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Termites are important ecosystem engineers in tropical habitats, with different feeding
groups able to decompose wood, grass, litter, and soil organic matter. In most tropical
regions, termite abundance and species diversity are assumed to increase with rainfall,
with highest levels found in rainforests. However, in the Australian tropics, this pattern
is thought to be reversed, with lower species richness and termite abundance found in
rainforest than drier habitats. The potential mechanisms underlying this pattern remain
unclear. We compared termite assemblages (abundance, activity, diversity, and feeding
group composition) across five sites along a precipitation gradient (ranging from ∼800
to 4,000 mm annual rainfall), spanning dry and wet savanna habitats, wet sclerophyll,
and lowland and upland rainforests in tropical North Queensland. Moving from dry to
wet habitats, we observed dramatic decreases in termite abundance in both mounds
and dead wood occupancy, with greater abundance and activity at savanna sites (low
precipitation) compared with rainforest or sclerophyll sites (high precipitation). We also
observed a turnover in termite species and feeding group diversity across sites that were
close together, but in different habitats. Termite species and feeding group richness were
highest in savanna sites, with 13 termite species from wood-, litter-, grass-, dung-, and
soil-feeding groups, while only five termite species were encountered in rainforest and
wet sclerophyll sites—all wood feeders. These results suggest that the Australian termite
diversity anomaly may be partly driven by how specific feeding groups colonized habitats
across Australia. Consequently, termites in Australian rainforests may be less important
in ecosystem processes, such as carbon and nutrient cycling during decomposition,
compared with termites in other tropical rainforests.

Keywords: Isoptera, community assembly, ecosystem engineers, Blattodea, termite community assembly,
carbon cycle, Australian tropical forest, savanna

Frontiers in Ecology and Evolution | www.frontiersin.org 1 April 2021 | Volume 9 | Article 657444

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.657444
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.657444
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.657444&domain=pdf&date_stamp=2021-04-23
https://www.frontiersin.org/articles/10.3389/fevo.2021.657444/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-657444 April 19, 2021 Time: 16:18 # 2

Clement et al. Australian Termite Diversity Anomaly

INTRODUCTION

Termites play an important but under-recognized role in the
functioning of tropical ecosystems (Bonachela et al., 2015; Ashton
et al., 2019; Elizalde et al., 2020). Though best known as pests,
fewer than 10% of the 3,000 termite species are categorized as
such (Rouland-Lefèvre, 2011), while the majority are integral
in carbon and nutrient cycling, breaking down wood, soil,
grass and leaf litter. These activities contribute a significant
amount of methane (CH4) to the atmosphere, estimated at
1–3% of the global CH4 budget (Nauer et al., 2018). In
addition to CH4 release, their nitrogen-fixing activities and
redistribution of organic matter, combined with soil movement
and compaction through nest-building, provide hotspots of
nutrients that support significant biological activity, especially
in nutrient deficient or drought affected areas (De Oliveira-
Filho, 1992; Jouquet et al., 2011; Ashton et al., 2019). Therefore,
understanding termite distributions is key to understanding
biogeochemical cycling during decomposition (Sugimoto et al.,
2000), especially in the tropics.

In addition to irregular distributions over local space, termite
biomass and abundance vary globally (Eggleton et al., 1996).
Estimates have been made that termites comprise nearly 10%
of animal biomass in the tropics, where they are most diverse
and abundant, and are responsible for >55% of decomposition
(Bignell, 2006; Jones and Eggleton, 2010; Griffiths et al., 2019).
In tropical ecosystems, termite diversity, abundance and biomass
increase with rainfall with the greatest values in lowland tropical
rainforests (Eggleton, 2000; Bignell, 2006; Davies et al., 2015).
For example, in some tropical African rainforests, termites make
up 80% of insect biomass, with biomass as high as 300 kg ha−1

and richness as high as 67 species ha−1 (Sugimoto et al., 2000;
Davies et al., 2003; Dahlsjö et al., 2014). Estimates for savanna
or grassland habitats are <200 kg ha−1 termite biomass with
sometimes fewer than eight species ha−1 (Sugimoto et al., 2000;
Davies et al., 2015). Although patterns of termite species richness
and abundance are affected by many local environmental factors
as well as vegetation type, elevation, and latitude, in general,
all metrics of termite prevalence in the tropics increase with
increasing rainfall.

In contrast, Australia does not appear to follow the patterns
observed in other tropical regions, as Australian termite
abundance and diversity are thought to be higher in dry tropical
ecosystems compared with rainforests, a pattern defined here
as the Australian termite diversity anomaly (part of the global
termite functional diversity anomaly) (Eggleton, 2000; Davies
et al., 2003; Dahlsjö et al., 2014). This anomaly may be due to
taxonomic disparities: in Australia, there is a marked deficiency
of two of the most abundant and speciose termite feeding groups
worldwide—the soil feeders and fungus farmers (Krishna et al.,
2013). Whereas, in South/Central America, Africa, and Southeast
Asia, soil-feeding and/or fungus-farming termites comprise a
large portion of the total termite diversity (Davies et al., 2003),
in Australia, these feeding groups are rare (soil feeders) or
absent (fungus farmers). Their absence could explain why, despite
being sampled extensively, Australian rainforests are very termite
species-poor in comparison with other tropical rainforests

(Calaby and Gay, 1959; Watson and Gay, 1991). Due to the lack
of particular termite feeding groups, there is reason to believe that
precipitation plays a different role in shaping termite assemblages
in Australia as compared with other tropical regions. Preliminary
evidence suggests that although termite activity is impacted by
rainfall, it may be in a manner counter to other tropical regions
(Cheesman et al., 2017). While we have qualitative descriptions
of this anomaly, to date we lack quantitative assessments of how
termites change with shifts in rainfall.

