinating seeds
and seed fracture resistance varied by plant species, seed viability
status and their interaction. For each response variable, we coded
each tree site as a random effect and plant species, seed viability
status and their interaction as fixed effects. We also used linear
regression analysis to determine if fungal isolation frequency and
fungal diversity were associated with seed age. Data analyses were
done in R version 4.0.4 (R Development Core Team, 2021) using the
package nlme (Pinheiro et al., 2023).

We used a multivariate generalized linear model (GLM) to
test the extent to which each factor (i.e. plant species, tree site
or seed viability) was relevant to fungal community structure.

A negative-binomial GLM based on sequence count data was
performed with the R package mvabund (Wang et al., 2012). To
complement the results from the multivariate GLM, non-metric mul-
tidimensional scaling (NMDS) and variance-partitioning analyses
were implemented with the R package vegan (Oksanen et al., 2019).
The NMDS was performed using the function metaMDS with the
dissimilarity matrix calculated using the Morisita-Horn index and
the parameter k set to three dimensions. The Morisita-Horn index
was used because it has an advantage over the most commonly
used Bray-Curtis index in that it is not strongly sensitive to sam-
ple size (Chao et al., 2006). For graphical representations of the
NMDS, only the first two dimensions were included. We used the
function varpart to perform variance-partitioning analyses, with
plant species, tree site and seed viability coded as explanatory fac-
tors. Finally, taxonomic annotation of the sequences was based on
T-BAS v. 2.1 (Carbone et al., 2019).

3 | RESULTS

Viable seeds from the SSB ranged in age from 9 to 30years for
T. micrantha, and 5 to 33years for Z. ekmanii (Table 1). Fresh unburied
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FIGURE 1 (a)lIsolation frequency of fungi for fresh unburied and decades-old seeds of Trema micrantha and Zanthoxylum ekmanii. Old
seeds were collected from the soil seed bank in lowland tropical forest on Barro Colorado Island. Isolation frequency was calculated as the
number of fungal isolates divided by the number of seeds processed in each collection point and seed viability class. (b) Diversity of fungi
isolated from fresh unburied and old seeds. Fisher's alpha was calculated with all sequenced isolates from each plant species and seed
viability class. (c) Percentage of seeds that were dormant and germinable from fresh and old seeds. (d) Seed fracture resistance

(SFR; Newtons (N)) of fresh and old seeds. SFR was calculated by viability class in old seeds. Error bars represent the standard error.

seeds had low levels of fungal infection and fungal diversity, suggest-
ing that most of the fungi colonized the seeds in the soil (Figure 1a,b).

We predicted that fungal isolation frequency in decades-old
seeds would be higher on dead (inviable) seeds than on live (vi-
able) seeds. In agreement with this prediction, we found that the
frequency of fungal infections was higher in inviable seeds than in
viable seeds collected from the SSB (F1'11=5.21, p=0.043), a trend
that is consistent for both species (species, F1‘11=O.39, p=0.542;
species x seed viability, F;,,=0.26, p=0.622; Figure 1a). When
fungal isolation frequency was regressed against seed age there
was a significant negative association for both viable and inviable
seeds (inviable, r’=0.51, n=11, p=0.008; viable, r’=0.43, n=11,
p=0.017; Figure 2a,b).

We also predicted that among old seeds, inviable seeds would
have higher fungal diversity when compared to viable seeds.
Contrary to this prediction, we did not find differences in fun-
gal diversity between viable versus inviable seeds collected from
the SSB (F113=0.67, p=0.471). Diversity of seed-associated fungi

also did not differ between plant species (FL3=2.68, p=0.200),
and there was no evidence for a meaningful interaction between
seed viability and seed species (F, ;=0.27, p=0.640; Figure 1b).
Fungal diversity and seed age were not associated for inviable or
viable seeds (inviable, r*=0.02, n=7, p=0.79; viable, r?=0,n=5,
p=0.92; Figure 2c,d).

Seed viability differed between T. micrantha and Z. ekmanii
(F1y7:6.95, p=0.033; Figure 1c). Overall, 62% of T. micrantha and
28% of Z. ekmanii seeds recovered from soil cores were viable. We
found no evidence that decades-old seeds maintain high levels of
seed dormancy and seed coat integrity. Instead, dormancy levels of
old seeds were less than 2% for T. micrantha and 1% for Z. ekmanii,
whereas they were over 75% and 30% in fresh unburied seeds re-
spectively (Figure 1c).

Our expectation of high seed coat integrity received only partial
support: viable seeds were harder than inviable seeds (Fly4=8.02,
p=0.047; Figure 1d), but this pattern was not observed in both
species (species x seed viability; F,4=15.52,p=0.017; Figure 1d).
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When seed coat integrity values for old seeds were compared 4 | DISCUSSION

to fresh unburied seeds we found mixed results: old seeds were
harder than fresh seeds in T. micrantha, but softer in Z. ekmanii
(Figure 1d).

