Dear Dr. Schongart,

We are very pleased to have the opportunity to revise our manuscript for publication in
Biogeosciences. To our knowledge, we have made all the changes you and the reviewers have
specified. Below we list point-by-point the location of each revision to the manuscript, and we
have attached a revised manuscript and a PDF with markups.

Thank you again for all your consideration during the review process. We are happy to make any
further revisions upon request.

Sincerely,

Katherine Heineman, on behalf of all the co-authors.

“Please provide the requested information pointed out by both reviewers on the drilling
methodology (point 1 of your interactive comment) as far as this information is available.’

’

We reported the diameter of the drill bit on section 2.2 p. 8 line 23, and we have added the depth
to which the trees were cored on section 2.2 p. 8 line 25.

“Points 2 & 8 of interactive comment: I agree with reviewer 1 that a table providing data on
species-specific wood rot frequency and severity would be an important information and [
support that this will be added in form of a table in the supplementary material together with
Table R1 which provides information on the level of taxonomic identification of the tree species
in the different data sets which addresses the comment of reviewer 1.”

We provided in the supplement Table S1, which lists the stem rot frequency and severity for
each species in the study. This table is referenced in the text on section 2.2 p. 8 line 3-4. Table
R1 is now included the supplement as Table S4 and is referenced in text on section 2.6 p. 12 line
13. To further emphasize the taxonomic resolution of our data, we have modified the title of our
paper to read “Evaluation of stem rot in 339 Bornean tree species: implications of size,
taxonomy, and soil-related variation for aboveground biomass estimates”

“Further I support your suggestion to emphasize more on the species-specific effects as
suggested by reviewer 1 at point 3 and to include further analysis of variance considering the
relative importance of different taxonomic levels on wood rot frequency and severity. Further |
agree with your suggested modification indicated in your response to point 3 on page C3944 of
your interactive comment.”

To partition variance among taxonomic levels, we created a linear mixed effect model with DBH
as fixed effect and Family/Genus/Species as nested random effects. We used a normal rather
than a binomial error distribution for models of stem rot frequency so we could calculate the
variance partitioning coefficient (VPC) for each random effect and the residual error term, as has
been suggested by Goldstein et al. (2002) for variance partitioning in models with discrete
response variables. VPC for a model with one random effect is calculated as:



VPC = (52”0/(02“04‘ Gzeo)
where 6°,is the variance explained by the random effect and o% is the residual variance.

We used manual stepwise removal of terms with comparison of Akaike’s Information
Criterion to decide which fixed and random effects should be retained in each model (AIC,
Burnham and Anderson, 2002). We retained the random effect if its removal increased model
AIC by > 2. We fit models separately for the drilling, felling, and coring datasets, and present the
VPC for each significant taxonomic random effect in Table S5. We have added these methods to
section 2.6 p. 11 line 20, and the results of the analysis are presented in section 3.1 page 14 line
26 and reference Table S5, which has been added to the supplement. We have deleted the
methods (section 2.6 p. 11 line 24) and results (section 3.1 p. 14 line 26) referring to models
analyzing the effect of genus as a fixed effect because that analysis is now redundant

We interpret these results in the discussion on section 4.3 p. 23 line 2. We suggest a
number of possible species-level traits that may generate taxonomic variation in stem rot
susceptibility including interspecific variation wood chemical properties and anatomical
properties and differences among species in induced defenses. In addition, the lack of significant
differences at the family level indicates that Dipterocarp taxa do not differ systematically in
susceptibility to rot from non-Dipterocarp taxa in MDF forests, despite showing broad
differences in other traits from some families, such as mycorrhizal association.

“Points 4, 9 and 31: The information included in the revised table 1 addresses sufficiently the
comments raised by both reviewers showing the number of selected tree species and individuals
from each dataset for analyses. You should explicitly mention in the corresponding material and
method section of the revised version that trees without species-level covariates (wood density or
soil habitat association) and species-level identification were not included in the GLMMs.”

This information has been included to the material and methods on section 2.6 p. 12 line 7.

“Point 5: I agree to provide more information in the revised manuscript on the comment raised
by reviewer 1 on species selection for logging as this may influence the results. This was also a
major concern of reviewer 2 which is now well addressed in your response (page C3946 of your
interactive comment).”

The additional details regarding the selection of stems for logging mentioned in the author
response has been added to the methods on section 2.2 p. 9 line 3.

“Points 6 & 29: Both reviewers claim that your data only evaluate stem biomass. Therefore it is
important that you clearly state that the estimates refer to stem biomass and not to the whole tree
or aboveground biomass since data on wood rot of roots and branches are not available and
extrapolation to the aboveground wood biomass are complicated due to varying crown
architectures.”

To emphasize this point, we have added the following sentence to section 2.7 p. 13 line 18:
“Because stem rot in coarse roots and tree crowns was not within the scope of our study, Lossax
represents only the proportion of stem biomass lost to stem rot in a given cluster.” In the revised
version of the manuscript, we have changed the term “heart rot” to “stem rot” to describe more
precisely what was measured in our study.



“Points 7 & 24: I think that your modification of the sampling description in section 2.2 now
sufficiently responds the critics raised by both reviewers.”

We have added this sampling information to section 2.2 p. 9 line 10.

“Point 9: Please clearly state in this section that in the three datasets only trees from identified
species were included in the GLMMs.”\

This point is now clearly stated as follows in section 2.6 page 12 line 8.

“Points 10 & 26: Maybe it would be appropriate to cite some relevant studies of P. Ashton
(listed in the interactive comment) and Baillie et al. (1987) (page 10, lines 5- 6) when saying
“for species not included in these studies, natural history data and personal observations (by P.
S. Ashton) were used.”

We now list citations by P.S. Ashton related to tree species distributions in Borneo on section 2.4
p- 10 line 5. “For species not included in these studies, classifications were assigned by P.S.
Ashton from his extensive studies of tree species distributions in the region (Ashton,
1964, 1973, 2015).”

“Point 11: Adding the information on soils in both study regions (Table R2) in the supplements
will improve the understanding of soil classification (see also comments of reviewer 2). You
should discuss that due to under-representation of large trees in the upper diameter classes
probably no significant difference in stem rot frequency was observed between soil types in the
Lambir region. “

Table R2 has now been added to the supplement as Table S3. It is referenced in the text in
section 2.5 p.10 line 23. As follows: “Soil properties of the two most distinct soil types (clay and
sandy loam) are listed for both Lambir and Central Sarawak in Table S3.”

We also have added the following sentence to the discussion on section 4.2 p. 21 line 22. “We
suspect that the Lambir dataset lacked power to detect a difference between soil types due to
under-sampling of the large trees that are more likely to contain sections of rot.”

“Point 12: The selected sequence to present information on analysis of individuals (section 2.6)
before analysis on the stand-level (section 2.7) makes sense for me.”

“Point 13: ok.”

“Point 14: You should indicate more clearly in section 2.2 describing the methodology of coring
that sampling was done only at one point, while drilling was performed at two points on the stem
(the reader might miss this information). Further you should include in the discussion that the
discrepancy in estimating the frequency stem rot, despite the methodological problems, might be
also related to the diameter distribution of the trees from the two datasets. Therefore I suggest to
include Figure R2 as supplementary information highlighting the diameter distribution of trees
from the three sample sets.”

We have more clearly indicated the difference in the number of observations per tree between



the coring and drilling methods on Section 2.2 p. 9 line 10 “The stem rot data from Lambir were
collected from 365 trees (116 species in 35 families; Table 1, Table S1) with a 5-mm increment
hand borer, bored to half of the DBH at one point on the stem, in contrast to the drilling method
which tested for rot at two points on each stem.” We emphasize the methodological importance
of sampling large trees in section 4.2 p. 20 line 20, “Future studies should ensure that large trees
are not under-sampled, especially considering that large, dominant canopy trees predominantly
structure carbon dynamics in tropical forests (Slik et al., 2013; Bastin et al., 2015).”

Figure R2 has been added to the supplement as Fig S4, and is now referenced in the results in
section 3.1 page 14 line 16.

“Point 15: Also this point should be clearly addressed in the discussion referring to figure R2.”

We have added the following sentence to the discussion on section 4.2 p. 21 line 22. “We suspect
that the Lambir dataset lacked power to detect a difference between soil types due to under-
sampling of the large trees that are more likely to contain sections of rot.”