In this study, we quantified these responses across a wide
rainfall spectrum at a local scale (<100 km) to explore which
aspects of termite communities represent the termite diversity
anomaly. We surveyed termite assemblages in tropical North
Queensland measuring differences in termite abundance, activity,
taxonomic richness and feeding group diversity across different
habitats and rainfall levels. Under the termite diversity anomaly,
we predicted that compared with rainforest, drier savanna sites
would have greater termite (i) abundance, (ii) activity in wood
pieces, and (iii) species and feeding group density. We explore
the changes in termite assemblages across contrasting habitat
types and examine the potential causes and consequences of the
Australian termite diversity anomaly. We compare our findings
with other published studies to contextualize how Australian
termites respond to changes in rainfall when compared with
other tropical regions.

MATERIALS AND METHODS

Study Sites
We sampled termites from five sites across a 100 km transect
in North Queensland, Australia, with annual rainfall ranging
from 800 to 4,260 mm: (1) Pennyweight—dry savanna (Sav1), (2)
Station Creek—open Eucalyptus woodland/savanna (Sav2), (3)
Mt. Lewis—wet sclerophyll forest (Scl1), (4) Mt. Lewis—upland
rainforest (Rft1), and (5) Daintree Rainforest Observatory–
lowland rainforest (Rft2) (Figure 1 and Table 1). These sites are
connected within continuous forest cover; at increasing distance
from the coast, rainfall decreases, and habitats shift. All sites are
located on the traditional homeland of the Kuku-Yalangi people.
The first four of these sites are situated on Australian Wildlife
Conservancy’s Brooklyn Sanctuary1, and the Daintree Rainforest
Observatory2 is part of James Cook University. Three of the sites
(Sav2, Scl1, and Rft1) change habitat type within 5 km of each
other. All sites experience a distinct wet and dry season, with 77%
of rainfall occurring between November and April (Cheesman
et al., 2017). Because of this seasonality, we conducted termite
sampling in both July 2019 (dry season), and December of either
2018 or 2019 (wet season). Three of the sites (Sav1, Sav2, and Scl1)
had been burned 6 months to a year prior to surveys, and both
of the savanna sites (Sav1 and Sav2) experience low-density feral
cattle grazing. Rainfall was estimated using the 20-year trends
(2000–2020) of annual rainfall of the closest grid point using
SILO LongPaddock gridded data (Jeffrey et al., 2001).

1https://www.australianwildlife.org/where-we-work/brooklyn/
2https://www.jcu.edu.au/daintree
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FIGURE 1 | Location of the five sites in the study area in Northern Queensland, Australia: Sav1 (Pennyweight savanna), Sav2 (Station Creek savanna), Scl1 (Mt.
Lewis sclerophyll), Rft1 (Mt. Lewis rainforest), and Rft2 (Daintree rainforest). Australia map by Google Earth, earth.google.com/web/. Local map tiles by Stamen
Design, under CC BY 3.0. Data by OpenStreetMap, under ODbL.

TABLE 1 | Habitat type, rainfall, elevation, distance from coast, and localities for sites surveyed in this study.

Sav1 Sav2 Scl1 Rft1 Rft2

Site name Pennyweight station Station Creek Mt. Lewis sclerophyll Mt. Lewis rainforest Daintree rainforest

Habitat type Dry savanna Open eucalyptus woodland/savanna Wet sclerophyll Rainforest Rainforest

Rainfall estimate (mm) 800 1,250 1,480 1,500 4,260

Elevation (m) 315 420 935 980 70

Distance from coast (km) 60 24 21 20 2

Coordinates −16.5746◦N
144.9163◦E

−16.610◦N
145.2400◦E

−16.5830◦N
145.2620◦E

−16.5933◦N
145.2743◦E

−16.1012◦N
145.4444◦E

Termite Sampling
Routine termite sampling normally includes four microhabitats:
visible mounds, dead wood, soil, and arboreal habitats (Jones
et al., 2005; Davies et al., 2021), however, since Australia
lacks soil-feeding termites (Eggleton, 2000), soil pits seldom
have termites in them (Dawes-Gromadzki, 2005). Additionally,
methods for sampling arboreal termites are difficult and
dangerous (Jones et al., 2005). To maximize termite encounters
per effort, in this study, we targeted termite field surveys
in termite mounds and dead wood only (Table 2 and
Supplementary Table 1).

Abundance: Termite Mound Sampling
Termites build mounds or nests in various shapes using soil
mixed with termite saliva, soil and feces, ultimately constructing
shelters for termite colonies and food storage space (Jouquet
et al., 2016). As recommended for areas with dominant mound-
building termites, we conducted mound surveys following Davies
et al. (2021). We set up 50 m × 50 m plots at each of our
five sites and divided them into 25 subplots (10 m × 10 m)
for more accurate mound sampling and an exhaustive search
of mounds in the given area. In each subplot, we mapped and
recorded all mounds that were on the ground or low on trees
as a measure of termite abundance (Figure 2). Each mound was

initially measured (maximum height and maximum diameter),
subsequently a small portion of mound material was removed to
expose the termites. Where possible, we collected two soldiers
and five workers from each mound preserved in 96% ethanol.
Mound sampling took place in December 2018 (wet season) with
the exception of the dry savanna site, Sav1, which was inaccessible

TABLE 2 | Summary of termite encounters, taxonomic richness, and feeding
group counts from surveys at Pennyweight dry savanna (Sav1), Station Creek
open woodland/savanna (Sav2), Mt. Lewis wet sclerophyll (Scl1), Mt. Lewis
rainforest (Rft1), and Daintree rainforest (Rft2).

