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Abstract

The trunks of forest trees store massive amounts of carbon, but fungi
actively and invisibly decay wood inside even seemingly healthy trees.
Wood-decay fungi are responsible for the loss of stored carbon in living
trees, and they make trees susceptible to snapping and uprooting in storms.
We used sonic tomography to measure the prevalence and severity of decay
in 1744 live trees (>20 cm diameter) of 171 species on the 50-ha Forest
Dynamics Plot on Barro Colorado Island, Panama. A median of <2% of the
cross-sectional trunk area showed decay, but 15% of trees had >20% decay.
Twenty percent of the combined basal area showed decay, representing a
loss of approximately 1% of aboveground biomass. Larger trees more often
showed internal decay, with one quarter of trees showing decay before
reaching canopy height. Decay severity varied by species; 23% of species
showed <2% decay while 9% of species lost over half their basal area. Rare
species were more affected than locally abundant species, and species with
traits associated with a fast life history were more susceptible to decay.
These results suggest that hidden wood decay affects a large proportion of
living tropical forest trees.

KEYWORDS
Barro Colorado Island, carbon storage, density dependence, lignolytic fungi, Panama,
plant disease, tomography, tropical forest, wood decay

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2025 The Author(s). Ecology published by Wiley Periodicals LLC on behalf of The Ecological Society of America.

Ecology. 2025;106:€70208.
https://doi.org/10.1002/ecy.70208

https://onlinelibrary.wiley.com/r/ecy | 10f9


https://orcid.org/0000-0002-5195-9903
mailto:ggilbert@ucsc.edu
http://creativecommons.org/licenses/by/4.0/
https://onlinelibrary.wiley.com/r/ecy
https://doi.org/10.1002/ecy.70208
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fecy.70208&domain=pdf&date_stamp=2025-09-14

20f9 |

GILBERT ET AL.

INTRODUCTION

Tree trunks play central roles in our understanding of
forest ecology because forest diversity, spatial structure,
and dynamics are often studied by mapping and mea-
suring them (Blundo et al., 2021; Davies et al., 2021).
Trees capture carbon in radial growth through the pro-
duction of cellulose, hemicellulose, and lignin (Cabon
et al.,, 2022). However, tree trunks are susceptible to
attack by wood-decay fungi, leading to reduced growth
(Hellgren & Stenlid, 1995), tree mortality, and forest dis-
turbance (Hansen & Goheen, 2000), as well as reduced
carbon storage (Russell et al., 2015). Here, we uncover
the scale and patterns of wood decay hidden inside living
trees in a tropical forest and explore the implications of
wood decay for both carbon sequestration and the main-
tenance of tree diversity.

Mature forest trees are strongly affected by wood-decay
fungi that act as root-rot, butt-rot, and heart-rot pathogens,
attacking the woody biomass held in trunks and root
systems (Worrall et al., 2005). Whereas some wood-decay
fungi can kill trees outright (Aguadé et al, 2015;
Dobbertin et al., 2001), many root-, butt-, and heart-rot
pathogens contribute to mortality by making their tree
hosts more susceptible to snapping and uprooting by
degrading structural woody tissues (Kodrik & Kodrik, 2002).
Because wood-decay fungi act slowly, heart rot is
often more common in large-diameter trees (Korkjas
et al., 2021). Trade-offs in growth and defense mean that
tree species with fast life histories are expected to suffer
greater impacts from natural enemies than species with
slow life histories (Chave et al., 2009). Unfortunately,
most work on the impact of diseases on mature trees
has focused on a few commercially important species
(Bruck, 1989; Worrall et al., 2005), with remarkably
little work on their impact on the physical structure
or mortality of trees outside of managed forests. And,
although studies using harvested wood show that high
density or high terpene content reduces susceptibility to
decay fungi (Kahl et al., 2017), we lack studies of how
host life history traits (Chave et al., 2009) moderate the
effects of fungal pathogens in more diverse forests.