“Points 16 & 21: As pointed out earlier, the selection criteria are now much better described
and documented. The diameter distribution of the trees used for felling and drilling is quite
similar and includes even more trees in the upper diameter classes selected for drilling
compared to those for felling (Figure R2). The methodological problems of detecting small
amounts of rot between felling and drilling should be mentioned in the discussion to explain part
of the differences on wood density’s impact on the presence of stem rot. This might be also due to
methodological differences to observe stem rot which was done on both ends of the stem of felled
trees, but only at height of DBH on drilled trees (see point 21 raised by reviewer 2).”

The sentences referencing the wood density x DBH interaction has been removed because when
we used model selection methods suggested by reviewer #2, this term was not included in the
final model for any dataset.

We now emphasize the potential causes discrepancies in results among datasets with respect to
soil habitat association, which interacts with DBH in the felling dataset but is not significant in
the coring or drilling dataset. This discussion is on section 4.2 p. 22 line 4.

“Points 17-20: ok.”
“Point 22 & 23: sufficient information is now provided.”
“Point 25: I agree with your comment.”

“Point 27: Please report in the revised version the year of collection of the drilling and felling
data.”

The years of the central Sarawak data collection are now included in section 2.2 p. 8 line 4.

“Point 28: I think you answered sufficiently the critics of reviewer 2, but I feel it is necessary to
discuss in a revised version biases of overestimates which can be caused by plot designs or over-
sampling large trees (see figure R2)”



We now highlighted the difference in the sampling of large tree in our study relative to previous
studies and discuss how these difference influence forest estimates of biomass lost to rot in
section 4.1 p. 19 line 7.

“Point 30: This information should be presented in the supplement of the revised version.”
A table of linear model coefficients has been added to supplement as Table S6.

“Point 32: These analyses should be included in the revised version and in the corresponding
figures and tables.”

We now present the mixed effect models that include only covariates included in the “best
model” as determined by AIC model selection as described on section 2.6 p. 11 line 19. For the
revised analyses, we did not filter out species that had fewer than 5 individuals, so the number of
trees, species, and families for each analysis has changed (Table 1). The revised analysis did not
substantially alter the main points of emphasis in the paper: species identity, tree size, and soil
PC axes were all significantly associated with the probability of stem rot in the central Sarawak
datasets. However, model selection did alter the significance of some species level covariates in
one test, as habitat association and the wood density x DBH interaction were not included in the
final model of the drilling dataset. Because habitat association is not significant in the drilling
dataset, we have deleted Figure 4, which showed the probability of rot in each habitat group. We
have retained Fig. S7, which depicts the stem rot probability vs DBH relationship for each
habitat group in the felling dataset. For the stem rot severity analyses, soil PC3 was no longer
retained in the final model #1, and the final model #2 for stem rot severity now includes the two-
way interaction between soil habitation association and wood density rather than the three-way
interaction between soil association x wood density x DBH. Furthermore, because final models
did not include all covariates, we deleted the methods, results, and figures related to the
hierarchical variance partitioning of model predictors explained in section 2.6 p. 12 line 16.

Other minor changes to the analyses that have been noted in the manuscript:

-We used the Ime4 package in R instead of PROC GLIMMIX in SAS for mixed effect models
(section 2.6 p. 11 line 8), which remedied previous problems with convergence.

- Because AIC-based model selection was used to identify the best-supported models, we present
only the best models in the results (Table 2; Table 3; Table S6) we calculated the change in AIC
with single-factor removals to analyze each factor’s influence on the response variable (Table 2;
Table 3).

“Point 33: The fitted relationships for probability of stem rot vs. diameter in the three datasets
should be presented as supplementary information.”

The probability of stem rot vs. diameter relationships for each dataset is now included in the
supplement as Fig. S5.

“Points 34-36: are sufficiently responded.”

“Point 37: Comparisons between your datasets and those from other tropical regions, especially
the Neotropics, should be made with caution. So far only very few data sets are available and it



is important to emphasize that more studies in the different tropical forests are needed.”

We removed from the conclusion our assertion that stem rot is greater in the Borneo than the
neotropics, and emphasize instead the need for more widespread and consistent studies across
regions.

“Point 38: suggest to drop the sentence focusing on LIDAR-based estimates in the revised
version.”

References to LIDAR have been dropped from the introduction and discussion.

“Point 39: your comment sufficiently address the critic of reviewer 2.

“Point 40: ok.”

Please consider also the minor concerns and comment of reviewer 2 in the revised version.

In your revision, please make sure that you take full account of the comments of the referees and
editor.

Thank you for submitting to Biogeosciences. We look forward to receiving the revision.
Best regards,

Jochen Schongart
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Abstract

Fungal decay of heartwood creates ows and areas of reduced wood density within
the stems of living trees known as Ab:u . Although heartret is acknowledged as a
source of error in forest aboveground biomass, estimates, there are few datasets avail-
able to evaluate the environmental-controls over heart+ret infection and severity in trop-
ical forests. Using legacy and recent data from drilled, felled, and cored stems in mixed
dipterocarp forests in Sarawak, Malaysian Borneo, we quantified the frequency and

severlty of heaFt—Feg and &sed—ga%&ed—kne&#mmed—e#eet—mede#s—te—eha%aeteﬁe

edaphlc condl-

Hme—bst—m—m#eeted—stems—ﬁ&ngedamdel-y—#em—e%e—s% Tree taxonomy explained
the greatest proportion of variance in heartret frequency and severity among the fixed

and+random-effeets evaluated in our models. Heart+ref frequency, but not severity, in-
creased sharply with tree diameter, ranging from 564-infection-across-all-datasets-in
stems—>-50-em-DBH-to1H-Sintrees10-30em-DBH. The frequency and severity of
heartret increased significantly in soils with low pH and cation concentrations in top-
soil, and heartrof was more common in tree species associated with dystrophic sandy
soils than with nutrient-rich clays. When scaled to forest stands, the percent of stem
biomass lost to heart+et varied significantly with soil properties, and we estimate that
%ot theforestbiomassisin-some-stage-ot-heartrot-deeay, This study demonstrates
not only that keart+et is a significant source of error in forest carbon estimates, but
also that it strongly covaries with soil resources, underscoring the need to account for

edaphic variation in estimating carbon storage in tropical forests.
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1 Introduction

Fungal rot of secondary xylem causes hollows and regions of reduced wood density in
tree stems. This type of fungal infection, commonly referred to as heartrot,stemrot-or
buttret, is important for the structure, dynamics, and functioning of forests, given that it
may increase tree mortality (Franklin et al., 1987; Ruxton, 2015), facilitates the creation
of cavity habitats for a diversity of wood-inhabiting and decaying species (Cockle et al.,
2012; Stokland et al., 2012), and may act as a reservoir of nutrients sequestered in
heartrot biomass (Swift;1973; Janzen, 1976; Boddy and Watkinson, 1995), Moreover,
the effect of heartref on aboveground biomass is of particular importance for efforts
to map carbon storage in tropical regions as part of global conservation and climate
change mitigation strategies (Saatchi et al., 2011). However, because heart+ot is dif-
ficult to detect by non-destructive means, we understand little about what controls its
frequency and severity in tropical forests.

Most information available on heart+red in tropical forests comes from forestry studies
exploring its influence on the volume and quality of timber. Among species commonly
logged in old world dipterocarp forests, heart-rot occurs up to 75 % of large Shorea ro-
busta (Dipterocarpaceae), reducing stem volumes by 9—13 % (Bakshi, 1960; Bagchee,
1961). The majority of large mono-dominant Shorea albida (Dipterocarpaceae) indi-
viduals in Sarawak peat swamp forests have been extensively hollowed by fungi and
termites (Anderson, 1964). In subalpine silver fir (Abies densa; Pinaceae) forests of
the Eastern Himalayas, keart+et reduced timber yields < 33 % of those predicted from
external stem volumes (Burgi et al., 1992; Gratzer et al., 1997). The influence of heart
rof appears to be less in the Brazilian Amazon, where the average frequency of heart
rot was 30 % in six commercial timber species in the eastern Amazon (Eleuterio, 2011),
and estimation of stem volume hollowed by heartret in the western Amazon was just
0.7 % (Noguiera et al., 2006). Together these studies provide evidence that the fre-
quency and severlty of heaﬂ—reilnfluence AGB estlmates—pamewrarly—these—eb%maed

- However, there
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have been few systematic analyses of the interspecific variation in heart rot with intrin-
sie tree properties or extrinsie-environmental factors that might mediate susceptibility
and engender spatial variation in forest biomass lost to heart rot.

