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Abstract

Although necromass decay rates are limited by the slowest portions to decom-

pose, most decomposition studies examine only the earliest stage of decay. As

such, these studies run the risk of yielding misleading results regarding the rel-

ative contributions of different decomposers. For example, the contributions of

macroinvertebrates to wood decomposition remain mostly unknown beyond

the first 50% of mass lost, despite drastic changes in substrate conditions over

time. We sought to clarify how the macroinvertebrate contribution to decay

changes over the course of wood decomposition in the Southeastern United

States—a region with a long history of wood decomposition research. To this

end, we (1) compiled data from published studies comparing wood decay with

and without macroinvertebrates; and (2) conducted a field study assessing

wood mass loss, with and without macroinvertebrate access, at three sites

across the region over four years. With these combined data, we analyzed

macroinvertebrate contribution as decay progressed, revealing a quadratic

relationship, wherein macroinvertebrate contribution increased early in

decomposition and then began to decline as decay progressed. Strong local site

effects, particularly the abundance and activity of termites, determine the time

required for wood to reach this point of mass loss.
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INTRODUCTION

Dead and decaying material (necromass) represents a sub-
stantial fraction of terrestrial carbon, and its decomposi-
tion is the primary pathway by which this carbon moves
from the biosphere to the atmosphere (Pan et al., 2011;
Schlesinger & Bernhardt, 2013). Although necromass con-
sists of both labile and recalcitrant fractions, the decay
rates of these different components can vary greatly

(Benbow et al., 2019), and the decay rate of the recalcitrant
portions ultimately determines the rate of the overall pro-
cess. For example, as wood decays, the softest and most
nutritious components (e.g., sapwood) decompose first,
while the more recalcitrant portions (e.g., heartwood or
the late-season layers of annual growth rings) are the
slowest to decompose (i.e., the rate-determining step;
Ulyshen, 2016). Although wood decomposition is largely
driven by microbes, particularly fungi enzymatically
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capable of catabolizing lignocellulose, there is a growing
awareness that wood-feeding macroinvertebrates, espe-
cially termites, are a major driver of wood decay rates.
Two recent global experiments, for instance, estimated
that insects may account for 29% of the carbon flux from
dead wood globally (Seibold et al., 2021), and that the tem-
perature sensitivity of termites largely drives rates of wood
decay (Zanne et al., 2022).

Although recent studies have made it clear that
macroinvertebrates are a major determinant of wood
decay rates, most studies of wood decomposition measure
only one time point and therefore fail to follow the decay
process as it progresses (Oberle et al., 2020). While this is
understandable, given that wood can require (depending
on climate, wood species, soil contact, etc.) decades or
even centuries to decompose completely, the short dura-
tion of most studies ultimately fails to address questions
about the contributions of macroinvertebrates over the
entire decay process. The issue of study length is critical
because wood experiences significant chemical and phys-
ical changes as it decomposes, and as such, findings
based on the early phases of decomposition cannot be
reliably applied (or assumed) to be representative of the
entire process. For instance, macroinvertebrates may con-
tribute more to decomposition at certain stages than
others due to wood changes over time that make it more
or less hospitable, which may also depend on substrate
quality (Guo et al., 2021). If the contribution of
macroinvertebrates does change as decay progresses,
studies focused only on the early stages of decay will not
accurately reflect the contributions of macroinvertebrates
to the entire process, and as a result, they risk over- or
underestimating rates of wood decay, which could cause
misestimation of carbon pools represented by dead wood.

Previous research on the topic has largely focused on
termites and found that wood traits are a strong driver of
their contribution to decomposition. For instance, Liu
et al. (2015) found that termites preferentially consume
wood with a lower initial density (soft wood). Further
research showed that tree species traits associated with
the wood economics spectrum—from acquisitive to con-
servative tree species—determined wood decomposition
attributable to termites (Guo et al., 2021). A subsequent
study found that wood traits were predictive of microbial,
but not termite-driven decay (Law et al., 2023),
suggesting results may be dependent on species (trees
and termites) and/or climatic variables. Guo et al. (2021)
also found that termite-driven decomposition was higher
in lower quality wood (from conservative tree species)
later in the decay process, suggesting that some degree of
microbial decay may make wood more palatable for ter-
mites, highlighting likely interactions among different
groups of decomposers.