Fungi also play a role in forest diversity, and the
impact of conspecific negative density-dependent disease
of juvenile trees is thought to be an important mechanism
for the maintenance of tropical tree diversity (Comita &
Stump, 2020; Johnson et al., 2012). Under this hypothesis,
host-specialized pathogens respond positively to the den-
sity of their hosts so that locally abundant host species
should suffer greater disease impacts than rare ones.
Most studies of disease in wild communities have focused
on fast-acting pathogens with polycyclic life cycles that
attack juvenile plants and that spread readily among nearby

hosts (Augspurger & Kelly, 1984; Balmelli et al., 2013).
However, decay pathogens of mature tree trunks have
life histories that differ significantly from pathogens that
attack juveniles (Delaye et al., 2013), with potentially differ-
ent downstream effects on the diversity of mature trees.
Wood-decay pathogens are mostly slow-growing basidiomy-
cete fungi with reproduction delayed for decades after infec-
tion; they often spread among individuals with intertwined
root systems rather than by air-borne spores; and they
can thrive on dead woody material (Chung et al., 2015;
Hansen & Goheen, 2000; Page et al., 2020). These traits
may decouple plant and pathogen population dynamics,
limiting density responsiveness.

Forest trees are also dynamic carbon sinks, capturing
net global 1.1-1.4 Pg C year™' (Martin et al., 2021). Wood
in dead-standing and fallen trees on average contains
48.5% carbon, representing 8% of the total global forest C
pool (Martin et al., 2021). Large, living trees, however,
dominate carbon storage in forests (Lutz et al., 2018), and
allometric calculations of the amount carbon stocks held
in trees assume that tree trunks are solid wood (Chave
et al., 2005; Gonzalez-Akre et al., 2021). Yet, wood-decay
fungi reduce wood density inside living trees by breaking
down the cellulose, hemicellulose, and (in some cases)
lignin that comprise the major components of wood
(Fukasawa, 2021), making accurate measures of the extent
of heart rot in living trees essential to reliable estimates of
forest carbon stocks (Nogueira et al., 2006). Most estimates
of such loss come from felled trees of a few commercially
important species and suggest that up to 80% of individuals
suffer from wood decay, with 20% of trees having decay
hollows and a loss of up to 7% of merchantable wood
volume (Barry et al, 2004; Basham, 1973; Rojo &
Paquit, 2018; Sudin et al., 1992; Sundararaj et al., 2023).

Here, we use noninvasive tomography approaches to
evaluate the amount of heart rot in live individuals of all
large tree species in a moist tropical forest. We estimate
the overall prevalence and severity of decay in standing
trunks, examine the relationship between tree size and
decay severity, and evaluate density dependence within
and across host species. We also test whether life history
traits are indicators of variation in internal decay among
tree species and whether internal decay is correlated with
readily visible signs of fungi or arthropod associates that
may facilitate detection of decay.

METHODS
Site and tree species data

We conducted the study on the mapped 50-ha Forest
Dynamics Plot (FDP) (Condit et al., 2019a, 2019b;
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Hubbell et al., 1999) on Barro Colorado Island (BCI) in
the Republic of Panama during February 2012 to April
2014. The BCI FDP is managed by the Smithsonian
Tropical Research Institute and located in a tropical
moist deciduous forest (latitude: 9.1543, longitude:
—79.8461) with a mean elevation of 120 m, 2580 mm of
average annual precipitation, and an average annual
cumulative moisture deficit of —514 mm. We used tree
location data and 2010 diameter at standard height
(DSH; measured at 1.3 m) of trees provided through
ForestGEO (https://forestgeo.si.edu). We updated tree spe-
cies taxonomy to conform with World Flora Online (WFO)
plant list (https://www.worldfloraonline.org/, 28 July 2024)
using R package TNRS (Boyle et al., 2013) (Appendix SI:
Table S1).

Selection of trees to scan

We selected the sample of trees to scan by constraining
the total list of trees in the FDP to the 7642 living trees
larger than 20-cm DSH in the 2010 plot census, because
this is the minimum size needed for reliable tomography
(Gilbert et al.,, 2016). We then designed a sampling
scheme to ensure that we scanned all species in the FDP
from the rarest to the most common. We selected the
20-m X 20-m quadrats that contained any individual of
a rare species (those with <10 stems on the FDP). On vis-
iting each of those 302 quadrats (24% of the plot area),
we used sonic tomography (described below) to measure
internal decay in each tree. When trees had multiple large
stems, we scanned the largest stem, and we excluded any
individual found dead. In this way, we scanned all living
stems of the 91 rare species, along with a subsample of
stems of the remaining species (Appendix S1: Figure S1).