Understanding how patterns of heartret infection vary with tree size is critical to
assessing its influence over forest AGB and-its estimation because big trees > 70cm
in diameter at breast height (DBH) explain 70 % of variation in pantropical AGB (Slik
et al., 2013). Tree size may be among the best predictors of-heart+et in tropical forests
because old trees have lived long enough to incur butt, branch, and stem wounds
that lead to fungal infection, and trees may become less resistant to infection as they
senesee, (Boddy, 2001). In temperate forests, where tree age can be estimated pre-
cisely through-dendrochronology, heartrot frequency increases with age in longleaf
pine (Pinus palustris; Hooper et al., 1988), and pedunculate oak (Quercus robur, Ra-
nius et al., 2009). While tree size is an imperfect proxy of tree age (Ng, 2013), heart
ref frequency increases with tree diameter in neotropical forests (Nogueria et al., 2006;
Gibbons-et-al;-2008; Eleuterio, 2011). However, variation in the frequency of heartrot
in a given size class among sites indicates that there may be interactions between tree
size with the taxonomlqand environmental factors

te—heapt—re:t— Trees with dense wood may be less Ilkely to experience branch and stem
breakage due to wind disturbance (Putz et al., 1983) and are eensidered more durable
to termite and fungal infection than trees with softer wood {Bultman—and-Seuthwell;
1976)- Additionally-dense wood is associated with pathogen resistance in tropical tree
species (Augspurger and KeIIy, 1984) and slower fungal growth (Romero and Bolker,

phae—(—MemH—and—GewHng-%Gﬁ Wlthln species, fast -grown trees W|th lower wood

density are associated with faster decay rates by saproxylic fungi (Edman et al., 2006),
although this pattern does not hold across all fungi (Yu et al., 2003). In an Amazonian
forest, little or no covariation was found between species’ wood density and frequency
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of heartrot, although the probability of rot was significantly correlated with other wood
traits, such as vessel lumen diameter and vessel density (Eleuterio, 2011).
Thefrequeney—and-severity—of-heartrot-may—alse—vary, with the availability with
edaphic resources. For instance, low soil fertility and nutrient or water stress may pre-
dispose tissues to fungal infection (Shige;—1984). There is also a potential indirect age
effect, as trees tend to grow slower and live longer on infertile soils (Russo et al., 2005,
2008), and are therefore exposed to chance infection for longer. Conversely, ferests
on more fertile soils tenrd-tg grow faster, have less dense and softer wood, and lower
contents of defensive,myeestatic secondary metabolites, anrd such wood may be more

prone to heart rot (Beeld—y—zgeig) ¥aﬂaﬁen—m—heaFt—Fet—aleng—edapmc—g¥adreﬂ%s—weuld

We used legacy and modern data sets to quantify the covariation of taxonomy, tree
size, wood density, and soil resource availability with the frequency and severity of hearf
rot in two Bornean mixed dipterocarp forests. We quantified the impact of hea# rot on
forest standing biomass, and evaluated the implications of soil-related variation in hearf
rot for stand-level variation in biomass. Efforts to quantify kea#t rot in tropical trees are
hampered by the difficulty of evaluating rot without compromising the health of trees
in long term monitoring plots. We therefore also compared methods for quantifying
heari rot frequency, including the direct assessment of hear rot frequency based on
destructive harvesting, with two non-destructive methods (coring and drilling).

2 Methods

2.1 Study sites

The data were collected in two locations in, Borneo: Central Sarawak and Lambir Hills
National Park, Sarawak (hereafter,ambir} (Fig. 1). The Central Sarawak tree drilling
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and felling data were collected during a timber inventory of lowland mixed dipterocarp
rain forest (1°30'—2°50" N, 112°20'-113°50' E) (FIDP, 1974a). Annual rainfall averages
3000-3500 mm yr‘1 in this region with no distinct dry season. The topography consists
of long, steep-sided ridges on Tertiary sandstones and narrow valleys in softer shales.
The soils are colluvial/residual Acrisols (Udults) and associated Cambisols (Udepts)
(FAO, 2006). The coarse loams on sandstone ridges tend to be more stable and deeper
than the shale-derived fine loams and clays of the lower slopes and valleys. All of the
soils are acidic and leached, and exchangeable base saturations are usually < 10 %.
Reserves of K and Mg are moderate, but those of P and especially of Ca are low.
Mineral nutrient fertility increases with clay content, and the slope and valley clays are
less dystrophic than the coarse loams on the ridges (Baillie et al., 1987). The mixed-
dipterocarp forest at this site was among most diverse forests in the Paleotropics. The
distributions of many tree species are associated with soil conditions, producing con-
siderable changes in floristic composition on different soil types (Baillie et al., 1987;
Ashton and Hall, 1992; Potts et al., 2002;-Paeli-et-al-—2006). Average canopy height
is 30—50 m, with emergent trees reaching 70 m, taller than many other tropical forests
(Banin et al., 2014).

The Lambir tree coring data were collected in 2009 in Lambir Hills National Park
(4°11"N, 114°01" E) in northern Sarawak. The physical environment is similar to that of
the central Sarawak study area, with acid leached Acrisols and associated Cambisols
(Baillie et al., 2006; Tan et al., 2009) on a sandstone cuesta (Yamakura et al., 1996),
with shale below the scarp and on the lower dip-slope. Sampling was conducted on
two contrasting soil types: clay/fine loam soil, which is more fertile for most nutrients
and has greater cation exchange and water-holding capacity, and sandy loam soil,
which has lower concentrations for most nutrients, lower cation exchange capacity,
and is better drained (Baillie et al., 2006; Tan et al., 2009). The distribution of individual
species, and the overall floristic composition, structure, and dynamics of the mixed-
dipterocarp forest at Lambir are associated with differences in topography and soils
(Lee et al., 2002; Davies et al., 2005; Russo et al., 2005, 2008; Heineman et al., 2011).
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2.2 Heartrot data

The Central Sarawak felling (1035 trees in 240, species,in 32 families) and drilling (1780
trees in 242 species in 33 families) data were collected, in 422 plots grouped in 86, clus-
ters loeated (Fig. 1:-Fable—1). Nine plots were 3 x 3-square-arrayed in each-cluster at
80 m spacing (Fig. S1 in the Supplement). Plots were defined using a BAF 10 prism,
so that all the stems with an angular diameter > 1.74° when viewed from the cen-
ter point were included in the plot. This standard forest inventory method (Avery and
Burkhart, 2001) includes larger stems located relatively farther away from the center
point, whereas small stems are only included if they are close. The plots were there-
fore irregularly shaped, and sizes ranged from ca. 200 to > 2000 m? (Fig. S1). On
a random subset of 44, clusters, all trees-that would produce at least one commercial

log (i.e., 3.65m long with-minimum-diameterat-breast-height(DBH)-of30em) were,
felled-at-breastheight-(-3mH-Fig—S2), Presence or absence of heartrof was recorded

based on visual inspection of the log ends, and kheart+ef was scored as present when
the wood contained voids or areas of darkened, soft, or brittle wood (Fig. S2). Logs that
were sound at one end but rotten at the other were sawn in half to better quantify rot
severity. For each cross-section, the total area and the area ef rot were measured by
grid counts on transparent overlays (Panzer, 1975). Fhe-velumes-of-the-wholelogand
ofthe-heartrot were computed based on tapering cylinders. The percent of heari rot
for the tree was estimated as the sum of the rot volumes for each log as a percentage
of the total stem volume. E&Hy—femﬁgmu#s—revealed—me%e—#eqﬂem—aﬁd—sevefe-heaﬁ
g . \-On-259
dr|IIeQat
1.3 m perpendicular to the stem axis, with two drill holes at right angles to each other
(Fig. S2). Presence er-absence of heart rot was identified by visual inspection of the
drilled debris using the above criteria. The accuracy of drilling was cross-validated on
419 stems, which were drilled prior to felling.
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Safety was a primary consideration, and felling crews had complete on-site auton-
omy to exclude trees with visible rot, asymmetric crowns or other features indicative
of increased risk of the stem splitting during felling, The dispropertionate exclusion of
very large or obviously rotten stems, and species with very hard, heavy wood means
that the felling data are prebably, conservative in their representation of rot in the forest

as a whole. Safety was less of an |ssue for dr|II|ng—&nd—me—eIHH+ng—dafea—een¥am—me¥e

