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Ecography Termite mounds contribute to the heterogeneity and productivity of many semi-arid
2022: 06306 ecosystems worldwide. Regular spatial patterns of termite mounds are well documented
doi: 10.1111/ecoe.06306 but the underlying pattern-building mechanisms remain to be clarified.

T & This study analysed a comprehensive data set of Macrotermes michaelseni mound

Subject Editor: metrics, spatial patterns and dynamics, recorded 12 years apart within 1 km?* of
Tamara Munkemuller Namibian thornbush savanna. We used both unmarked and marked point pattern
Editor-in-Chief: Miguel Aratjo analyses to assess spatial distributions of termite mounds.

Accepted 14 May 2022 We recorded 485 termite mounds in 2007 and 2019. Out of the investigated 142

active termite mounds in 2007, 81 were active 12 years later. Only 2% (n=3/129)
of remnant mound sites in 2007 were newly colonised in 2019. All mounds were
distributed at regular distances. Mounds higher than 2 m and long-term active mounds
(active in 2007 and 2019) showed high regularity. Mounds up to 0.7 m height and
new mounds occurred in clusters and showed a spatial repulsion to large and long-term
active colonies. The spatial distribution of Boscia albitrunca trees generally clustered
around termite mounds, but did not cluster around young colonies.

The results contradict the hypothesis of preferred colony settlement on previously
inhabited mound sites. Remnant mounds are relatively unlikely to be recolonised
when recently abandoned. The observed spatial patterns show that intraspecific
competition between large colonies is the decisive factor for regular spatial patterns of
termite colonies, whereas small and young colonies are limited to unoccupied patches.
Surrounding trees are a pattern-building factor of only secondary importance.

The spatio-temporal scale in our study reveals general trends of termite mound
life histories and spatial pattern-building mechanisms. Availability of not previously
inhabited sites form the patterns of founding new colonies. Well-established mounds
are highly regulated by intraspecific competition. This highlights that termites
contribute to ecosystem heterogeneity through self-organised spatial regularity.

NORDIC SOCIETY OIKOS © 2022 The Authors. Ecography published by John Wiley & Sons Ltd on behalf of Nordic Society
Oikos
www.ecography.org This is an open access article under the terms of the Creative Commons

Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited. Page 1 of 12



Keywords: ecosystem engineer, pair correlation function, point patterns, savanna ecosystems, social insects, spatio-temporal

patterns

Introduction

Termites represent major decomposers in tropical ecosystems
(Bignell and Eggleton 2000, Khan and Ahmad 2018) and are
known to alter and influence soil properties like organic mat-
ter, nutrient and water availability (Wood 1988, Jouquet et al.
2006, 2016). The accumulation of nutrients and water in
their nests provides highly fertile islands in sparse ecosystems
(Konaté et al. 1999, Abe et al. 2009, Fox-Dobbs et al. 2010).
Elevated mound structures above the nest, as built within
the fungus-cultivating subfamily Macrotermitinae, create
further habitat heterogeneity (Traoré et al. 2008a, Moe et al.
2009, Sileshi et al. 2010). Consequently, unique plant com-
munities and the overall biodiversity are supported by ter-
mites (Arshad 1982, Kirchmair et al. 2012, Erpenbach et al.
2017, Leitner et al. 2020). In consideration of this enormous
ecological importance, the term ‘ecosystem engineers was
adapted for termites (Jones et al. 1994, Dangerfield et al.
1998, Okullo and Moe 2012). Bonachela et al. (2015)
showed that termite mounds can stabilise dryland ecosystems
with regard to climatic change. Pringle et al. (2010) under-
lined that ecosystem productivity and heterogeneity are espe-
cially promoted by regular mound distribution patterns.