Sonic tomography

To measure the degree of decay in living trees, we used the
Picus 3 sonic tomograph (Argus Electronic) to scan a cross
section of each tree at 1 m above ground level, following
methods we previously validated (Gilbert et al., 2016).
We scanned trees at 1 m above ground level rather than
lower because we were interested in collecting both sonic
tomography data (this paper) and electrical impedance
tomography (data not shown), and the impedance mea-
surements are sensitive to being too close to branching
structures like roots (PiCUS, 2015). For each scan, we used
the open-access ImageJ software (National Institutes of
Health, Bethesda, Maryland, USA; http://imagej.nih.gov)
to calculate the total cross-sectional area of the trunk and
the proportion of the area showing moderate (greenish hues)

or severe (blue to magenta hues) decay (Gilbert et al., 2016).
During the scanning procedure, we also recorded the
presence of macroscopic fungal reproductive structures
on the tree, and nests or trails of ants (Azteca trigona) or
termites (Nasutitermes corniger) on each tree.

We confirmed internal wood decay by drilling into
trunks at positions that tomography identified as being
decayed. Specifically, we collected cores by first removing
a small section of bark with a knife (sterilized with
0.525% sodium hypochlorite and 70% ethanol) from the
areas closest to presumed decay; we sprayed the surface
of the exposed wood and then sprayed it with 70% etha-
nol. Then, we collected a single core from each tree using
a sterile 5-mm spade drill bit and an electric drill until
we detected decay by visually examining the drill shav-
ings, up to a maximum depth of 15 cm. Between uses, we
carefully cleaned and autoclaved all drill bits after wrap-
ping them loosely in aluminum foil. To prevent unneces-
sary damage to the trees, we did not take cores from any
trees where tomography indicated there was zero or min-
imal decay.

Analysis

We performed all analyses using the R statistical platform
(v 4.3.1). The full dataset is available on Dryad (https://
doi.org/10.5061/dryad.kprraxhfx).

To evaluate whether there were underlying spatial
patterns in decay prevalence or severity, we examined a
generalized additive model (GAM, using mgcv package)
of prevalence (with decay threshold of 5%) or severity
as a function of DSH, with stem location (in meters
east and north of the southwest corner of the plot)
as a smoothing function. There was no significant effect
of spatial location in either model (for prevalence:
edf =9.99, F = 1.43, p = 0.128, df = 13.12; model deviance
explained = 13.5%, adjusted R*=0.129, GCV =0.182;
n = 1744; for severity: edf =4.369, F =1.183, p = 0.33,
df = 5.75; model deviance explained = 20.2%, adjusted
R?=0.199, GCV =0.029; n=1744), and we did not
include spatial location in further analyses.

We conducted logistic regressions (glm, family bino-
mial, logit link) to evaluate the likelihood of heart rot
as a function of tree size and species abundance on the
plot. Species abundance estimates only included stems
with DSH > 20 cm because heart rot is much less likely
to affect (or spread from) small individuals. We evalu-
ated the presence of heart rot at different severity
thresholds: 2%, 5%, 10%, and 20% of the cross-sectional
area, and because there was a significant interaction
between abundance and DSH, we included that term in
analyses.
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We conducted similar logistic regressions to examine
whether the likelihood of heart rot reflected tree life
history traits commonly associated with fast life histo-
ries (little investment in defense in favor of rapid
growth and early reproduction) or slow life histories
(longer life spans and greater investment in defenses),
and we derived these parameters from wood economics
spectrum data compiled for BCI tree species by Wright
et al. (2010). We focused on three traits: relative growth
rate (of trees larger than 100 mm DSH); mortality rates
of trees larger than 10 or 100 mm, for which larger
values are associated with a fast life history strategy;
and wood density, for which larger values are associ-
ated with a slow strategy.