In this research, we sought to better understand how
the contributions of macroinvertebrates to wood decom-
position change from early- to late stages of decay. To
that end, we compiled data from literature on studies
comparing wood decay with and without macroinver-
tebrates. We focused on the Southeastern United States
(hereafter southeast), which is a well-studied region in
this regard, providing many observations of wood decay
over time for analysis. We used wood mass loss data from
these studies to calculate the macroinvertebrate contribu-
tion to mass loss as decay progressed. To provide addi-
tional data points at later stages of decay, we measured
wood mass loss (with and without macroinvertebrate
access) over four years in three physiographic provinces
of the southeast (Blue Ridge Mountains, Piedmont, and
Atlantic Coastal Plain). Because we expected that
macroinvertebrates, particularly termites, might contrib-
ute more to decay in the early than later stages, we
hypothesized that the macroinvertebrate contribution
would exhibit a quadratic relationship with wood mass
loss, where the macroinvertebrate contribution increased
to a point, and then declined as decay progressed. We fur-
ther hypothesized that no such relationship would exist
with time, that is, year of observation.

MATERIALS AND METHODS

To determine the pattern of macroinvertebrate contribu-
tion to mass loss as decay progressed in the southeast, we
utilized multiple datasets (Appendix S1: Table S1) from
the region (Appendix S1: Figure S1) that measured wood
mass loss with and without macroinvertebrates.
From each dataset, we extracted the average mass loss
data for each wood species, each treatment (or only
experimental controls if treatments involved manipula-
tion, e.g., sealing of wood), and each site, for each time of
observation (if multiple included), with and without
macroinvertebrates. We then calculated the percentage of
mass loss attributable to macroinvertebrates (hereafter
macroinvertebrate contribution) using Equation (1).

Macroinvertebrate contribution %of mass lossð Þ¼
%mass loss ðMacroinvertebrate includedÞ

−%mass loss ðMacroinvertebrate excludedÞ
%mass loss Macroinvertebrate includedð Þ

0
BB@

1
CCA× 100:

ð1Þ

To add additional mass loss values at later stages of
decay to our analysis, we measured mass loss of
Monterey pine (Pinus radiata) D. Donn. in three phys-
iographic provinces of the southeast (Appendix S1:
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Figure S1): (1) Blue Ridge Mountains (Coweeta
Experimental Forest, NC; hereafter Coweeta),
(2) Piedmont (Hitchiti Experimental Forest, GA; here-
after Hitchiti), and (3) Atlantic Coastal Plain
(Savannah River Site, SC; hereafter SRS). Both Hitchiti
and SRS have mixed pine–oak overstory vegetation,
while Coweeta has a mixed oak–hickory–tulip poplar
overstory. Coweeta has an elevation of 1158 m with a
mean annual temperature (MAT) of 13.7�C and mean
annual precipitation (MAP) of 183.3 cm (NCEI, 2021).
Hitchiti and SRS have similar climates (Hitchiti: MAT
18.6�C, MAP 119.2 cm; SRS: MAT 17.7�C, MAP
119.8 cm; NCEI, 2021) but differing elevations
(Hitchiti: 113.1 m; SRS: 61 m).

At each site, we set out paired baits (with and without
macroinvertebrate access) consisting of blocks (two
pieces of stacked, untreated, planed, dried, and weighed
P. radiata wood; measuring 16.7 cm long × 6.3 cm
wide × 1.8 cm deep for a total bait volume of 378.76 cm3)
enveloped in nylon mesh (300 μm), following the proto-
col used in Zanne et al. (2022). The mesh allowed fungal
hyphae to penetrate but not macroinvertebrates. In half
the baits, 10 holes (5 mm) were placed on the soil-facing
side of the mesh bag to allow colonization by
soil-dwelling macroinvertebrates. Eighty pairs of baits
were deployed in January 2017 at all sites with one pair
every 5 m in straight transects (Appendix S1: Figure S2),
with plans to collect 20 pairs every year for four years.
Baits were placed on the soil surface after removing the
leaf litter layer by hand. Once the baits were placed, a
shade cloth (70%) was placed over them and pinned to
the ground.