Site Sav1 Sav2 Scl1 Rft1 Rft2 Total

Encounters

All surveys 50 79 4 1 4 138

Mound surveys only 44 68 2 0 1 115

Dead wood surveys only 6 11 2 1 3 23

Richness

Species from all surveys 6 11 2 1 4 19

Mound surveys only 4 8 1 0 1 11

Dead wood surveys only 3 5 1 1 3 10

Count of genera 4 6 2 1 4 10

Count of families 2 2 1 1 2 3

Count of feeding groups 4 4 1 1 1 5

Frontiers in Ecology and Evolution | www.frontiersin.org 3 April 2021 | Volume 9 | Article 657444

http://earth.google.com/web/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-657444 April 19, 2021 Time: 16:18 # 4

Clement et al. Australian Termite Diversity Anomaly

FIGURE 2 | Mound abundance and mapping for each site: (A) Pennyweight savanna (Sav1) n = 80 mounds, (B) Station Creek savanna (Sav2) n = 98 mounds, (C)
Mt. Lewis wet sclerophyll (Scl1) n = 3 mounds, (D) Daintree rainforest (Rft2) n = 1 mound. Mt. Lewis rainforest (Rft1) is not shown here because there were no
mounds in the plot. Termite mounds colored by species, mapped across sites in quarter hectare plots. Gray points indicate empty mounds where no termites could
be collected.

at that time, and was sampled in July 2019. Because of the
longevity of mounds, we do not expect that this difference in
sampling season biased the data. We avoided sampling during
the hottest part of the day when termite activity may decline
in mounds. We compared the mean and standard deviation of
mound abundance between savanna and non-savanna habitat
types (wet sclerophyll and rainforest).

Activity: Dead Wood Sampling
Dead wood serves as both food and shelter for many termites
(Korb, 2007). In each 50 m × 50 m plot (described above),
we used a line intersect method (Warren and Olsen, 1964; Van
Wagner, 1968; Kimber and Eggleton, 2018) to assess termite
presence and damage in dead wood as a measure of termite
activity. We laid out two 50 m transects in a randomly assigned
position across the plots in both the wet season (Dec. 2018
or Dec. 2019) and the dry season (July 2019) for a total of
four transects per plot. For each piece of dead wood with a
diameter >2 cm that intersected a transect, we measured the
length and diameter and used a drywall hammer to break the
wood open in three places to search for termites. When one or
more termites from the same morphospecies were present in

a piece of wood, it was considered a single termite encounter.
When more than one termite morphospecies was encountered in
the same piece of wood, we considered it a separate encounter.
For each termite encounter, we collected five workers and two
soldiers into a 2 mL tube of 96% ethanol. We also recorded
signs of damage on the wood from termites (piping, runways
or termite tunnels) and/or fungus (white rot, fungus fruiting
bodies or discoloration). We measured dead wood volume using
the method described in Kimber and Eggleton (2018). Termite
activity in Australia is influenced by seasonality, with the highest
levels of termite activity during the transition period from wet to
dry (Dawes-Gromadzki and Spain, 2003; Davies et al., 2012); we
sampled dead wood at the end of both the wet and dry seasons to
capture the maximum amount of termite activity in dead wood.

Termite activity was defined as (a) average number of
termite encounters per 50 m transect (Figure 3), (b) number
of termite encounters per dead wood volume, (c) percent of
wood pieces with termites present, and (d) percent of dead wood
pieces showing termite damage (Table 3). As wood-dwelling
microbes, especially fungi, are the main alternate decay agents
to termites in these systems, we also compared percentages of
wood pieces damaged by fungi across habitat types. To assess
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FIGURE 3 | Average count of pieces of dead wood, dead wood with termites present, deadwood with termite damage, and dead wood with fungal damage,
encountered across four 50 m transects from savanna (left) to rainforest (right) sites: Sav1 (Pennyweight savanna), Sav2 (Station Creek savanna), Scl1 (Mt. Lewis
sclerophyll), Rft1 (Mt. Lewis rainforest), and Rft2 (Daintree rainforest). Error bars show standard error. Measurements in boxes show rainfall at each site.

the relationship between rainfall and habitat type and counts
of termite encounters, wood pieces with termite damage, wood
pieces with fungal damage per transect and total wood pieces, we
built a generalized linear mixed model with habitat and rainfall as
fixed predictors and sites as a random effect. We used a negative
binomial distribution to account for zero-inflated variables, and a
Poisson distribution for count of wood pieces, which was not zero
inflated. We also fitted a generalized linear mixed-effects model to
each metric jointly with its respective wood count using habitat
and rainfall as fixed predictors and sites as a random effect using
a binomial distribution. All statistical analyses were performed
using R version 3.6.3 (R Core Team, 2020).

In the rainforest and wet sclerophyll sites, we performed
additional searching beyond the four dead wood transects
because there were very few mounds. We broke open all pieces
of dead wood in five 10 × 10 m subplots and recorded
the total number of pieces of wood encountered and termite
presence/absence. We collected termites found in these wood
pieces where present.

Termite Identification
After affirming generic assignment using morphological features
of soldiers, we used DNA barcoding for accurate species
identification (Davies et al., 2021). For each of the 138 termite
collections, we extracted the DNA from one worker using a
Qiagen DNeasy Blood and Tissue kit. We amplified theCOII gene
from each termite using A-tleu and Btlys primers (Inward et al.,
2007). Samples were sequenced at Eurofins Genomics. Resulting
paired sequence contigs were assembled using Geneious and
matched with the closest-related species on NCBI using BLAST
(Johnson et al., 2008). If sequences had a unique >97% identity

with a sequence from a described species on GenBank, they
were assigned to that species. An additional 205 COII sequences
from congeneric and Australian termites were downloaded
from GenBank (Supplementary Table 2) and aligned with the
sequences from this study using MAFFT (Katoh and Standley,
2013). We used IQTree (Nguyen et al., 2015) to reconstruct
a maximum likelihood tree of the combined sequences. If a
COII sequence from this study fell within a described species
clade on the COII tree, we classified it as the given species.
Otherwise, we labeled each cluster of our samples as sp, sp
1, sp 2, etc. A few of these clusters matched at high (>98%)
sequence similarity with prospective species from a recent
genomic study (Bourguignon et al., 2017), and we assigned them
accordingly for consistency (Amitermes sp. E, Microcerotermes
sp. G, Microcerotermes sp. I). Generated termite COII sequences
have been deposited in GenBank under accessions MW772943-
MW773117 (Supplementary Table 1).