We used a tobit regression (vglm function in the
VGAM package) to evaluate the effects of tree size and
species abundance on the plot relative to the severity
of decay, because estimates of decay are not possible
below 0%, inflating the number of values at 0% decay.
The smallest measured proportion of decay was 0.00014;
so, we then added 0.0001 to all decay estimates and
multiplied that sum by 100. We calculated the base-10
logarithm of that value to improve normality in the
(noninflated) decay estimates. The tobit regression
included a lower bound of log,o((0.00014 + 0.0001)
X 100). Because there was no significant interaction
between abundance and DSH, we used a simple additive
model.

To assess whether the presence of visible rot, fungal
reproductive structures, and ant or termite colonies was
associated with the severity of decay, we conducted
logistic regressions (glm, family binomial, logit link) to
evaluate the likelihood of the presence of each of those
associates as a function of the cross-sectional area show-
ing decay and tree diameter in an additive model.

RESULTS
Broad patterns of decay across all species

Internal wood decay was widespread across the 1744
scanned trees of 172 species (Figure 1A; Appendix S1:
Figure S1 and Table S1). Scanned trees ranged in diameter
from 20 to 131 cm (median 29.7 cm; mean 35.7 + 17.2 cm).
Sonic tomography revealed that decay was present
in 90.7% of stems, and the median cross-sectional
area lost to decay was 1.87% (10.11% + 19.04%;
mean + SD). Among scanned trees, 34.17% of trunks
had <1% decay, 51.72% had <2%, and 15.88% had
>20% decay (Figure 1A).

Larger trees were more likely to suffer internal wood
decay, regardless of the threshold percent decay used

(Figure 1B). Although the median diameter of scanned
trees was 297 mm, it was not until 366 mm (the 84%
quantile of trunk diameters) at which half of all trunks
showed signs of wood decay (at a 2% decay severity
threshold). At greater severities, the midpoint was not
reached until 562 mm (5% threshold), 647 mm (10%), or
962 mm (50%).

The total cross-sectional area of all 1744 scanned trees
was 359.52 m” and total area with decay was 86.63 m?,
which means that 19.99% of the cross-sectional area
showed wood decay. Similarly, 11.22% of the total
cross-sectional area suffered “severe” decay.

Estimating loss of aboveground biomass to decay
is limited by an absence of two critical pieces of infor-
mation: the height of the decay column within trees
and the proportion of biomass lost in areas undergoing
decay. Using extreme upper-bound assumptions, inclu-
ding 100% biomass loss in decayed areas, we estimate
that the maximum possible loss of aboveground bio-
mass for scanned trees would be 10% (Appendix S2).
Literature estimates of decay-column height allow
more realistic estimates of upper-bound losses to be in
the range of 0.92%-2.58%. However, much of the
decay column is not hollow, with something less than
100% biomass loss. Based on these considerations,
a rough estimate of the total aboveground biomass
of living trees that is lost to internal decay is ~1%
(Appendix S2).

Variation across species

Species varied in prevalence and severity of decay
(Figure 1C). About a quarter of all species had <2% lost to
decay, nearly half suffered >10% decay, and 14 species (9%
of scanned species) lost >50% of their cross-sectional area
to decay. The severity and prevalence of decay were
strongly correlated (Appendix S3: Figure S1), indicating that
species more likely to show any decay were also more likely
to exhibit severe decay.

Rare species were more often decayed than common
species, at all thresholds of decay severity (Figure 1D).
The effect of species abundance on decay severity was
similar to that for decay prevalence, with no significant
interaction between abundance and trunk diameter.
Larger trunks and rarer species were more likely to have
severe decay (Appendix S3: Figure S2).

We found no local effects of conspecific density
on decay. Analysis of effects of conspecific density
within 20-m X 20-m quadrats or based on distance to
nearest conspecific neighbors provided no findings dif-
ferent from those based on overall species abundance
(Appendix S4).
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FIGURE 1
+ 0.01) scale to reveal the multimodal distribution in greater detail. Because negative values of decay are not possible, there is an inflation of