We collected pairs of baits from each site in January
2018, 2019, 2020, and 2021. Upon collection, the
remaining wood from each bait was dried (105�C for
72 h) and weighed to determine the percentage of mass
loss. For baits that had heavy termite usage, soil was
manually removed before weighing. The mesh of some
baits was noticeably damaged (likely from animal
chewing) and these were not included in the analyses.
Others were missing entirely, and at Hitchiti, most of the
remaining baits were destroyed in a fire that occurred in
the spring of 2018 (see Appendix S1: Table S2 for the
number of baits included in the analyses). For each
recovered bait, termite and fungal impacts were scored
on a scale from 0 to 4 (Appendix S1: Figures S3–S6),
wherein 0 was assigned to sound wood, 1 to perceptible
but very limited changes, 2 to clear changes to a moder-
ate extent, 3 to severe changes, and 4 to breakage, in
accordance with the methods of Davies et al. (1999). For
those blocks with active termites, we identified them all
to be Reticulitermes virginicus Banks, 1907 using the key
in Lim and Forschler (2012).

Statistical analyses

Using our compilation of data (Taylor et al., 2023) from
the southeast and our added measurements, we created
two linear mixed-effects models (all analyses conducted
using R version 4.2.2; R Core Team, 2022; lmer function
in lme4 package; Bates et al., 2014). The first, “mass loss
model,” examined the macroinvertebrate contribution at
observed values of mass loss. In this model, we used the
percentage of mass loss (invertebrates included) and
the squared percentage of mass loss ([% mass loss]2) as
non-interacting fixed effects. The second, “year model,”
examined the macroinvertebrate contribution at year of
observation. Similarly, in this model, we used the year
of observation and the squared year of observation
([year of observation]2) as non-interacting fixed effects.
For both models, wood species and the study from which
the data were extracted were included as non-interacting
random intercepts. Random effects that explained no
variance were removed from the model. Significance was
assessed using the Wald χ2 test (Anova function in car
package; Fox & Weisberg, 2019), and model fit was
assessed by conditional R2 (r.squaredGLMM function in
MuMIn package; Barto�n, 2022).

To compare our additional wood mass loss data in the
three physiographic provinces of the southeast, we ana-
lyzed wood mass loss percentage using a linear model
where location, macroinvertebrate access, and year were
treated as explanatory variables. Significance was
assessed using ANOVA (Anova function in car; Fox &
Weisberg, 2019). Post hoc comparisons of year 4 data
were conducted using estimated marginal means
(emmeans function in emmeans package; Lenth, 2022)
with the Sidak adjustments for multiple comparisons.

RESULTS

In our compiled dataset from the southeast along with
our added measurements, we analyzed 41 observations
of wood mass loss (average mass loss: 40.4%, average
year of observation: 2.0). From the mass loss model
(conditional R 2 = 0.32; Table 1), we found that the

TABL E 1 Results from the fixed effects of our model of

macroinvertebrate contributions to wood mass loss as explained by

mass loss in the Southeastern United States.

Fixed effects Estimate SE χ2 (df) p

Intercept −7.37 7.22 … …

% mass loss 0.86 0.34 6.38 (1) 0.01

(% mass loss)2 −0.01 0.004 3.40 (1) 0.07
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contributions of macroinvertebrates to decay increased
with increasing mass loss before beginning a downward
trend (Figure 1a), consistent with our hypothesis. The
mass loss model predicted that the macroinvertebrate
contribution to wood decay peaks at 20.8% when mass
loss reaches 64.0% before declining to 16.7% at 89% mass

loss. The study from which the data were extracted
accounted for 14.2% of the random effect variance.
Wood species did not account for any random effect var-
iance in either model and was removed from the final
version. From the year model (conditional R 2 = 0.15;
Table 2), we found no relationship between the

F I GURE 1 Macroinvertebrate contribution to mass loss over the course of decay: (a) average percentage of mass loss and (b) year, for

studies conducted in the Southeastern United States. Colors denote the physiographic province in which the study occurred. Symbols

represent the data from the three locations added in this study. Lines represent the quadratic model predictions (R 2 = 0.32 in panel a;

R 2 = 0.15 in panel b) and significance is denoted by a solid line. Negative values of macroinvertebrate contribution result from the

percentage of mass loss without invertebrate access being greater than those with macroinvertebrate access (see Equation 1).
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contributions of macroinvertebrates to decay and year of
observation (Figure 2), in support of our hypothesis.
The study from which the data were extracted
accounted for 15% of the random effect variance of this
model.