We found that seed-associated fungal communities differed
between the focal plant species (negative-binomial GLM,; df1,11’
Dev=161.1, p<0.01; Figure 3a). However, seed-associated fun-
gal communities did not differ among localities (dfuo, Dev=70.3,
p=0.23) or as a function of seed viability (dfw, Dev=287.3, p=0.16).
Plant species alone explained 25% of the total variance in OTU
abundance while tree locality only explained 5% and seed viability
3% of the total variance (Figure 3b).

Fungi isolated from old seeds represented a broad range of phy-
logenetic lineages (Figure 4; Table S1). The three most abundant
classes of Ascomycota isolated from T. micrantha and Z. ekmanii seeds
were the same, but the ranking and abundances were different be-
tween species (Figure 4a). Sordariomycetes was the most abundant
class isolated from both species, followed by Dothideomycetes in T.
micrantha, and Eurotiomycetes in Z. ekmanii (Figure 4a). Hypocreales
and Xylariales were the most abundant orders isolated from both

species (Figure 4b).

Soil-borne fungal pathogens (including the fungus-like Oomycota)
are a major source of seedling and seed mortality in tropical for-
ests (Augspurger, 1984; Bagchi et al., 2014; Dalling et al., 1998). This
study explored how seeds of pioneer trees can survive in the SSB
for decades in a lowland tropical forest in Panama. Working with
decades-old seeds collected from the SSB, we tested the hypoth-
eses that viable seeds escape infection by fungi and/or maintain
high levels of seed dormancy and seed coat integrity. We found
support for neither hypothesis. Instead, seeds of Trema micrantha
and Zanthoxylum ekmanii associate with different fungi, including in
seeds that are viable after many years of soil contact. Thus, our re-
sults highlight the importance of a previously understudied aspect of
seed survival, where the impact of seed-microbial interactions that
may not necessarily be negative, may be critical to understanding
long-term persistence in the SSB.

We used AMS to carbon-date seeds of T. micrantha and Z. ek-
manii that were extracted from undisturbed SSBs in the 50-ha for-
est dynamics plot on BCI. Seed ages reported in this study were

consistent with seed ages reported by Dalling and Brown (2009)
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FIGURE 3 Structure of seed-associated fungal communities
isolated from old seeds. (a) Non-metric multidimensional scaling
(NMDS) analysis representing Morisita-Horn dissimilarity among
fungal communities (points) isolated from old seeds of Trema
micrantha and Zanthoxylum ekmanii. Fungal communities are colour-
coded to represent plant species; stress=0.084. Ellipses represent
a standard deviation of point scores relative to their centroid.

(b) Venn diagram represents the percent of variation in fungal
community composition explained by plant species, tree locality
(collection site) and seed viability. If the percent of variation is zero,
values are not represented in the figure.

for T. micrantha, but extended the measured duration of seed
persistence from 18 to 33years for Z. ekmanii. Decades-long per-
sistence has been hypothesized as a common trait among large-
seeded tropical pioneers that produce physiologically or physically
dormant seeds (Zalamea et al., 2018). Our results are consistent with
this hypothesis and suggest that at least some large-seeded tropi-
cal pioneer species overcome enemy-mediated and environmental
pressures by selecting trait combinations that permit long-term per-
sistence (Dalling et al., 2020; Zalamea et al., 2018).

Treefall gaps in tropical lowland forests are rare, resulting in limited
recruitment opportunities for pioneer species. In the seed ecology lit-
erature, dormancy has often been proposed as an essential mechanism
for long-term persistence by which plants can decouple the timing of
seed dispersal from the availability of conditions conducive to success-
ful germination and recruitment (Baskin & Baskin, 1998). Over 80%
of viable fresh seeds of T. micrantha and Z. ekmanii were dormant at
the time of dispersal, but contrary to our prediction, we found that
decades-old viable seeds of both species do not maintain high levels
of seed dormancy. These results suggest that in addition to seed dor-
mancy, long-term persistence is achieved through other mechanisms.

The maintenance of seed dormancy plays a key role in seed per-
sistence in weed species in agricultural fields, desert and grassland

ecosystems, where opportunities for successful seed germination are
frequent, but where post-germination conditions are unpredictable
(Long et al., 2015). In a lowland tropical rainforest in Panama, Zalamea
et al. (2021) used a 30-month seed burial experiment in the forest un-
derstory to show that non-dormant seeds of three species of Cecropia
and Jacaranda copaia can persist in the SSB without being dormant. For
pioneer trees in lowland tropical rainforest, the long lifespan of canopy
trees (and therefore time interval between treefall gaps), means that
seeds likely only experience suitable germination conditions a single
time during their lifetime. The avoidance of germination through seed
dormancy is therefore unlikely to increase fitness.