We also used IQTree to generate a maximum likelihood tree
of the COII sequences unique to this study with automatic model
selection (GTR + F + G4), 1000 ultrafast bootstraps and an
SH-like approximate likelihood ratio test with 1,000 replicates.
Species, habitat, and feeding group were mapped onto the tips
of the tree using iTOL (Letunic and Bork, 2019) to visualize
taxonomic changes across habitat (Supplementary Figure 1).

Termites are on loan from James Cook University and
will be lodged at the Natural History Museum, London,
United Kingdom.

Taxonomic and Group Diversity
Taxonomic richness was measured at the species, genus, and
family level (Table 2). Each species was assigned to one of the
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following feeding groups: wood-feeder, wood-and-dung feeder,
litter-and-dung feeder, litter-and-grass feeder, grass feeder or
soil feeder, based on literature from an Australian termite
trait database (Cornwell, unpublished). Feeding group richness
was measured as the number of feeding groups at each site.
We compared termite communities across sites using the
Simpson beta-diversity index (Supplementary Table 3) and
visualized site differences using non-metric multidimensional
scaling (nMDS) based on Bray-Curtis dissimilarity index
(Supplementary Figure 2).

We fitted multivariate generalized linear models to predict the
effect of combined and individual environmental variables (i.e.,
rainfall, elevation, latitude, distance from the coast) on termite
species presence and abundance using R package mvabund
(Wang et al., 2012). For the species presence models we used
a binomial distribution; for the abundance models we used
a Poisson distribution. For abundance and presence data we
ran separate single predictive models for all species at all sites,
assuming different environmental response for different species
(GLM-LASSO, Brown et al., 2014). In these models the species
presence or abundance were the response variables, and the
environmental variables were predictors. These models apply
a lasso penalty which sets non-significant terms to zero [lasso
penalty= log(number of sites)].

RESULTS

Through our mound and dead wood surveys, we encountered
termites 138 times across our five sites in North Queensland,
including specimens from 19 species, ten genera, three families
and five feeding groups. The open eucalyptus woodland/savanna
site (Sav2) had the highest species richness and number of
encounters with 11 species and 79 encounters, followed by the
dry savanna (Sav1) with 6 species and 50 encounters. The upland
and lowland rainforests (Rft1, Rft2) and the sclerophyll site (Scl1)
had fewer encounters and termite species (Table 2).

Mound Abundance
We observed a major reduction in termite mound abundance
from savanna to forest habitats (Figure 2). We found that
the mean mound abundance for savanna sites (M = 359
mounds ha−1, SD = 55.2) was 68 times greater than the
mound abundance for non-savanna sites (M = 5.3 mounds
ha−1, SD = 6.1). In the savannas, we found densities of 320

mounds ha−1 (Sav1) and 398 mounds ha−1 (Sav2), compared
to 12 mounds ha−1 in the sclerophyll site (Scl1), zero in upland
rainforest (Rft1), and four mounds ha−1 in lowland rainforest
(Rft2). Most of the mounds sampled in either of the savannas
were <1 m tall conical mounds, built by Amitermes laurensis
(78/112 or 68% of occupied mounds), but termites from 11
species overall were represented in mounds across sites including
Amitermes conformis, Amitermes sp. E, Drepanotermes rubriceps,
Microcerotermes serratus, Microcerotermes sp. 2, Microcerotermes
sp. G, Nasutitermes magnus and Nasutitermes sp. 1, Tumulitermes
dalbiensis, and Coptotermes acinaciformis (Table 4). Of the
savanna mounds in Sav1 (n = 80) and Sav2 (n = 98), only 52.5%
(n = 44) and 69.4% (n = 68), respectively, were occupied by
termites. In Scl1, only two of the three mounds were occupied.

Termite Dead Wood Activity
We encountered the most pieces (M = 29) and highest volume
(M = 192.3) of dead wood from transects in our lowland
rainforest site Rft2. There was a positive effect (p < 0.05) of
rainfall on pieces of wood per transect with fewer pieces of wood
per transect in savanna habitats (p < 0.05). However, despite
having fewer pieces of wood, we found both a higher number
of termites in dead wood per transect (p < 0.05) and a higher
proportion of termite encounters per wood count (p < 0.05) in
savanna habitats (Table 3). Rainfall had a positive effect (p< 0.05)
on the number of pieces of wood damaged by termites, but only
after accounting for the negative effect of rainforest habitat on
termite damage (p < 0.05). For either of the rainforest sites Rft1
and Rft2, only one of the four transects at each site resulted in
termite encounters despite there being 18–36 wood pieces per
transect. In savannas, the majority (60–90%) of pieces of dead
wood were damaged by termites compared with 34% of wood
pieces in the sclerophyll site, and 1 and 10% of the pieces of wood
in the two rainforest sites, respectively (Table 3 and Figure 3).
Even though we encountered more dead wood and there was
more primary productivity in rainforest and sclerophyll transects,
wood in savannas had more frequent termite dead wood damage
and termites were more abundant. In contrast, fungal damage was
higher in the rainforest compared to savannas (p < 0.05). Most
(80%) of rainforest dead wood showed signs of fungal damage
compared to only 30–40% of savanna and sclerophyll dead wood
pieces that were damaged by fungi.

Seasonality only affected termite activity in dead wood in
rainforest sites. In rainforests Rft1 and Rft2, we only found

TABLE 3 | Termite encounters, percent occupancy or damage by termites or fungus, and items/volume of wood per transect from driest to wettest sites: Pennyweight
dry savanna (Sav1), Station Creek open woodland/savanna (Sav2), Mt. Lewis wet sclerophyll (Scl1), Mt. Lewis rainforest (Rft1), and Daintree rainforest (Rft2).