Of the provinces represented by observations of wood
decomposition in our compiled dataset, most (56.1%)
were from studies conducted on the Piedmont, while
34.1% were from the Coastal Plain, and only the sites
from the study presented herein were available from the
Blue Ridge Mountains (9.8%; Figure 1). Among the three
locations sampled in the current study, the quadratic
relationship was most striking at the SRS (Figure 1a).
There, the macroinvertebrate contribution decreased
from 58% after one year to only 29% after four years. The
pattern at Hitchiti was less dramatic, possibly due to
lower termite activity relative to SRS, but was still

consistent with the quadratic relationship detected in our
analysis.

We found that within our added data from the three
provinces of the southeast, the wood mass loss percent-
age differed significantly among locations
(F2,370 = 168.7, p < 0.001), macroinvertebrate access
(F1,370 = 41.4, p < 0.001), and years (F3,370 = 92.9,
p < 0.001; overall model adjusted R 2 = 0.63; Figure 2).
For those baits with macroinvertebrate access, at the
end of the study, mean wood mass loss at SRS was 2.9
times greater than at Coweeta and 1.3 times greater
than at Hitchiti. For those baits without
macroinvertebrate access, at the end of the study, mean
wood mass loss at SRS was 2 times greater than at
Coweeta and 1.3 times greater than at Hitchiti. Post
hoc comparisons of the final year of the study revealed
that there was an effect of macroinvertebrate access at
SRS and Hitchiti (t = 4.18, df = 81, p < 0.001; t = 2.34,
df = 81, p = 0.06), but not at Coweeta (p > 0.1).
Examination of termite and fungal degradation catego-
ries further highlights the effects of location and year.
These data indicate that termites discovered all blocks
at SRS during the first year, fewer than half at Hitchiti,
and none at Coweeta (Figure 3). Microbial decomposi-
tion followed a similar pattern, showing the fastest
decay at SRS, followed by Hitchiti, and then Coweeta
(Figure 4).

TAB L E 2 Results from the fixed effects of our model of

macroinvertebrate contributions to wood mass loss as explained by

year in the Southeastern United States.

Fixed effects Estimate SE χ2 (df) p

Intercept 10.19 11.45 … …

Year 3.12 11.06 0.08 (1) 0.78

Year2 −0.82 2.49 0.11 (1) 0.74

F I GURE 2 Mass loss percentage in three physiographic provinces of the Southeastern United States across four years with and without

macroinvertebrate access. Each box represents the interquartile range (IQR) and the horizontal line inside each box is the median value. The

whiskers on each box represent the minimum and maximum values that are within 1.5× IQR. Points that fall beyond those values are

plotted individually.
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DISCUSSION

The main objective of this study was to clarify how the con-
tributions of macroinvertebrates to wood decomposition

varied as decomposition proceeded. We did this by (1) com-
paring macroinvertebrate contribution to wood mass loss
from several studies in the southeast and (2) measuring
wood decay, with and without macroinvertebrate access,

F I GURE 3 The percentage of total baits (with macroinvertebrate access) in different categories of termite damage in three

physiographic provinces of the Southeastern United States across four years. Termite damage was rated from 0 (sound wood) to 4 (breakage)

for each bait.

F I GURE 4 The percentage of total baits (without macroinvertebrate access) in different categories of fungal damage in three

physiographic provinces of the Southeastern United States across four years. Fungal damage was rated from 0 (sound wood) to 4 (breakage)

for each bait.
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yearly for four years in three physiographic provinces of
the region. Our results demonstrate, for the first time, that
a quadratic relationship exists between macroinvertebrate
contribution and stage of decomposition (i.e., % mass loss;
Figure 1a).