We used seed fracture resistance as a proxy for seed coat in-
tegrity and found opposing results for seeds of T. micrantha and
Z. ekmanii. Fracture resistance was similar between viable and in-
viable old seeds of T. micrantha, but higher in viable seeds of Z.
ekmanii. Compared to freshly collected seeds, seed fracture resis-
tance was higher in old seeds of T. micrantha, but lower in old seeds
of Z. ekmanii. The primary barrier isolating the seed interior from
the physical environment is the seed coat. It has often been stated
that hard seed coats protect the seed from mechanical stresses and
pathogen infections (e.g. Mohamed-Yasseen et al., 1994). Previous
research found that freshly collected seeds of T. micrantha and Z.
ekmanii are permeable (Zalamea et al., 2018). Collectively, results
from this contribution and previous findings suggest that maintain-
ing hard and impermeable seeds is not necessarily critical to long-
term persistence.

Previous studies hypothesized that microbially induced defences
could range from associations with microbial mutualists that exclude
potential pathogens to induction of biochemical defences consisting
of latent enzymes that are activated in the presence of pathogens
(Dalling et al., 2020; Zalamea, 2024). Thus, we suggest that studying
microbially induced defences and the degree to which microbial de-
fences are carried over time could be a fruitful inquiry in future seed
ecological research. Germination data acquired in a 30-month burial
experiment on BCI, including T. micrantha and Z. ekmanii, showed
that the proportion of dormant seeds decreased through time, while
seed viability remained unchanged (Zalamea et al., 2018). The ob-
servation that decades-old viable seeds in this study harbour fungal
infections and have low levels of seed dormancy highlights the need
for further exploration of seed-fungal interactions in achieving long-
term persistence in seeds of T. micrantha and Z. ekmanii, and possibly
other species too.

Seeds from tropical pioneers often associate with a wide vari-
ety of soil-borne fungi (Gallery et al., 2010; Sarmiento et al., 2017).
Sarmiento et al. (2017) found that the composition of fungal com-
munities that infect seeds of nine species of pioneer trees is strongly
determined by plant species rather than by forest characteristics,
soil type or time seeds spent in the SSB. Zalamea et al. (2021) found
that seed-associated fungal communities were also strongly struc-
tured by plant species, even among three congeneric species of
Cecropia. Here, we found that decades-old seeds of T. micrantha and
Z. ekmanii harbour distinctive fungal communities, adding empirical
support to previous research findings.
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FIGURE 4 Relative frequency and taxonomic composition of seed-associated fungi isolated from old viable and inviable seeds at the (a)
class and (b) order levels. Numbers on top of each bar represent the number of isolates for which we obtained sequences.

Previous studies have shown that seed endophytes are primarily
filamentous Ascomycota (mainly Pezizomycotina), including many spe-
cies of Sordariomycetes (Nelson, 2018; Simonin et al., 2022; Zalamea
et al.,, 2021). Although the relative abundance of fungal classes varied
considerably among plant species, seed microbiome studies consis-
tently find that seed-infecting fungi of crop and tropical tree species
are often represented by many species within a few fungal classes

(Simonin et al., 2022; Zalamea et al., 2021). We found that major fungal
groups at the class and order levels isolated from decades-old seeds of
T. micrantha and Z. ekmanii are similar between these species and pre-
vious seed microbiome studies (Nelson, 2018; Sarmiento et al., 2017;
Simonin et al., 2022; Zalamea et al., 2021). Thus, our results suggest
that future studies might focus on understanding the functional im-
pact of a few fungal classes on seed survival and persistence.
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Seeds are often colonized by soil-borne fungi in both wild and agri-
cultural systems (e.g., Nelson, 2018; Sarmiento et al., 2017; Simonin
et al.,, 2022). Seed microbial community assembly is the result of com-
plex interactions (Bergmann & Leveau, 2022). Previous studies sug-
gest that the diversity of seed-infecting fungi is comparatively low to
other plant tissues such as leaves (Arnold & Herre, 2003; Newcombe
et al., 2018). The low microbial richness of seeds compared to other
plant tissues makes individual seed-microbial interactions potentially
more meaningful to study the impact of these interactions on survival
and persistence. Contrary to our expectations, long-term persistent
seeds of two tropical pioneer trees did not maintain high levels of seed
dormancy, high levels of seed coat integrity or avoid fungal coloniza-
tion. Instead, we documented that a broad range of fungal species
colonizes old, viable seeds. This finding supports previous studies that
showed that seed infections by non-lethal fungi are common in tropical
ecosystems (Sarmiento et al., 2017; Zalamea et al., 2021). Microbially
induced defences in seeds remain a topic of great potential in the eco-
logical literature. Still, we consider that with the improvement in meth-
odological approaches to studying plant-microbial interactions, future
research inquiries can benefit from a closer look at the impact of these
interactions on seed survival and persistence.
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