A
The hearf rot data from Lambir were collected from 220 trees (22 species in 9fami-
lies; Table 1) with a 5mm increment hand borer, bored to half of the DBH. Secondary
xylem from extracted cores was examined for heart rot as above, and presence or ab-

sence of heart rot was recorded ﬁees—uere—sampled—@%#e—se#types—elay%ﬂ%e&m

2.3 Tree properties

DBH was recorded for all individuals in the drilling, felling, and coring datasets. Wood
density (oven dry mass/fresh volume; gcm'3) was estimated for each tree in the coring
data. Wood cores were broken into segments no greater than 5cm in length prior
to analysis to account for radial variation in wood density. The fresh volume of each
segment was estimated by water displacement (Archimedes’ principle) for each tree
in the coring data set. Mass was recorded for wood segments after drying at 60°C
for 72 h. The density for each core was calculated as the mean of segment densities
weighted based on the proportion of the basal area occupied by that annulus.

2.4 Tree species properties

Each tree species in the three data sets was categorized according to its soil associ-
ation. Generalists were species that are similarly abundant on all soil types. Species
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with distinct soil associations were categorized as specialists of clay/fine loam, fine
loam/loam, loam/sandy loam, in order of decreasing fertility and water retention. As-
signments were based on analyses of species’ distributions within the 52 ha forest
dynamics plot at Lambir (Davies et al., 2005) and across a network of plots in Sarawak
(Potts et al., 2002). For species not included in these studies, ratural-history-data—and
personal-observations{by-P-S—Ashien)were—used, The density of sound wood was
assigned to stems in the felling and drilling datasets from timber group values (FIDP,
1974b) and from species average densities in the coring data.

2.5 Soil properties

Edaphic data (Table S4; in the Supplement) were collected for each plot in the Central
Sarawak data. Soil morphology was described in shallow profile pits at plot centres
(Baillie et al., 1987; Fig. S2). The profiles and augerings, located 2.5 m from the centrg,
were sampled at 0-10 and 45-55cm, bulked by depth (topsoil and subsoil, respec-
tively), and the soils analysgd for pH electrometrically, organic carbon by Walkley Black
acid dichromate oxidation, and total nitrogen by micro-Kjeldahl distillation. Exchange-
able cations were extracted with 1M NH,OOCH;. Reserve nutrients and free Fe and
Al sesquioxides were extracted with hot concentrated HCI. Extracted cations were as-
sayed by atomic adsorption spectrometry, Fe and Al by titration, and P by molybdenum
blue colourimetry. Particle size distribution was analysed by pipette sampling after ox-
idation with H,O, and dispersion with sodium hexametaphosphate (Chin, 2002). For
the coring data, the soil type of each tree was assigned to sandy loam or clay/fine-loam
(#406,and 84, trees, respectively) based on the soil survey of the adjacent 52 ha forest
dynamics plot (Baillie et al., 2006; Tan et al., 2009),

For the central Sarawak data, we used principal component analysis (PCA) to create
a reduced number of orthogonal axes of soil variation, using the function prcomp in the
statistical software, R (R Core Team, 2014). Prior to PCA, we used multiple imputation
to replace sparse missing values in the soil data matrix using the function aregimpute in
R because PCA cannot be performed on a matrix with missing values, and we sought
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to maximize sample size for statistical power, We included the first four PC axes in
analyses, which together explained 58 % of the variance in soil properties (Table S2).

2.6 Data Analysis

Linear mixed effect models with-type-HHests-of-fixed-effeets were used to evaluate: (1)
if the detection of heari rot presence/absence differed among datasets (2) i-genera

differednthe-frequenecy-and-severity-hearirotand (3) if heart rot frequency and sever-
|ty varied S|gn|f|cantly with spemes tree, and edaphlc covariates. Meeed—e#eet—medemls

In models testlng varlatlon in the frequency of heart rot we employed generallzed
linear mixed models (GLMM) with a binomial probability distribution and logit link func-
tion using the Laplace method and Cholesky root algorithm for parameter estimation
(Bolker et al., 2009). Linear mixed models (LMM) W|th restrlcted maximum likelihood
parameter estimation a Kenw
method were used to evaluate variation in heaﬂrot severlty (percent stem vqume lost
to heart rot), which was log transformed to meet the assumption of normality of residu-
als. GLMM and LMM models were fit using PROC-GHMMbX-anrd-PROG-MPXED-ir-SAS
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To determine the relative amount of variance in stem rot frequency and severity explained by each taxonomic level of certainty, we fit multi-level models (LMMs) with DBH as a fixed effect and a nested taxonomic random effect (Family/Genus/Species). Here, we used a normal rather than a binomial error distribution for models of stem rot frequency so we could calculate the variance partitioning coefficient (VPC) for each random effect and the residual error term, as has been advocated by Goldstein et al. (2002). VPC for a model with one random effect is calculated as:
VPC = σ2μ0/(σ2μ0+ σ2e0)
where σ2μ0 is the variance explained by the random effect and σ2e0 is the residual variance.
We used manual stepwise removal of terms with comparison of model Akaike’s Information Criterion to decide which fixed and random effects should be retained in each model (AIC, Burnham and Anderson, 2002). We retained the random effect if its removal increased model AIC by > 2. We fit models separately for the drilling, felling, and coring datasets, and present the VPC for each significant taxonomic random effect.
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We, fit two models testing the effects of ecological covariates on heart rot frequency
and severity, depending on the availability of fixed-effect covariates and their collinear-
ity: (1) main effects: DBH, wood density, soil PC1, soil PC2, soil PC3, soil PC4; 2-way
interactions: wood density x DBH; (2) main effects: DBH, wood density, soil associa-
tion; 2-way interactions: DBH x wood density, soil association x DBH, soil association
x wood density; 3-way interaction: DBH x wood density x soil association, For the
corlng data, son type (clay or sandy Ioam) replaced the soll PCs 3Feeee+de—whreh—feeed-

We examined the variance in heargrot probability and severlty explalned by varl-
ables in the GLMM and LMMs using-two—approaches—V he-prope
ef—vaﬁaﬁee—e*paﬂeel—by—r%dem—aﬂd—fﬁed—e#eets usmg pseudo R squared pFn’2 met-
rics (Nakagawa and Schielzeth, 2013). The marginal pR2 is the proportion explained
by the fixed effects alone, and the conditional pF?2 is the total proportion explained by
the model when flxed effects are condltloned on the random effects. We—used—mef—
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AIC-based model selection was used to identify the best-supported models, and for these, we calculated the change in AIC with single-factor removals to analyze each factor’s influence on the response variable All datasets were filtered to include only observations with species-level covariates (Tables 1, S1).  While most trees were identified to species, those not resolved to species were excluded (Table S4).  Species identity was included as a random effect in all models.  
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2.7 Biemasslestteret

.Jo evaluate h ;
stems—mﬂﬁeﬁeed—staﬂd—tevel—earbea—steek@ we estlmated maximum percent of stem
biomass lost to hearf rot (Loss,,,x) and correlated it with soil habitat variables for each
cluster of plots sampled in the felling dataset. Loss,,,, for each cluster was calculated
as:

2.1 TSV, Wood Density,- Percent Rof,
LoSSax = )
>, TSV.- Wood Density,

: hof o bl  tho drill folling d I TSV
is the total stem volume from the base of the tree to the first branch. We-included-only

clusters-with—>10felled-trees>-30-em-DBH. Cluster-level-seil-parameters-were-aver-