Our findings are consistent with the idea that
macroinvertebrates, particularly termites, are discriminant
feeders that play a lesser role in wood decomposition after
the softer and more nutritious portions have been con-
sumed. Support for this comes from work from Mississippi
where Ulyshen et al. (2014) found that termites preferen-
tially consumed the softer portions of annual growth rings
while leaving the denser portions relatively intact.
Moreover, it is not uncommon for termites to abandon
logs at later stages of decay (Oberst et al., 2018), leaving
further decomposition to microbial activity. Thus, the
completion of decomposition by fungi and various
microbes may erode the perceived impact of termites at
later stages of decay. Although these results indicate that
macroinvertebrates may be less important to wood decom-
position overall than suggested by short-term studies, it is
important to note that macroinvertebrates still contributed
significantly to decomposition after four years in this
study. For example, at SRS, about 29% of mass loss was
still attributable to macroinvertebrates after four years
(>80% mass loss; Figure 1b), suggesting that the accelera-
tive effects of these insects on wood decomposition can be
detected even at the end of the decomposition process.

Our wood mass loss data from the three physio-
graphic provinces of the southeast provide further evi-
dence that strong local site characteristics are largely
responsible for observed patterns in wood decay
(Bradford et al., 2014). We found that wood decayed
faster at SRS than at Hitchiti, and experienced faster ter-
mite and fungal degradation (Figures 3 and 4), though
the two sites have similar climates. One potential expla-
nation for this difference is that termites are more abun-
dant or active at SRS than at Hitchiti. This is supported
by the rapidity with which termites encountered and
damaged baits at SRS compared to Hitchiti (Figure 3),
though the reason for this difference is unclear. One
potential explanation for this difference in termite abun-
dance/activity is that regular fires at Hitchiti alter fungal
communities in ways that inhibit fungal decay (Oliver
et al., 2015) and impact termite activity, particularly
given that some fungi may have an inhibitory effect on
termites (Kirker et al., 2012). Wood decay proceeded
most slowly at Coweeta, where we observed mass loss of
only 31% after four years (Figure 1b) and no termite dam-
age (Figure 3), suggesting very low abundances or activi-
ties of termites.

There are caveats and limitations to our findings.
First, our results are from one region of North America,

and may not extend to other parts of the world. For
example, termites are known to contribute substantially
to wood decomposition in tropical and arid climates
(Zanne et al., 2022), and more so than in subtropical
and temperate areas. A fruitful area for future research
could be in determining whether a quadratic relation-
ship such as the one observed here is found in other cli-
mates. Another limitation we acknowledge is that our
added data from the three provinces of the southeast
used only one wood species. The trajectory of wood
decomposition is influenced by plant traits (Guo et al.,
2021), the effects of which change over the course of
decomposition (Oberle et al., 2020). Further research
may consider whether tree species effects alter the
observed relationship we report here. A further method-
ological limitation is that studies included here using
mesh bags (Appendix S1: Table S1) that fully encapsu-
late wood and provide belowground openings do not
allow macroinvertebrate access from above, which likely
underestimates the total macroinvertebrate contribution
to decomposition.

Our findings support the conclusion that macroinver-
tebrates accelerate wood decomposition, but indicate that
studies measuring macroinvertebrate effects on decay in
the early stages of mass loss may overestimate their
importance. We suspect that this pattern may be com-
mon among decomposer communities, wherein the early
stages of decomposition are characterized by intense
competition between invertebrates and other taxa for the
most nutritious or easily digestible components while
later stages may be dominated by specialist taxa better
equipped to utilize late-stage substrates. Although the
results from this study suggest invertebrates may become
less important to wood decomposition near the end of
the process, this may not be the case for all decomposing
matter, or even for all forms of woody debris. Among
carrion-feeders, for instance, certain beetle species
(e.g., Trogidae) are known to play a key role in the con-
sumption of hide, hair, and feathers remaining at the end
of the decomposition process (Horenstein & Linhares,
2011). Similarly, insects may play a more important role
at late stages of wood decomposition under certain condi-
tions than suggested by the current study. For example,
Ulyshen and Sheehan (2021) suggested that termites or
carpenter ants may be important players in the degrada-
tion of longleaf pine heartwood in the Southeastern
United States. Because the wooden blocks used in the
current study lacked heartwood, further research is
needed to explore this question.
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