Site Sav1 Sav2 Scl1 Rft1 Rft2

Average number of termite encounters/transect 1.5 3 0.5 0.25 0.75

Termite encounters per volume dead wood (m3/ha) 1.02 0.61 0.0054 0.0085 0.00098

Percent dead wood pieces occupied by termites 21% 24% 2% 1% 3%

Percent wood pieces damaged by termites 90% 60% 35% 1.1% 10%

Percent wood pieces damaged by fungus 31% 38% 33% 83% 80%

Average pieces of wood/50 m transect 7.25 12.5 20.25 22 29

Volume dead wood (m3/ha) 1.47 4.93 92.4 29.3 769.2
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TABLE 4 | Termite species found in five sites in North Queensland [Pennyweight dry savanna (Sav1), Station Creek open woodland/savanna (Sav2), Mt. Lewis wet
sclerophyll (Scl1), Mt. Lewis rainforest (Rft1), and Daintree rainforest (Rft2)] with feeding groups and sampling method: Mound, dead wood, or both.

Savanna Sclerophyll Rainforest

Species Sav1 Sav2 Scl1 Rft1 Rft2 Total Feeding group Sampling method

Lower termites

Kalotermitidae

Neotermes sp. – – – 1 (+2) – 1 Wood Dead wood

Rhinotermitidae

Coptotermes acinaciformis – 1 – – – 1 Wood Mound

Coptotermes dreghorni – – – – 1 1 Wood Dead wood

Heterotermes sp. 1 1 – – (+2) 2 Wood, dung Dead wood

Parrhinotermes sp. – – – – 1 (+4) 1 Wood Dead wood

Schedorhinotermes sp.* – – (+3) – (+1) Wood, dung Dead wood

Higher termites (Termitidae)

Amitermes group

Amitermes conformis 1 – – – – 1 Litter, dung Mound

Amitermes laurensis 27 (+3) 51 – – – 78 Litter, dung Mound

Amitermes sp. E – 3 – – (+2) 3 Wood, dung Mound

Drepanotermes rubriceps 12 (+1) (+2) – – – 12 Grass, litter Mound

Microcerotermes serratus 8 6 – – – 14 Wood, dung Both

Microcerotermes sp. 1 1 3 – – – 4 Wood Dead wood

Microcerotermes sp. 2 – 6 – – – 6 Wood Both

Microcerotermes sp. G – – 2 (+2) – 1 (+4) 3 Wood Mound

Microcerotermes sp. I – 2 – – – 2 Wood Dead wood

Nasutitermes group

Nasutitermes graveolus* – (+1) – – – Wood, litter Mound

Nasutitermes magnus – 2 – – – 2 Grass Mound

Nasutitermes sp. 1 – 1 – – – 1 Grass Mound

Nasutitermes sp. 2 – – 2 (+4) – – 2 Wood Dead wood

Nasutitermes walkeri* – – – – (+7) Wood Dead wood

Tumulitermes dalbiensis – 3 – – – 3 Litter, dung Dead wood

Termes group

Macrognathotermes errator* – (+2) – – – Soil Mound

Paracapritermes sp. – – – – 1 (+2) 1 Wood Dead wood

Survey encounters 50 79 4 1 4 138

Species richness 6 11 2 1 4 19

Numbers in parentheses (+) and species with asterisks * were found in additional searching (not as part of either of the main surveys) but reported here to highlight all of
the diversity encountered. The bold species designate which groups the species are in.

termites present or termite damage in dead wood transects at
the end of the wet season. In the savanna and sclerophyll sites,
seasonality was not related to termite activity. Ten species of
termites from 23 total encounters were obtained from dead wood
surveys across the five sites.

From additional searching of dead wood (non-survey), there
were only four termite encounters in 144 pieces of dead
wood in lowland rainforest Rft2 (3%), two termite encounters
in 215 pieces of dead wood in upland rainforest Rft1 (1%)
and eight encounters in 138 pieces of dead wood in the
sclerophyll Scl1 (6%).

Termite Taxonomic Richness
We collected 19 termite species through mound and dead wood
surveys, and an additional four species through non-survey
searching. This total includes close to half of the known species

diversity of the surrounding areas (50–65 species) (Watson and
Abbey, 1993; Abensperg-Traun and Steven, 1997)3. While our
surveys did not capture all termite diversity in the area (for
example, we did not recover Mastotermes darwiniensis in these
surveys though it was sighted in Sav1 on a previous trip), we
sampled a similar proportion to what Jones and Eggleton (2000)
estimate for typical termite surveys in Borneo, Malaysia and
Cameroon (31–36% of termite species).

Of the 19 species collected from our mound and dead wood
surveys, 14 were higher termites; nine were in the Amitermes
group, four were from the Nasutitermes group, and one was
from the Termes group. Five were lower termites—four from the
family Rhinotermitidae and one from the family Kalotermitidae
(Table 4). Surveys from all sites resulted in 10 genera of termites,

3GBIF.org
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with the highest generic diversity at Sav2 with 6 genera, and 4 at
both Sav1 and Rft2.

The open eucalyptus woodland/savanna site (Sav2) had the
most species at any site with 11 total species, with the second
highest species richness at the dry savanna (Sav1, 6 species,
Table 2). Although we only encountered termites four times in
surveys in the Daintree rainforest (Rft2), each encounter was
from a different species for four total species. The Sclerophyll site
(Scl1) had only two species, and the site with the fewest species
was the upland rainforest (Rft1), which had a single individual,
Neotermes sp. Only one species of Neotermes is recorded in
Australia, Neotermes insularis, but because the match with the
N. insularis on GenBank was less than 90%, we expect this is a
new species, at least for the continent of Australia.

Additional (non-survey) searching (Table 4 in parentheses)
recovered four additional species for a total of 23 species
throughout all 5 sites, reinforcing that our surveys uncovered
a majority, but not all of the species present in these sites.
Additional termite species collected were Amitermes sp. E,
Heterotermes sp., Nasutitermes walkeri, and Schedorhinotermes
sp. from Rft2, Schedorhinotermes sp. from Scl1, and
Drepanotermes rubriceps, Macrognathotermes errator, and
Nasutitermes graveolus from Sav2.

Out of the 183 COII sequences from our samples, only
114 (<65%) matched to a described species on GenBank with
more than 97% identity, suggesting the need for more barcode
sequencing and associated termite taxonomic work in this region.