The genus Macrotermes Holmgren (1910) has been
especially investigated in many studies on termite mound
life histories and spatial patterns (Collins 1981, Korb and
Linsenmair 2001, Muvengwi et al. 2018). Temporal studies
on the colony life histories and spatial patterns of Macrotermes
mounds essentially observed random distributions, high
mortality rates of young mounds, and few recolonisations of
abandoned mounds (Pomeroy 1976, 2005a, b, Collins 1981,
Lepage 1984). However, those studies only covered small
coherent areas up to 22 ha (Collins 1981) and a maximum
observation period of 6.5 years (Pomeroy 2005b). Few recol-
onisations of abandoned mounds seem incongruent with
the finding that newly established M. bellicosus Smeathman
(1781) colonies show the highest survival rate when recolo-
nising abandoned mound sites (Pomeroy 1976, 2005b).
Referring to these results, Schuurman and Dangerfield (1997)
proposed in a study on M. michaelseni Sjostedr (1914) that
recently abandoned mound sites may be beneficial for new
colony establishment due to improved suitability by elevation
above ground level (Schuurman and Dangerfield 1996), but
this theory remained unproven. Since Macrotermes queens
show lifespans of 10-20 years (Keller 1998, Wisselink et al.
2020) but M. falciger Gersticker (1891) mounds revealed
ages up to 2200 years (Erens et al. 2015), mound sites must
be colonised repeatedly. In sum, the mechanisms, patterns
and frequencies of (re)colonisation remain unknown.

At a small spatial scale, various studies on the spatial
patterns of Macrotermes mounds are available. Early stud-
ies on spatial patterns of termite mounds found either ran-
dom (Lepage 1984, Schuurman and Dangerfield 1997) or
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aggregated patterns (Meyer et al. 1999). Later publications
reported on regular spatial patterns of Macrotermes mounds
(Davies et al. 2014, Mujinya et al. 2014). Further studies con-
firmed regular patterns when differentiating between mound
size classes: large mounds (> 1.5 m (Korb and Linsenmair
2001); > 2 m (Grohmann et al. 2010)) showed regular pat-
terns, and small mounds (< 1.5 m; < 0.7 m) were clustered.
Moreover, Macrotermes mound size and inter-mound dis-
tances are correlated (Pomeroy 2005a, Grohmann et al. 2010,
Muvengwi et al. 2018). Mound size and colony size are gener-
ally assumed to be proportional (Darlington 1990, Meyer et al.
2000, Pomeroy 2005b), and thus mound height is commonly
used for colony size estimations (Darlington and Dransfield
1987, Korb and Linsenmair 2000, Grohmann et al. 2010).
However, this estimation remains ambiguous as the growth
curve of Macrotermes mounds flattens after 6-12 years (Collins
1981, Darlington and Dransfield 1987) and repeated recolo-
nisation over thousands of years seems possible (Erens et al.
2015). Still, mound sizes provide easily available surrogates for
colony size in spatial analyses. Large and small mounds indi-
cate competitively stronger and weaker colonies, respectively.
Korb and Linsenmair (2001) and Grohmann et al. (2010)
concluded that regular spatial patterns between large mounds
are shaped by intraspecific competition (Jmhasly and Leuthold
1999). Intraspecific competition as a driving factor for spatial
patterns is supported by the observation that regular patterns
in Macrotermes mounds are more pronounced on nutrient-
poor soils (Muvengwi 2018) and Trinervitermes trinervoides
Sjostedt (1911) mounds occur in higher densities when forag-
ing resources increase (Hagan et al. 2017). Understandably,
regular patterns can only occur within a homogeneous habitat
without crucial influences by inundations. In the latter case,
mound building termites avoid areas and drainage lines with
high risk of inundation, which leads to aggregated mound
patterns (Davies et al. 2014, Muvengwi et al. 2016). However,
termite mound distribution patterns are considered as one of
the major examples for competition-driven spatial self-organ-
isation (Pringle and Tarnita 2017).

Another possible factor influencing termite mound distri-
butions are mound-associated trees, which were shown to have
facilitative effects on growth and activity of M. michaelseni
mounds (Wildermuth et al. 2021). However, termite mounds
are known to benefit associated trees themselves (Traoré et al.
2008b, Joseph et al. 2011, Steen et al. 2013) and typical ter-
mite mound-associated woody plants are mostly found on
large termite mounds (Joseph et al. 2013, Wildermuth et al.
2021). Thus, it remains unclear whether this mutualism is
initiated by the trees or the termite mounds.