(A) Percentage of cross-sectional area estimated by tomography that showed decay. Decay area is on a log;o(percent decay

zero values, illustrated by the 162 trees at 0% decay. (B) Probability of wood decay across 1744 trunks of 172 tree species. Logistic regressions
shown for decay thresholds of 2%, 5%, 10%, and 50% of cross-sectional basal area decayed. Regression formulas are logit(decay2%) =
—1.37852 + 0.00377 x diameter (slope SE = 0.00036, z = 10.37, p < 0.001; residual deviance of 2278.6 on 1742 df; null deviance = 2415.6 on
1743 df; Akaike information criterion [AIC] = 2282.6); logit(decay5%) = —2.54961 + 0.00454 x diameter (slope SE = 0.00036, 7 = 12.74,

p < 0.001; residual deviance of 1907.7 on 1742 df; null deviance = 2111.4 on 1743 df; AIC = 1911.7); logit(decayl0%) = —3.20951

+ 0.00497 x diameter (slope SE = 0.00037, z = 13.51, p < 0.001; residual deviance of 1578.1 on 1742 df; null deviance = 1805.2 on 1743 df;
AIC = 1583.1); logit(decay50%) = —4.63798 + 0.00482 X diameter (slope SE = 0.00042, z = 11.55, p < 0.001; residual deviance of 751.18 on
1742 df; null deviance = 889.44 on 1743 df; AIC = 755.18). (C) Severity of decay varies greatly across species. Nearly a quarter of species
have almost no decay, while 9% have more than half their basal area decayed. Colors of bars indicate ranges of decay severity and are
consistent with colors indicating decay severity in panels (B) and (D). (D) Probability of wood decay across 1744 trunks of 172 tree species as
a function of species abundance (of stems diameter at standard height [DSH] > 20 cm) on the 50-ha plot. Logistic regressions shown for
decay thresholds of 2%, 5%, 10%, and 50% of cross-sectional basal area decayed. Regression formulas are logit(decay2%)

= 0.2300-0.0467 X log,(abundance) (slope SE = 0.02067, z = —2.257, p = 0.024; residual deviance of 2410.5 on 1742 df; null

deviance = 2415.6 on 1743 df; AIC = 2414.5); logit(decay5%) = —0.3471 — 0.0840 X log,(abundance) (slope SE = 0.02225, z = —3.778,

D < 0.001; residual deviance of 2097.2 on 1742 df; null deviance = 2111.4 on 1743 df; AIC = 2101.2); logit(decay10%) = —0.6876 —

0.0993 X log,(abundance) (slope SE = 0.02440, z = —4.068, p < 0.001; residual deviance of 1788.9 on 1742 df; null deviance = 1805.2 on
1743 df; AIC = 1792.9); logit(decay50%) = —1.7480 — 0.1367 X log,(abundance) (slope SE = 0.03751, z = —3.644, p < 0.001; residual
deviance of 876.64 on 1742 df; null deviance = 889.44 on 1743 df; AIC = 880.64), p < 0.001.

Visual rot and decay associates was less likely to be detected in cores from larger trunks,
possibly because of the difficulty of drilling to decay areas
in the interior of large trees.

Trees with more decay were more likely to have visi-
ble fungal structures, as were larger trees (Appendix S5:
Figure S1B). However, macroscopic fungal structures on

the trunks of trees were not reliable indicators of internal

We detected visible signs of rot in 81.2% (n = 543) of
drilled cores taken from trees in which decay was
detected through tomography. Visible rot was more likely
to be detected in trunks where tomography indicated
greater amounts of decay (Appendix S5: Figure S1A) and
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decay. For instance, of those trees with visible fungal
structures, only 39.3% showed decay (at 10% threshold);
among trunks without fungal structures, 20.1% showed
>10% decay. Similarly, only 11.3% of trunks with >10%
decay had visible fungal structures. There was no signif-
icant relationship between the severity of decay and
visible signs of termite associates, although larger trees
were more likely to have termite activity (Appendix S5:
Figure S1C). Azteca ant associates, while not directly
causal to internal decay, were significantly more likely
on trees with more severe decay but with no effect of
tree size (Appendix S5: Figure S1D).

Tree traits and susceptibility to heart rot

Species with traits associated with fast life histories
(faster relative growth rate, lower wood density, greater
mortality rates) were more susceptible to heart-rot decay
(Appendix S5: Figure S2).