Taxonomic Turnover Across Sites and
Habitat Types
Although the dry savanna (Sav1) and open woodland/savanna
(Sav2) shared four species and the wet sclerophyll (Scl1) and
lowland rainforest (Rft2) shared one species, there was a complete
turnover in species among the sites of different habitat types that
were within 5 km of each other (Sav2, Scl1, and Rft1) (Figure 1,
Supplementary Figure 2, and Supplementary Table 3). Four
species were shared between savanna sites: Microcerotermes
serratus, Microcerotermes sp. 1, Heterotermes sp., and Amitermes
laurensis. One species, Microcerotermes sp. G was shared between
Rft2 and Scl1, and is a close sister group to Microcerotermes
serratus, shared between Sav1 and Sav2.

We observed a compositional difference in the termites across
the habitat types. Of the five rainforest species encountered
through surveys, three of them were lower termites. Two of
the thirteen savanna species were lower termites (Table 4 and
Supplementary Figure 1). Species of genera Microcerotermes,
Nasutitermes, and Coptotermes were found across savanna and
rainforest sites.

With the additional non-survey collections included, Rft2
shares two species with Sav2 and two species with Scl1, and Sav2
and Sav1 share five species.

Termite Diversity and Abundance in
Response to Environmental Variables
We found evidence for a significant effect of environmental
variables on termite species presence (p = 0.005). Both

habitat type (p = 0.009) and elevation (p = 0.005) are
significantly associated with termite local species diversity.
Rainfall (p = 0.008), habitat type (p = 0.001) and distance from
the coast (p = 0.007) are significantly associated with termite
species turnover across communities, but the effect of rainfall
and distance from coast on local species richness is statistically
unclear (p > 0.05). There was also no clear effect of latitude on
local species diversity or species turnover (p > 0.05).

Our GLM-LASSO model predicts that within our sites, species
differ in their response to environmental variables in both
presence and abundance (Supplementary Figures 3A,B).

Feeding Group Richness
Of the 138 termite encounters from this study, 22 were wood-
feeders, 19 were wood-and-dung feeders, 3 were grass feeders, 12
were grass-and-litter feeders, and 82 were litter-and-dung feeders
(Table 4). The savanna habitats had all five feeding groups. In
the rainforest and sclerophyll sites, we found only wood-feeders.
None of the 19 termite species encountered through surveys in
this study were soil feeders or fungus-farming termites. However,
one species of soil-feeding termite, Macrognathotermes errator,
was encountered in additional non-survey collections in Sav2.

DISCUSSION

Through this study, we quantified differences in termite
abundance, activity, taxonomic richness, and feeding group
diversity across habitat types and rainfall levels in North
Queensland, Australia as a documentation of the termite
diversity anomaly. Our results confirm quantitatively and more
comprehensively the earlier findings that in Australia, termite
mound abundance, dead wood activity, and species and feeding
group richness is greater in savanna and limited in rainforest
sites, contrasting with patterns seen in many other tropical
regions (Bignell, 2006). Additionally, we found a complete
turnover of observed species across habitat types despite sites
being within only a few kilometers of each other. Finally, we
found differences in feeding group distribution with rainforests
supporting only wood-feeding termites, while savannas had
wood, litter, dung, grass and soil feeders. Below, we contextualize
the results of our study as we examine the relationship between
termite diversity and rainfall globally and inspect the patterns
that comprise the Australian anomaly. We discuss potential
mechanisms for the Australian termite diversity anomaly and
how these patterns in turn affect decomposition in the Australian
tropics. The Australian termite diversity anomaly combined with
local environmental factors affect termite distributions at a local
and continent-wide scale in at least four aspects.

Patterns of Termite Assemblages in
Australia
Australian Termite Species Richness Is Not Shaped
by Rainfall
Similar to earlier work showing a positive correlation between
generic richness and net primary productivity across three
continents (Eggleton et al., 1994), our analysis of termite species
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richness patterns from surveys with methods similar to ours
shows that globally, there is a significant positive correlation
between termite species richness and rainfall (Figure 4 and
Supplementary Table 4). However, our surveys in tropical
Australia (Figure 4, circled triangles) show that while rainfall
can have a positive effect on incidences of termite damage in
wood within a habitat type, overall it is not associated with local
termite diversity. The overall pattern of increased termite species
richness with rainfall is driven by large, significant relationships
seen in surveys in Africa and Central/South America, while in
Australia, Madagascar, and Southeast Asia, these two variables
are unrelated. This suggests that the termite diversity anomaly
could apply to other continents, and perhaps there is a range
of responses across continents of how tightly termite diversity is
tied to rainfall. The anomaly is most extreme in Australia; sites
in other tropical rainforests had 10–20 times the species richness
of the wettest rainforest site from our study (Constantino, 1992;
Eggleton et al., 1995; Gathorne-Hardy et al., 2001), and across
habitat types, Australian termite species richness is lower than on
other continents. This indicates that Australian termite richness
is not shaped by rainfall in the same way it is on other continents,
or at least not to the same degree. Further investigation is needed
to gauge to what extent the anomaly shapes relationships between
termite species and rainfall on other continents.

At a local scale, other environmental factors influenced species
richness in our sites more than rainfall. Both habitat type
and elevation contributed significantly to local species diversity.
Savanna sites had higher species richness than any of the other
sites. The two sites with the lowest species diversity (Scl1 and
Rft1) were 500–900 m higher elevation than any of the other

sites; termite species richness on other continents is known to
drop with even a 100 m increase in elevation (Gathorne-Hardy
et al., 2001). Disturbance may have also played a role in species
richness at our sites. For example, we encountered fewer than half
as many species in dry savanna Sav1 as open woodland/savanna
Sav2, which differed only 450 mm in rainfall, but Sav1 had
more frequent cattle visitation and fire frequency. Termite species
richness tends to be lower in heavily grazed areas (Holt et al.,
1996), and we noticed several termite mounds had been toppled,
potentially by cows. Although latitude is a good predictor
of termite richness on other continents, Australia is known
to differ in this regard (Abensperg-Traun and Steven, 1997),
and our analysis also showed no significant effect of latitude
on either alpha or beta species diversity. Our sites however,
showed very little variation in latitude. Additionally, distance
from the coast and rainfall contributed significantly to beta
diversity. Our predictions show that species respond differentially
to environmental variables implying that some species respond
strongly to rainfall, but most of the species in our sites are better
predicted by elevation, habitat type and disturbance.