LosSax, Will not generate the same vaIue as the average percent stem vqume Iost

across |nd|V|duaI tree stems because LossmaX aceountsfor-differences-among-speeies

by-tree-size, Lossmax is the maximum amount of blomass lost to heart rot because our
calculations assume rotted areas were hollow, as no data was collected on how much
wood density was reduced in these areas. Pearson correlation tests were used to de-
termine if Loss,,x correlated with the first four soil PC axes and the six soil chemical
variables in the topsoil (pH, total N, reserve P, and exchangeable Ca, K, and Mg) that
were used in the PCA. Soil cations (Ca, K, and Mg) were log transformed to meet the
assumption of normality.
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Because stem rot in coarse roots and tree crowns was not within the scope of our study, Lossmax represents only the proportion of stem biomass lost to stem rot in a given cluster. Soil parameters were averages of the plot-level soil measurements in each cluster and varied substantially among clusters (Fig. S3).  
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Stem rot influences carbon storage and flux in forests, and the ability to predict variation in stem rot due to environmental factors, such as soil resource availability, is important for improving global carbon models.  
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As described above, the BAF prism plots were variable in size, and so it was impossible to calculate stem biomass lost per unit ground area.  However, Lossmax is independent of the actual area sampled because it is a percentage that is based on the stem biomass that, given the trees sampled in the plots, would be present if no tree had stem rot.  
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3 Results
3.1 Frequency of heart rot

There was substantial variation between datasets in the frequency of heart rot (Fig. 2a),
which occurred in +4+% of cored, 46% of drilled, and 55% of felled stems. The clas-
sification error of the drilling method was 18 % for the 419 trees scored for rot by first
drilling and then felling, where felling observations were taken to be correct. Of the
stems misclassified by the drilling method, 58 of the 77 errors were false negatives, in
which drilled stems were scored as having no rot, but rot was later observed when the
stem was felled. The average percent rot was substantially less severe in rotted stems
misclassified by the drilling method (5 %) than in rotted stems trees correctly cate-
gorized by drilling (19 %), indicating that the drilling method was effective for scoring
stems with extensive rot.

The discrepancy in prevalence of rot between the central Sarawak and Lambir
datasets may be caused in part by differences in the tree sizes sampled: at Lambir
86% of the cored trees were < 30cm DBH, whereas 98% of trees drilled or felled
in Central Sarawak were > 30cm DBH (Fig—2b); We investigated these possibilities
by sub-setting the data to include the same BBH, rangeg, across all datasets and test-
ing for differences between datasets in the probability of a tree having heari rot, while

accountlng for DBH. A#e&s&b—settmg—heaﬂ—mt—p%ebabﬂﬂwaemased—wﬁh—%%—m—aﬂ

e61ﬂ+|ﬁ}g—elevtaset—é.‘:8449 ——9—55—,9———94—64—'Fabl&83)—ﬁm0ng the three most well sampled
14
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Based on model selection, the most-supported model after sub-setting retained the effects of DBH (ΔAIC = 86.3) and dataset (ΔAIC = 50.9), but not their interaction (ΔAIC = 0.2).  Stem rot probability increased with DBH in all datasets (Table S6), and there was no difference in the slope of this relationship across data sets.  Datasets differed in the mean probability of stem rot at a given diameter: for a 50 cm DBH tree, the predicted probability of finding rot was 28% in the coring dataset, compared to 39% in the drilling and 53% in the felling datasets

katieheineman
Inserted Text
Variance partitioning analysis using nested taxonomic random effects revealed that family identity explained a negligible proportion of variance in stem rot frequency, whereas the genus-level effect was retained in all three datasets (Table S5).  


genera (all Dipterocarpaceae) in the felling dataset, heart rot occurred significantly
more frequently in Dryobalanops (66 % of stems) and thered-meranti-section-of Shorea
(61 % of stems) than in Dipterocarpus (26 % of stems; Fig. 3a),

Heart rot increased in probability with tree diameter in all three datasets (Fig—2).
Indeed, DBH was the only significant predictor in any of the coring data models (Ta-
ble S4). Across all datasets, the frequency of rot shifted drastically among size classes:
stem rot was present in 14% of stems 10-30 cm DBH, 37 % of stems 30-50cm DBH,
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The species-level effect was retained in the drilling and felling, but not coring datasets (Table S5).  The variance partitioning coefficients (VPC) for genus (0.09) and species (0.08) were similar in the felling dataset, whereas species (0.11) explained a greater proportion of variance than genus (0.03) in the drilling dataset.  The combined taxonomic VPC was 0.17 for the felling, 0.14 for drilling, and 0.09 for coring datasets.


In the GLMMs fit for each dataset, the following predictor variables were not retained in the final models either as main effects or interactions, and so had little effect on variation in stem rot frequency (Table S7): Felling Model 1 – species wood density and soil PC1, PC2, and PC4; Felling Model 2 –species wood density; Drilling Model 1 – species wood density, soil PC1 and PC4; Drilling Model 2 –species wood density, soil association; Coring Model 1 –tree wood density, soil type; Coring Model 2 –tree wood density, soil association. 
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the probability of stem rot increased significantly with soil PC3 (Tables 2, S6; Fig. S6a, c), which had a strong negative association with reserve and exchangeable Ca in the topsoil (Table S2).  In the drilling dataset, the probability of stem rot also decreased with increasing values of soil PC2, which were associated with high pH and high exchangeable Mg in both topsoil and subsoil (Tables 2, S6; Fig. S6b).  Overall, these results suggest that stem rot in Central Sarawak was found more frequently on lower fertility soils with reduced cation availability.  
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The effect of DBH on the incidence of stem rot varied significantly among species with different soil associations, for the felling, but not the drilling or coring data (Tables 2, S6).  For species associated with high fertility clay and fine loam soil, the probability of rot did not increase with DBH, whereas the probability of rot significantly increased with DBH in all other soil association groups (Fig. S7).  Thus, for large diameter trees, stem rot frequency was lower in stems of species associated with more fertile, finer textured soil, than for species in the other three soil association groups.  
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Overall, the amount of variation in the probability of a tree having heart rot that was
explained by the fixed effects in our models differed among the data sets, ranging from
the lowest marginal pR2 values of 8% in the felling data to the highest of 33% in
the coring data (Table S5). The variance explained increased with the inclusion of the
species random effect by 12-45 % (conditional pR2 Table S5), indicating that species
differed in kear rot probability even after accounting for variation due to the fixed effect
predictors.

3.2 Severity of heart rot

For the 57 % of felled trees showing keatt rot, the percent of stem volume lost to kear
rot (severlty) averaged 1¥% but ranged widely, from 0.1-82 %, Genera-varied-signifi-
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Similar to stem rot frequency, stem rot severity in felled stems did not differ among tree families, and genus had a higher VPC (0.10) than did species (0.04) (Table S5). 
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Stem rot severity did not vary significantly with DBH, nor any soil PC, as none of these predictors was retained in the final model for Model 1 (Table 3, S7). 
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sewe—Ga— Alone the flxed effects explalned avery small proportlon of variance in IﬁreadnjL
rot severity (range of marginal pR2 0.02-0.41). A larger proportion of variance was
explained when fixed effects were conditioned on the random effect of species identity
(range of conditional pl?2 = 0.18-0.24; Table S5), suggesting that heart rot severity dif-
fered among species due largely to characteristics not measured in this study, and the
majority of overall variation in kear{ rot severity remained unexplained by the tree and
environmental properties measured.

3.3 Biomass lost to heart rot

Our estimate of the maximum percent of forest stem biomass lost to hearf rot, LOSS 44,

Jranged substantially among spatial clusters of trees (0.03-20.9 %); ard—g, significant

proportion of this variation was explained by soil variables. Loss,,,, was significantly

correlated with two soil principal component axes, soil PC2 (r = -0.40, P = 0.016) and

soil PC3 (r = 0.38, p = 0.022), although the correlation with soil PC3 was strongly in-

fluenced by one cluster and was no longer significant without it (r = 0.21, p = 0.113).

Loss,.x Was also marginally associated with soil PC4 (r = -0.31, p = 0.060) (Fig. §).