As mentioned above, the available data lack sufficient tem-
poral and spatial data of mound activity. Only one study on M.
subhyalinus Rambur (1842) evaluated the activity of mounds
over a decade (Mugendi 2020), hence the presumable lifespan
of a Macrotermes queen (Keller 1998, Wisselink et al. 2020).



Other studies of Macrotermes mounds did not mention lon-
ger time periods than 2-6.5 years (Pomeroy 1976, 2005a, b,
Collins 1981, Lepage 1984). Given that the long-term study
of Mugendi (2020) did not sample and analyse a coherent
area, there is sparse information about patterns of Macrotermes
mound life histories and percentages of recolonisation of aban-
doned mound sites. Furthermore, spatial relationships between
contrasting mound sizes and activities over time are poorly
understood. Indeed, the activity over time might be a crucial
factor for distribution patterns which are supposedly shaped by
intraspecific competition. Moreover, there is sparse knowledge
on spatial relationships between trees and termite mounds of
different sizes and activities. If mounds of different ages show
different spatial interrelations with trees, we could draw con-
clusions on which of the mutualistic partners occurs first.

The aim of this study was to analyse M. michaelseni mound
life histories and spatial patterns at an interval of 12 years
(2007 and 2019). A detailed and comprehensive data set of
M. michaelseni mounds within 1 km* of Namibian thorn-
bush savanna was recorded by using ground truth methods.
We aimed to quantify the recolonisation of remnant mounds
over time. Further, we considered mound size and colony
activity (2007 and 2019) to understand possible pattern-
building parameters. All mound patterns were investigated
for spatial interrelations with the distribution of the evergreen
Boscia albitrunca (Burch.) Gilg and Gilg-Ben. (1915) in the
study site. We hypothesised, as introduced by Schuurman
and Dangerfield (1997), that termites prefer remnant mound
sites for new settlement. Second, we expected that large and
‘long-term’ active mounds (2007 and 2019) show regular pat-
terns, whilst small and newly founded active mounds occur
clustered. Inherent to those patterns, we expected the clus-
ters of small and newly founded colonies to be further apart
from established colonies than expected by chance. In con-
trast, we expected that colonies that failed and disappeared
within the years 2007-2019 did not show such repulsion to

competitively strong colonies. Finally, we hypothesised that
established termite mounds are spatially closely linked to the
evergreen tree species B. albitrunca, whilst newly founded
colonies do not show such effect.

Material and methods

Study site

The study site was located in central Namibia, approximately
120 km north of Windhoek. In 2001, the BIOTA Africa
project (Juergens et al. 2010, 2012) established the 1 km?
biodiversity observatory ‘Otjiamongombe’ on the cattle farm
‘Erichsfelde’ (Fig. 1a). Vachellia tortilis (Forssk.) Galasso and
Banfi (2008), Sencegalia mellifera (Benth.) Seigler and Ebinger
(2010) and B. albitrunca trees alongside Aristidoideae grasses
dominate the vegetation (Strohbach 2019), representing a typ-
ical central Namibian thornbush savanna influenced by cattle
farming. Climate conditions are semi-arid with mean annual
temperatures of 20.6°C over the years 2010-2019 and an aver-
age annual rainfall of 317 mm falling during the summer season
(Muche et al. 2018). A small riverbed dissects the western part
of the observatory in a south-north direction. Whilst clayey
luvisols dominate the north-eastern half, the south-western
half mainly consists of calcisols (Fig. 1a). Termite mounds of
M. michaelseni are distributed all over the observatory.

Mound and tree mapping

All termite mounds and eroded mound remnants (see exam-
ple in Fig. 1b) in the observatory were mapped in 2007 and
2019 (Wildermuth et al. 2021) by two different observer
teams, following the approach of Grohmann et al. (2010).
We chose ground inspection as the most appropriate method
since more than 30% of all termite mounds were concealed by
the canopy of associated trees on aerial or satellite images. We

Figure 1. (a) Map of the 1 km? study area ‘Otjiamongombe’; each grid cell covers 1 ha. (b) Outwash pediment of a remnant termite mound.