Mound Abundance and Termite Activity in Dead
Wood Are Greatest in Savanna Sites
Termite activity and mound abundance levels from our sites
were within the known range of other savanna sites in North
Queensland and Northern Territory (Holt et al., 1996; Dawes-
Gromadzki and Spain, 2003; Dawes-Gromadzki, 2008). Termite
mound densities were much higher in savannas than forested
areas, with Amitermes laurensis responsible for much of this
mound-building activity. This litter-and-dung-feeding termite

FIGURE 4 | Relationship between termite species richness and rainfall from 143 tropical sites from 31 studies of surveys in 5 different regions (Supplementary
Table 4) (Sands, 1965; Mathews, 1977; Wood, 1977; Abe and Matsumoto, 1979; Collins, 1980; Buxton, 1981; Wood et al., 1982; Braithwaite et al., 1988;
Constantino, 1992; Holt et al., 1996; Gathorne-Hardy et al., 2001; Davies et al., 2003; Dawes-Gromadzki and Spain, 2003; Dawes-Gromadzki, 2005, 2008; Jamali
et al., 2011; Davies et al., 2015; Houston et al., 2015). Lines indicate best linear model fit: Africa (slope: 0.019, R2

adj : 0.396, p < 0.001), Central/South America
(slope: 0.015, R2

adj : 0.413, p: 0.002), Southeast Asia (slope: 0.0036, R2
adj : 0.0311, p: 0.11), Madagascar (slope: 0.0070, R2

adj : 0.46, p: 0.20), Australia (slope:
−0.0014, R2

adj : −0.0186, p: 0.28). Black line shows linear regression for all sites and rainfalls (slope: 0.0042, R2
adj : 0.0751, p < 0.001). Dashed lines are not

significant. Circles indicate sites from the current study.
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builds the smallest and most fragile of the termite mounds we
encountered. The high frequency of A. laurensis mounds could
be due to a lower building cost than mounds that are sturdier and
denser, or multiple mounds may be from the same termite colony.
With an almost endless amount of grass and its corresponding
litter in these savannas, mound-building species like A. laurensis,
N. magnus, and D. rubriceps have become dominant, feeding
on these substrates. Although there is also litter in rainforests,
it may be that the type of litter prohibits these species from
inhabiting rainforest habitats as well. Mound building may also
be contingent on the makeup of the soil. In savannas in Australia,
there is a negative relationship between soil fertility and the
number of termite mounds (Ratcliffe et al., 1952; Goodland,
1965), which suggests that Australian mound-building termites
have adapted to poor soil conditions.

It is remarkable that there are few termites in dead wood in the
rainforest sites, especially in comparison with rainforests in other
tropical regions. In rainforest dead wood surveys in Malaysia,
termites are typically found in ∼20% of wood pieces (Kimber
and Eggleton, 2018), but we found termites in fewer than 3% of
wood pieces in North Queensland rainforests. Additionally, in
our rainforest sites, we found that over 80% of pieces of dead
wood had been damaged by wood-dwelling fungi, compared
with less than 40% of dead wood in savanna sites. These results
suggest that dead wood decomposition in Australian rainforests
is especially dependent on fungal decomposers (Cheesman et al.,
2017). It is unclear whether any of this pattern is driven by direct
competitive interactions between termites and fungi. Viana-
Junior et al. (2018) suggest that wood-inhabiting fungi are
potential facilitators of fungi, but other studies (Um et al., 2013)
say the opposite. Further testing through exclusion experiments
is needed to determine whether fungi and termites regulate one
another’s access to dead wood, and if Australian fungi contribute
to the termite diversity anomaly.

High Turnover of Species Across Habitat Types
The high level of species turnover across different habitat
types that are very close together (Sav2, Scl1, Rft2, Figure 1,
Supplementary Figure 2, and Supplementary Table 3) suggests
that habitat type is an important determinant of termite
assemblage composition in this region of Australia. This habitat-
related pattern may be a byproduct of how termite species
sorted as they arrived to and radiated across Australia. Many
Australian termites descended from the dry-adapted termites
that first diversified in Australia (Arab et al., 2017), and there
may not have been time for these lineages to invade rainforests.
The rainforest termites may be from other lineages that drifted
over at a different time. If these contrasting habitats were filled
by lineages adapted to contrasting habitats, the shift between
rainforest and savanna would form a strong barrier to dispersal
for the termites.

Feeding Groups Are More Diverse in Savannas Than
Rainforests
Our fourth key observation about the termite diversity anomaly
is that habitat had strong consequences for the diversity of
feeding groups. The rainforest termites in this study were limited

not only in species richness and total abundance, but also in
feeding groups. All of the termites found in our rainforest
surveys were wood feeders, despite the presence of abundant
litter, as well as some grass and dung. This finding is consistent
with other Australian monsoonal rainforests in Darwin where
only wood feeders were detected (Dawes-Gromadzki, 2005) and
could be connected with the limited number of higher termites
in rainforest sites, as most lower termites are wood feeders.
The savanna termites were from a diversity of feeding groups,
mainly dominated by litter-and-dung or grass-and-litter feeders,
but also characterized by wood feeders, grass feeders, wood-
and-litter, wood-and-dung, and soil feeders from both higher
and lower termites. Similar to our rainforest finding for wood
that despite numerous wood pieces present, few termites were
found, we also noted high amounts of rainforest litter, but
there were no litter-feeding termites present. This result suggests
either that Australian termites are not targeting rainforest leaf
litter or that amount of substrate is not the limiting factor for
termites in rainforests.