With—respeetto—specificaspeects—ofseoil-chemistry,—the estimated amount of stem
17
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In Model 2, there was a significant interaction between wood density and soil habitat association (Table 3), whereby stem rot severity declined with increasing wood density in species associated with low fertility soils but increased with wood density for generalist species (Table S6). 

katieheineman
Cross-Out

katieheineman
Cross-Out

katieheineman
Inserted Text
07; Tabl S8

katieheineman
Cross-Out

katieheineman
Inserted Text
7

katieheineman
Cross-Out

katieheineman
Inserted Text
8

katieheineman
Cross-Out

katieheineman
Inserted Text
8

katieheineman
Cross-Out

katieheineman
Cross-Out

katieheineman
Inserted Text
Stem biomass 

katieheineman
Cross-Out

katieheineman
Inserted Text
stem

katieheineman
Cross-Out

katieheineman
Inserted Text
stem

katieheineman
Cross-Out

katieheineman
Inserted Text
stem

katieheineman
Cross-Out

katieheineman
Inserted Text
stem

katieheineman
Inserted Text
was 10% on average and 

katieheineman
Cross-Out

katieheineman
Inserted Text
Yamakura et al. (1986) estimated that 70% of aboveground biomass (AGB) in Bornean mixed-dipterocarp forests is located in the boles of trees > 30 cm DBH, where stem biomass was estimated by multiplying stem volume by wood density.  Although we did not quantify biomass remaining in rotted regions of stems as necromass or fungal biomass, our estimate of 10% Lossmax indicates that biomass measurements that do not correct for stem rot could overestimate average total AGB in Bornean mixed-dipterocarp by up to 7% or 37 Mg/ha.
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biomass lost to rot declined with topsoil exchangeable Ca (r = -0.59, p < 0.001) and
Mg (r = -0.50, p = 0.002), but there was no relationship between Loss,,, with topsoil
measures of soil pH, reserve P, or exchangeable K (Fig. §).

4 Discussion

Ourynderstanding of the ecology of heart rot in tropical forests is limited primarily by
the scarmty of both kheart rot observations and associated explanatory ecologlcal data.

first to hlghllght the |mportance of edaphlc propertles along with tree size and taxon-
omy, in explaining the frequency and severity of kearf rot among trees. Together, these
factors generated spatial variation among forest stands in the estimated proportion of
blomass lost to heart rot and this variation was correlated with soil Feseuree—avaﬂabﬂ-

4.1 Methodological variation in heart rot detection

While-eut, results affirm previous findings that keart rot infection is frequent and often

severe in dipterocarp forests (Bakshi, 1960; Bagchee, 1961), regional-comparisons
are—complicated-by-discrepancies-in-metheds—among-studies. Hear{ rot occurred in

50% of drilled, 57% of felled stems > 30 cm DBH, and encompassed 9 % of stem vol-

ume on average in central Sarawak— whieh—greaﬂy—exeeeds—ebsewed—velame%sees—te

EGQG—A}engeFa—et—aJ—EG%)— Hewevef—these—stud+es measured onIy the hoIIow frac-
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Our finding that 7% of forest AGB is in some stage of wood decay in these Bornean forests not only justifies greater consideration of stem rot and its soil-related variation in the estimation of carbon storage by tropical forests, but also underscores the need for standardized methods of stem rot detection to be applied across tropical forest regions
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These estimates exceed observations from neotropical forests, where 30-38% of trees among Amazonian species were found to have stems hollows (Apolinário and Martius, 2004; Eleuterio, 2011), and volume losses to stem rot ranged 0.7%-4% (Brown et al., 1995; Clark and Clark, 2000; Nogueira et al., 2006)
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There may be several reasons for these discrepancies, many related to methodological differences.  First, most studies 
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tion of stems, whereas our study quantified the volume of wood in any stage of decay
visible in the field. Therefore, our methods would inherently generate larger estimates
of volume loss. Additienallyy approaches that quantify heart rot in decomposing stems,
such as stumps cut along access roads (Brown et al., 1995) or in naturally fallen logs
in coarse woody debris censuses (Clark and Clark, 2000), may quantify rotting that
occurs post mortem or, conversely, may be biased toward logs that are resistant to de-
composition. Noguiera et al. (2006), measured the hollow area in cross-sectional discs
of freshly felled stems, but included only five individuals >80 cm DBH compared to the
100, included-inour-study; While there is no equivalent measure of hea#f rot severity
in the literature, our measure of hear rot frequency via drilling was similar to Eleuterio
(2011), which evaluated wood decay in the debris created by plunging a chainsaw into
the stem of trees to be logged in the eastern Brazilian Amazon. This study found wood
decay in only 30 % of stems > 45cm DBH for the six most common timber speciesy

beth—he&H—Fet—pFeseFuee—and—seveFﬁyaour studmpresents robust and weII constralned
estimates of hearf rot frequency and severity cempared-with-others-in-tropicalforest
literatureto-date;

While logging concessions may be opportunistically exploited for detailed evaluation
of heart rot, accurate non-destructive measures are needed to estimate hearf rot where
destructive harvest is impossible. Drilling proved to be an accurate means of scoring
trees for hearf rot, correctly characterizing keart rof in 80 % of trees. The majority of
misclassifications likely occurred because drilling tested for areas of wood softness
only at breast height, missing rot occurring higher gpin the stem. However, classifi-
cation error diminished to 8 % for stems that had lost more than 10 % of their volume
to rot, indicating that drilling at breast height is a reliable means of identifying trees
containing large sections of rot. Gembined-with-the-under-sampling-ef-verylargetrees
inthefelling-datg, results of felling and drilling analyses require subtly different inter-
pretations, with the felling dataset exploring the controls over heari rot infection overall,
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Such studies are thus are unlikely to provide accurate estimates of wood decay in the living trees that comprise standing forest AGB. Third, since stem rot frequency increased dramatically with tree size, studies that under-sample large trees may underestimate stem rot in forest stands.
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and the drilling dataset exploring the controls over severe heart rot infection. There
was no way to validate the accuracy of the coring method; however, the probability of
detecting rot was lower at a given stem diameter in the coring dataset relative to the
drilling dataset. Assuming that the true dependence of heat{ rot frequency on DBH
was the same in Lambir and the Central Sarawak sites, then we suspect the drilling
method may have been more effective at detecting rot because it was conducted in
two perpendicular directions at breast height, whereas trees in the coring dataset were

bored only once. Bespite-inconsistencies-among-methodeologies-inelusion of all three

datasets not only allowed assessment of non-destructive methodologies for estimation

of hearf rot, but also improved inference efthe-controls-overhear rot by increasing the

size range to ineludg the small and large, trees included in the coring drilling datasets,
respectively. Sonic tomography has been applied to non-destructively evaluate both the
frequency and severity of hollows in tree stems (Nicolotti et al., 2003; Wunder et al.,
2013). In the absence of access to this costly equipment, drilling may be a viable, less
expensive alternative for assessing the presence of keat rot in remote tropical forests.

4.2 Controls over heart rot in individual stems

a—wmdew—m%e—the—meehamsms—tha{—ge\mﬁ—heaﬁrot and its |mpI|cat|ons for forest
ecosystem processes. Tree size was the only factor significantly associated with rof in
all three datasets, and-was-the-only-significant-predictorinthe-cering-dataset—These

findings-supperf previous observations of stark increases in heart rot frequency with
diameter in troplcal forests (Noguiera et al., 2006; Eleuterio, 2011) H-is—unelearwhat

tam—cmpems—fewee—meﬂamy—éﬁaﬁktm—et—m% Hewever-given that tree size was

not a significant predictor of the percent stem volume lost to rot in infected trees, the
advancement of stem rot infection may depend less on tree age than on the identity of
the pathegen and the physical and chemical properties of the heart wood {Raynrerand

Beddy,1983),
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To the extent that diameter correlates with tree age, these results suggest that trees experience accumulating risks of becoming infected with stem rot with time. Future studies should ensure that large trees are not under-sampled, especially considering that large, dominant canopy trees predominantly structure carbon dynamics in tropical forests (Slik et al., 2013; Bastin et al., 2015)
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Species wood density was not a significant predictor of stem rot frequency or sever-
ity in the felling or corlng datasets conS|stent W|th flndlngs from an Amazonian forest
(Eleuterlo 2011) \ ,

de' 'S'E%W%W%W%@WM%W@% Thls result

is somewhat surprising, as high wood density has been associated with pathogen pro-
tect|on in troplcal tree speC|es (Augspurger and KeIIy, 1984). Howeverwood-density-is

central Sarawak but heaﬁrot frequency did not dlffer between edaphlc habltats in the
smaller trees cored at Lambir. Our results de-ret identify which soil nutrients directly
correlate with heart rot, but they appear to include Ca and Mg, which have been found
to correlate strongly with Bornean species distributions (Baillie et al., 1987) and ex-
plained significant variation in fine root growth at Lambir (Kochsiek et al., 2013), Fhis

resuitHsinitialy-counter-intaitive; as the forest processes on high fertility sites are gen-
erally mere-dynamig (Coomes and Grubb, 2000), ard-generate-meorefrequent-canopy
&s%u*baneelcausmg wounds and opportunltles for infection (—Beeld%&Hd-RayﬁeH-gss-)
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In the Lambir coring dataset, the relatively small sample size of large trees may have prevented us from detecting differences in the frequency of stem rot among soil types.  