DISCUSSION

Here, we use noninvasive approaches to measure the
extent and patterns of internal wood decay in large, living
trees in a moist tropical forest. Our results show that hid-
den wood decay is common in living trees in a tropical
forest and accounts for 20% of the total cross-sectional
wood area measured and ~1% of aboveground biomass.
Half the trees we measured showed decay, with larger
trees more likely to be decayed. External inspection of
living trees was not a reliable indicator of internal
decay, whereas sonic tomography provides a robust,
noninvasive method for detecting the presence and
cross-sectional extent of decay.

Estimates of carbon storage in forests do not typi-
cally account for internal decay of living trees (Chambers
et al.,, 2000), but the prevalence of decay we observed
strongly suggests that wood loss to heart rot should
be included in such estimates. We calculate an upper
limit of the loss of tree biomass to be one-third of the
cross-sectional decay area, equivalent to a 1% loss in total
aboveground woody biomass (Appendix S2). This volume
is less than might be expected based on the prevalence of
decay, in part because the most abundant species are the
least likely to have severe decay. This estimate could be
refined with a better understanding of variation, across
fungal and tree species, in the shape of decay columns
and in how much biomass is lost in areas with detectable
decay.

The tomography results showed that the severity of
decay varied greatly among tree species (Figure 1C), and

that, in contrast to the rare-species advantage com-
monly associated with density-dependent development
of diseases of juvenile plants, locally rare species
were more likely than common species to have severe
internal decay (Figure 1D; Appendix S3). This is
consistent with observations that conspecific negative
density dependence is stronger in locally rare species
than in common species (Comita & Stump, 2020;
Xu et al., 2015).

Such a pattern suggests that species-level traits shape
innate susceptibility to infection by wood-decay fungi.
Although trees have a number of active responses to
invasion of woody tissue by fungi (Shigo, 1984), because
heart wood is composed of dead tissues, most defenses
consist of pre-attack, constitutive components like high
wood density, and a range of defensive chemicals, rather
than attack-induced defenses (Cornelissen et al., 2012;
Kahl et al., 2017). Species vary in the degree to which
they invest in these defenses following a wood economics
spectrum (Chave et al., 2009; Wright et al., 2010),
with fast-growing species having poorly defended, lower
density wood and higher mortality rates, in contrast to
slower growing species. Indeed, we found that species
with faster growth rates, greater mortality rates, and/or
lower wood density were more likely to suffer heart rot
(Appendix S5). Although covariance among traits means
we cannot link individual traits to susceptibility, host life
history traits are likely to shape the impact of heart rot.

The life history of wood decay fungi may also contrib-
ute to the observation that locally rare species suffer
more heart rot than locally common species. Most of
the associated polypore fungi have long latent periods
(years to decades between infection and reproduction)
and movement among trees is dominated by mycelial
spread along roots, with only rare wind-borne spore dis-
persal (Chung et al.,, 2015; Hansen & Goheen, 2000;
Page et al., 2020). Rates of mycelial spread along roots
or soil are not well known in tropical systems, but tem-
perate forest fungi spread at rates of 0.1-1 m per year
along roots (Bendz-Hellgren et al., 1999; Nelson &
Hartman, 1975; Redfern, 1973). On BCI, the median dis-
tance to the nearest conspecific neighbor (of stems
DSH > 20 cm) is 56.5 m (Appendix S4). This means that
local spread of decay-causing fungi between conspecific
trees is likely a decades-long process, and mature trees
are unlikely to exhibit the density-responsive patterns of
disease commonly associated with plant pathogens hav-
ing short latent periods.

There are many reasons why a tree species may be
locally rare (Wamelink et al., 2014), but the results of this
study suggest that at least some of the rare species (83 of
the 171 tree species had <10 individuals on the 50-ha
plot) may be locally uncommon because they were
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intrinsically more susceptible to root-, butt-, and heart-rot
fungi than other species were species. Similarly, the
10 most abundant tree species (with 199 to 671 indivi-
duals on the 50-ha plot) had a much lower mean
cross-sectional decay (1.4% decay) compared to the
mean of 83 species with <10 individuals (9.7% decay).
This suggests that broad, innate resistance to decay-
causing fungi may be a prerequisite for a large-statured
tree species to be common in a tropical forest, and addi-
tional studies in different types of tropical forest plots
could test the generality of this hypothesis. Direct mea-
surement of variation in resistance traits across species
is also an important next step toward understanding the
mechanisms driving these patterns.
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