Potential Mechanisms of the Australian
Termite Diversity Anomaly
Without true soil-feeding termites or fungus farming termites,
the termite communities in Australia are quite different from
those on other continents. Australian termite communities lack
three major clades of higher termites—Apicotermitinae, which
are soil-feeding termites in the Neotropics and Afrotropics;
Cubitermitinae, which are common soil-feeding termites in
African tropics; and Macrotermitinae, which are fungus-farming
termites in Africa and Southeast Asia (Braithwaite et al., 1988;
Davies et al., 2003). The Nutrient-Poverty/Intense-Fire theory
claims that most of the anomalous features of Australian flora
and fauna are evolutionary consequences of adapting to low
nutrient availability and frequent fire (Orians and Milewski,
2007). Australian soils are poor in P, Zn, I, Co, Mg, and Se,
and do not receive nutrients in aerosols because of Australia’s
distance from other continents (Braithwaite, 1990; Orians and
Milewski, 2007). To explain the lack of fungus-growing termites,
the Megacatalyst Theory (Milewski and Diamond, 2000), states
that these species are unable to live in Australia because they are
dependent on I, Co, and Se in soils for their growth and rapid
reproduction. Additionally, studies from Malayan rainforests
show a positive relationship between termite richness and soil
nutrient content (Salick and Tho, 1984), suggesting that termites,
especially those that are feeding on soil, would be unable to
survive in Australia’s nutrient-poor soil. Of note, Braithwaite et al.
(1988) found that in Darwin, Australia, termite richness was
greatest in areas with poorer-quality soils, which may indicate
that the Australian termites are particularly adapted for nutrient-
poor soil conditions, albeit not as soil feeders.

It seems likely that at the core of the Australian termite
diversity anomaly is a selection process influenced by the
biogeographical history of termites in Australia. The first
termites likely evolved at the end of the breakup of Pangea
and at the beginning of the breakup of Gondwana ∼140 Ma
(Bourguignon et al., 2014). When Termitidae, or the higher
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termites (comprising the bulk of termite diversity worldwide),
evolved in Africa ∼50 Ma, rainforests were important for their
diversification and cladogenesis (Eggleton, 2000). However, when
closed canopy forests first evolved in other tropical regions,
Australia was still at a very southern latitude, meaning the
termites that evolved in these rainforests may have been unable
to raft to or survive in Australia (Davies et al., 2003). Australia
has been colonized by higher termites at least five times over
the past 20 M years, many of these dispersal events happening
when the arid biome was expanding in Australia, which made
it possible for dry-adapted higher termites to diversify and take
over ecosystems (Eggleton, 2000; Bourguignon et al., 2017).
Most of these dispersals have happened through rafting across
the ocean on pieces of wood (Bourguignon et al., 2016). Soil
feeders and fungus farmers, which make up >50% of all termite
species worldwide, do not produce supplementary reproductives
that can raft in wood. Thus, Australia’s termite assemblage is
made up mostly of nutrient-poor or dry adapted higher termites
(Abensperg-Traun and Steven, 1997), which are mostly wood,
grass, litter, and dung feeders.

Effect of Australian Termite Diversity
Anomaly on Carbon and Nutrients
Only by gaining better quantitative estimates of termite
assemblages can scientists uncover the impact of termites on
ecosystem processes and predict how they shape carbon and
nutrient turnover. These findings have important implications
for modeling the breakdown of carbon and nutrients in tropical
systems. As termites tunnel and build mounds, they increase soil
bioturbation and nutrient levels, the effects of which can last for
decades (Beaudrot et al., 2011). Termites differ from fungi in
the speed at which they break down wood and the pathways by
which they release carbon from wood (e.g., termites release both
CO2 and CH4 as compared with fungi that just release CO2). In
some tropical rainforests, termites are responsible for 58–64%
of decomposition (Griffiths et al., 2019), but our observations
suggest that a lack of termite activity in Australian rainforests
could slow down dead wood turnover as compared with other
tropical rainforests in the world.

Knowledge of the diversity, abundance, activity, and feeding
group composition of termites is critical in modeling carbon
cycling and storage. For example, fungus farming termites have
the capacity to break down lignin. Without lignin decomposition,
termites will instead translocate lignin from termite decayed
wood into nests, mounds, and soils. Therefore, feeding groups,
or in this case the lack of certain feeding groups, has
implications for the way that carbon is stored or released into
the surrounding environment. The Australian termite diversity
anomaly is an important key to understanding the varying effects
of termite assemblages on ecosystem services and carbon cycling
around the globe.

Based on our study, greater quantification of termite responses
to shifts in rainfall is warranted in other parts of the world.
As we document biogeographic shifts in relationships between
termites and environmental gradients, these differences need to
be incorporated into how we model carbon and nutrient cycling.
Our work suggests that such cycling is likely very different in

Australia than in other tropical regions, with termites playing a
smaller role as decomposers in rainforests in Australia compared
with tropical rainforests in Africa and South America (Cheesman
et al., 2017). As relationships between rainfall/habitat type and
termite assemblages in Australia and elsewhere are clarified,
we can better understand how termites are shaping ecosystems
globally and incorporate them more accurately into our models
of carbon turnover.
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Supplementary Figure 1 | Maximum likelihood tree of termite COII genes from
termites in this study with sites and feeding groups.
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Supplementary Figure 2 | Non-metric multidimensional scaling (NMDS) analysis
representing similarity of termite species across sites.

Supplementary Figure 3 | Heat map from predictive model assuming different
environmental response for different species (GLM-LASSO, Brown et al., 2014)
showing association between (A) species presence/absence and (B) species
abundance as responses and standardized environmental variables as predictors.

Supplementary Table 1 | Termite samples collected, their sites, collection
method, and GenBank accession numbers.

Supplementary Table 2 | Accession numbers from 205 termite COII sequences
from GenBank used for tree-building and termite species identification.

Supplementary Table 3 | Dissimilarity matrix of termite species across sites
based on Simpson beta-diversity index.

Supplementary Table 4 | Compiled sources of termite surveys with region, site
name, average annual rainfall, habitat type, and number of
species (N).
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