katieheineman
Cross-Out

katieheineman
Cross-Out

katieheineman
Inserted Text
However, any pathogen protection conferred by higher wood density may not result in lower incidence of stem rot, because of the inverse relationship between wood density and growth and mortality rates (King et al., 2006): at the same size, trees with high wood density are expected to be older than trees with low wood density and so may have longer exposure time to incur stem rot infection. 
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In addition to the longer exposure times presumably experienced by tree species characteristic of more dystrophic and drought-prone soils (Russo et al., 2005), trees under nutrient stress may be more prone to infection, if resources to produce secondary compounds are limited (Bryant et al., 1983). Soil chemistry may also influence the composition of the soil microbial community, from which wood decay fungi often originate (Boddy, 2001). At Lambir, the community composition of soil bacteria (Russo et al., 2012) and root-associated mycorrhizal fungi (Peay et al., 2009) differ between clay and sandy loam soil types, which vary in many properties including texture, nutrient supply, and pH (Table S3), indicating that the taxa and functional groups present to colonize wood may differ among edaphic habitats. Furthermore, the relative availability of nutrients in soil versus wood may influence the infection and growth of wood decay of nutrient-limited fungi in trees, however, this interaction is likely to be complex (Merrill and Cowling, 1966; Donnelly and Boddy, 1998) 
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ation among soil habitats in hearf rot may also be driven by the change in species
composition of the tree community comblned with differences among taxa |n suscep-

t|b|||ty to he&rgrot

4.3 Taxonomic variation in heatrt rot

While tree size—weoeod-density,—and edaphic factors were all-significantly associated
with the heart rot infection, these factors together explained a relatively small frac-
t|on of the varlance |n the frequency of heaﬁrot and even less for heaFgrot severlty

érreter—et—sJte1nh—Fet—fuFee|Jctehey—attret—sesotehtiyfZ meaning that the occurrence of heargrot had
22

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/1/2015/bgd-12-1-2015-print.pdf
http://www.biogeosciences-discuss.net/12/1/2015/bgd-12-1-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
katieheineman
Cross-Out

katieheineman
Inserted Text
stem

katieheineman
Cross-Out

katieheineman
Inserted Text
stem

katieheineman
Cross-Out

katieheineman
Inserted Text
Yet, the effect of tree species’ soil habitat association on stem rot frequency and severity was less consistent among datasets than the effects of soil properties.  In the felling dataset, stem rot frequency increased more slowly with DBH in species adapted to high fertility soil than in species from other association groups: at 80 cm in diameter, tree species associated with sandy loam/loam soil were 8.6 times more likely to have stem rot than species associated with clay/fine loam and 4.1 times more likely to have stem rot than species associated with loam/fine loam.  These results are consistent with the notion that trees specializing on more fertile soils may be younger at the same size compared to species adapted to resource-depleted soils, as their growth and mortality rates are higher (Russo et al., 2005).  This pattern may not have been detected by drilling, which was less effective than felling at detecting minor stem rot infections.  The significant interaction between soil association and wood density explaining the severity of stem rot remained difficult to parse, aside from the indication that the relationship of stem rot with species traits could be highly multi-dimensional and driven by a complex combination of interacting factors.
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a strong taxonomic component due to species properties other than wood density and
soil association. Some of the taxonomy-related variation in the susceptibility to heart
rot may be due to differences in induced and constitutive defences against fungal or
insect pathogens (fayleretal—2002). When wounding allows exposure to pathogens,
anatomical modification of xylem in the living sapwood, including compartmentaliza-
tion, limits the spread of infection (Shigo, 1984), and the extent and effectiveness of this

response likely differs among species, {rterspeeific-variationin-defense-may-also-eceur

inthe heart wood—whreh is suffused with secondary metabolltes conS|dered inimical to

Even after accountlng for species |dent|ty, most variation in hear;rot frequency and
severity remained unexplained. Heari rot infection may be highly stochastic because
it appears to require both wounding and subsequent colonization by fungal spores or
insects, which have varying dispersal capacities (Peay and Bruns, 2014) and host re-
quirements (Gilbert et al., 2002). Density-dependent population dynarmies, caused by
the differential susceptibility of tree species to pathogens has been hypothesized to ex-
plain the relative abundance of tree species in forest communities (Comita et al., 2010;

Mangan et al., 2010). Fhis;arethepossibility thatinteractions-bebtween-hosttreesand
heartrotfungi-are-hreutral-oreven-mutualistie; are topics that merit more investigation

in tropical forests.
4.4 Implications of tree level variation, for forest biomass

When the tree-level influence of kearf rot was scaled to the stand-level, we found large
spatlal varlatlon in the potentlal ecosystem biomass Iost to heart rot in central Sarawak

erties. Stems of trees > 30 cm DBH account for ~ 70% of the standlng AGB in mature
23
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Perhaps surprisingly, tree genera varied in susceptibility to rot whereas families did not, suggesting that dipterocarp taxa do not differ systematically in susceptibility to rot from non-dipterocarp taxa in MDF forests, despite showing broad differences in other traits such as mycorrhizal association (Wang and Qiu, 2006).

Among species traits not evaluated in this study, wood anatomical properties and wood chemical content with respect to nutrient stoichiometry and secondary defense may be particularly important to understanding taxonomic variation in stem rot.  Lumen diameter and vessel density are significantly correlated stem rot frequency in Amazonian tree species (Eleuterio, 2011) and have been hypothesized to influence the growth of fungal hyphae (Schwarze et al., 2000).  Chemical properties of wood may also influence rates of fungal colonization in stems, as tree species wood N and P concentrations correlate with wood decomposition rates in angiosperms (Weedon et al., 2009), and wood decomposition rates decline with initial wood pH among Costa Rican tree species (Schilling et al., 2015).  Furthermore, secondary defensive chemistry has been shown to vary among species and generate differences in the microbial colonization of woody debris (Cornwell et al., 2009).  Most dipterocarps are known for copious resin production (Appanah and Turnbull, 1998) and are likely to differ widely in the composition and mycostatic effectiveness of these compounds (Bisset et al., 1966; Bisset et al., 1971; Norhayati et al., 2013). 


In addition to constitutive chemical defences, 
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Given that stem rot affects dead tissue, it is unclear whether this hypothesis also applies to wood decay fungi.  Stem rot, often when combined with other stressors, has been implicated in tree death, as it is thought to make trees more vulnerable to sources of mortality (Franklin et al., 1987).  The high stem rot frequency and severity among these Bornean species is surprising in this light, and their great longevity (Whitmore, 1984) suggests a large capacity to tolerate stem rot.  Stem rot may structurally weaken trees and predispose them to buckling from wind-throw or other disturbances, which often vary in frequency in relation to soil properties and topography (Gale and Hall, 2001; Ohkubo, 2007).  The severity of stem rot required for biomechanical failure may be high: only when the radius of the hollow region is ca. 70% of the total stem radius, which would constitute a loss of stem volume due to stem rot of 49%, structural failure is viewed to become considerably more likely (Mattheck et al., 2006; Ruxton, 2014).  Among Bornean trees with any stem rot in the felling data, 6% had stem rot of this severity or greater.  Whether stem rot contributes to tree death and if so, how
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mixed-dipterocarp forests (Yamakura et al., 1986), and the trees > 70cm DBH make
up 40 % of the AGB in southeast Asian forests (SI|k et al., 2013) From-theseregional

over, Bornean dlpterocarp forests are taIIer with more large-diameter trees, thus having

larger AGB than many other tropical forests (Yamakura et al., 1986; Slik et al., 2013;
Banin et al., 2014). These differences may be reduced by keari rot in mixed-dipterocarp
forests, as considerably lower estimates of biomass lost to hearf rot have been reported
in neotropical forests, The effect of keart rot on standing biomass showed strong spatial
variation, and was significantly greater for stands growing on less fertile soil. An anal-
ysis in a lowland Bornean rainforest found that AGB positively correlated with surface
soil nutrient concentrations, including P, K, and Mg, due to the increased stem density
of trees > 120 cm DBH on high fertility soils (Paoli et al., 2008). Our results suggest that
the discrepancy in AGB between soils low and high fertility may in fact be even larger
because large stems on low fertility sites are more likely to contain hollow sections of
extensive rot.

It is difficult to determine if current methods of biomass estimation adequately ac-
count for kearf rot in tropical trees. Heart rot is implicitly incorporated into allometric
equations used to estimate AGB from forest inventories (e.g., Chave et al., 2005), which
are empirically derived from datasets I|kely to include trees with hear;rot Howeverthe

eerreetreﬂs—fe#re&rt—ret—may-be—needed Thus greater con3|derat|on of Iocal scale soil

conditions and broader-scale quantification of kea#t rot using standardized methods
are critical to improving the estimation of carbon sequestration in tropical forests.

24
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, while we acknowledge that the disproportionate sampling of large trees in this study may generate discrepancies between our results and previous studies..
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In light of these regional studies, our results suggest that correcting for biomass lost to stem rot reduces total forest AGB estimates by up to 7% relative to what would be predicted assuming all stems are composed strictly of intact wood, with the true stem rot correction depending on the relative densities of decayed versus sound wood. While estimates of biomass loss due to stem rot in living trees are rare, studies of standing dead trees and woody debris found that biomass loss over time is approximately exponential (Harmon et al., 1986; Freschet et al., 2012), indicating that the biomass density of rotted stem fractions should be much less than the density of intact wood.  
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In practice, however, large trees are often severely under-represented in such allometric datasets.
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the strong variability in biomass loss among species and edaphic habitats in this study indicate that site-specific corrections for stem rot may be needed
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5 Conclusions

Heari rot is a poorly quantified source of error in aboveground biomass estima-
tion throughout the tropics. Our study of kearf rot frequency and severity in mixed-

dlpterocarp forests in Sarawak Borneo, mdreates—mat—eeﬂade%abm—spa&al—vaﬁahen—m

HeHJraFIy—a#eeted—by—heaFt—ret— Usmg standardlzed nondestructlve methods to quan-

tify hearf rot across environmental gradients and compare its frequency and severity

across tropical regions weuld-help-better-constrain-the-contribution-of-hearirottoerror
inestimation-of-carbon-stored-intropical-forests,

The Supplement related to this article is available online at
doi:10.5194/bgd-12-1-2015-supplement.
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indicates that spatial variation among forest stands in biomass losses to stem rot coincidences with variation in soil-related factors, which may influence patterns of tropical forest carbon storage across edaphically heterogeneous landscapes. Moreover, the considerable taxonomic variation in heart rot susceptibility observed here could potentially underlie to differences in the ecosystem consequences of stem rot among tropical regions with contrasting biogeographic histories.  
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would help better constrain estimates of carbon dynamics in tropical forests.
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e 1. Ranges and sample sizes for predictor variables for felling, drilling, and coring data

sets by species and trees.

Felling Coring
Species Trees Trees Species Trees

Soil association

Loam/sandy loam 7 66 54 9 90

Fine loam/loam 15 260 284 3 31

Clay/fine loam 13 206 196 6 61
Generalist 7 129 82 4 38
DBH (cm) - 27.5-105.8 26.2-157.3 - 1.3-89.0
Wood density (g cm's) 0.450-1.120 - 0.530-0.940 - - 0.204-1.020
Soil type

Sandy loam - - - 17 140

Clay/fine loam - - - 12 80

Total 42 661 616 22 220
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T@ 2. Type Il tests of generalized linear mixed model fixed effects for associations of the
probability of heart rot in trees of mixed dipterocarp rain forest, Central Sarawak, Borneo, in the
drilling and felling datasets. If they are not listed in the table, then two- or three-way interactions

were not statistically significant.

Predictor variable Dataset Num.df Den.df F value P value
Model 1 Drilling

DBH 1 572 8.34 0.004
Species wood density 1 572 217 0.142
Soil PC1 1 572 1.22 0.269
Soil PC2 1 572 10.49 0.001
Soil PC3 1 572 2.57 0.11
Soil PC4 1 572 0.99 0.321
DBH x Species wood density 1 572 4.05 0.045
Model 2 Drilling

DBH 1 576 7.94 0.005
Species wood density 1 576 4.08 0.081
Soil association 3 576 3.05 0.007
DBH x Species wood density 1 576 3.82 0.051
Model 1 Felling

DBH 1 614 31.09 <0.001
Species wood density 1 614 0.06 0.81
Soil PC1 1 614 0.1 0.751
Soil PC2 1 614 1.05 0.307
Soil PC3 1 614 6.32 0.012
Soil PC4 1 614 0.16 0.687
Model 2 Felling

DBH 1 615 28.12 < 0.001
Species wood density 1 615 0.4 0.526
Soil association 3 615 1.81 0.144
DBH x Soil association 3 615 3.69 0.012
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o K. D. Heineman et al.
Model 1 S
DBH 1 364 0.54  0.461 T
Species wood density 1 29.2 0.02 0.901 -;5; _
Soil PCA 1 363 0.01 0.941 =
Soil PC2 1 363 0.78 0.378 _
Soil PC3 1 363 7.45 0.06 - -
Soil PC4 1 363 044  0.509 z Conclusions  References
Model 2 7 Tables  Figures
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1. South China Sea
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re 1. Location of study sites in Sarawak, Malaysian Borneo. Shaded areas are the Central
Sarawak inventory units for heart rot felling and drilling data, with clusters of plots indicated by
black dots. The black rectangle indicates the location of the Lambir Hills National park study

site for the heart rot coring data.
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Figure 2. Variation in the frequency of heart rot found in trees in mixed dipterocarp rain forestof & _
Central Sarawak, Borneo. Pie charts show the percentage of individuals with heart rot (shaded), S
with pies sized according to the total number of sampled stems (n), in each DBH size classand _
dataset. 3
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(a) Frequency (% felled stems infected)

Dipterocarpus Dryobalanops Shorea
(Keruing) (Kapur) (Red meranti)
n=94 n=146 n =249
- =
66%
e 57%)|
—
27%
o
N N N
54 cm 57 cm 52 cm
222m 19.3m 199 m

(b) Severity (Mean % volume loss in infected stems)

Dipterocarpus Dryobalanops Shorea
(Keruing) (Kapur) (Red meranti)
n=25 n =96 n=143
>
~— <>
10% 13% 14%
60 cm 60 cm 55 cm
243 m 21.2m 20.3m

Fi 3. Variation in the frequency and severity of heart rot among important dipterocarp
genera in rain forest of Central Sarawak, Borneo, based on the felling data. Local names for
genera are in parentheses. Mean diameter at breast height (DBH; cm) is below, and mean
stem length (m) is to the left, with cylinders sized accordingly. The shaded portions represent
frequency, the percent of felled trees with heart rot, listed to the right in (a), and severity, the
mean percent volume lost to heart rot, listed to the right in (b).
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Figure 5. The relationship between the percent stand biomass lost to kearf rot (Loss,,,,) among
trees sampled in a cluster and mean values of the first four soil principle component (PC)
axes for 36 tree clusters containing at least 10 trees > 30cm DBH. The Pearson correlation
coefficient (r) and associated probability of each relationship is in its respective panel. Soil
concentrations are expressed in units of milliequivalents per 100g of soil (me%), parts per
million (ppm), or percent dry weight (%).
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Figure 6. The relationship between the percent stem biomass lost to kheart rot (Loss,,,,) among
trees sampled in a cluster (Loss,,,,) and mean soil chemical properties for 36 tree clusters con-
taining at least 10 trees > 30cm DBH. The Pearson correlation coefficient (r) and associated
probability of each relationship is in its respective panel. Soil concentrations are expressed in
units of milliequivalents per 100 g of soil (me%), parts per million (ppm), or percent dry weight
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