Red and white sections of the scale indicate 10 cm.
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recorded mound sites with + 3 m accuracy with a handheld
GPS (Garmin, Schafthausen, Switzerland). The measured
mound parameters were mound height, diameter of the coni-
cal mound base and the outwash pediment (cm). In 2007,
mound heights were exclusively recorded as height above the
pediment. We tested mounds with closed or almost closed
ventilation for activity by breaking a hole through the walls. If
the hole was repaired the next day, we assumed the mound to
be active. Mounds with open ventilation systems or no signs
of activity were recorded as inactive and outwash pediment
remains without any elevated mound structure were recorded
as remnant (Grohmann et al. 2010, Wildermuth et al. 2021).

In 2019, we additionally recorded the location of every
B. albitrunca above 1.50 m height in the observatory.
Furthermore, we identified and recorded every tree above
1.50 m total height that was located within the outwash
pediment of a termite mound. These trees were classified as
‘partner trees’ (Wildermuth et al. 2021).

Data analysis

We prepared and analysed all data in R ver. 4.1.0 (<www.r-
project.org>). Mound heights above the pediment of 2007
and 2019 were compared with a paired t-test. We considered
disappeared mounds in 2019 to be 0 m in height, whereas
new mounds were calculated as 0 m height in 2007. We cal-
culated relative proportions of active, inactive and remnant
mounds and the respective change in activity after 12 years
(2007-2019).

Table 1. Results of the pair correlation functions (PCFs) for all mounds
and subsets. R=regular, P=Poisson (random), C=clustered.
Significant deviation from the theoretical Poisson distribution was
assessed by visual inspection of ~99% envelopes, obtained from the
5th-lowest and 5th-highest value of 999 Monte Carlo simulations.
The distribution values in parentheses indicate the spatial scale at
which the spatial patterns deviated significantly from the Poisson dis-
tribution. Mound heights in 2007 were recorded as height above the
outwash pediment (n mounds and distribution patterns in italics).

n Distribution
Mound category 2007 2019 2007 2019
Total 388 344  R(G5-15m) R (5-15m)
C (40-50 m)
Small (< 0.7 m) 233 137 C(40-50m) C(15-55m)

Medium (> 0.7-2 103 107 R (10-35m) P
m)

Large (> 2 m) 52 100 R (25-30m) R(7-45m

Medium and 155 207 R (2-40 m) R (0-30m
large (> 0.7 m)

Active 142 163 R (8-35 m) P

Inactive 117 117 P P

Remnant 129 64 C(®0-75m) P

Long-term active 81 R (15-40 m)
(07 and 19)

New (19) 97 C (15-90 m)

New and active 64 C(7-90 m)
(19)

Disappeared 141 C (40-50 m)
(07-19)

C (70-80 m)
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We used pair correlation functions (PCFs) to analyse the
spatial patterns of all termite mounds and individual subsets,
as well as all B. albitrunca trees in the observatory. PCF is
a commonly used multi-scale method to classify spatial pat-
terns into random, regular or clustered processes (Illian et al.
2008). We tested for intensity gradients across the observa-
tory with the ‘spatstat’ function ‘cdf.test’ (Baddeley et al.
2015). Significant gradients were found for all analysed
mound categories except large mounds (> 2 m height), rem-
nant and inactive mounds (2007) and disappeared mounds
(2019). However, as large mounds were distributed homoge-
neously over the observatory, we assumed general suitability
for mound construction all over the study site, and thus we
analysed all mound categories with PCFs for homogencous
distributions (Getzin et al. 2008). Boscia albitrunca showed a
highly heterogeneous distribution in the study site and most
trees aggregated in the north-east. Nevertheless, as we also
compared the distribution of B. albitrunca with different ter-
mite mound categories, we chose a PCF for homogeneous
patterns to ensure comparability. Following the protocol of
Grohmann et al. (2010), we analysed subsets of mound size
classes (small < 0.7 m, medium > 0.7-2 m, large > 2 m) and
activity categories (active, inactive, remnant). Mound heights
0f 2007 were available only as height above the outwash pedi-
ment. We further analysed subsets of the year of appearance,
also considering the activity over time (2007 and 2019; Table
1). We prepared the data for PCF analysis with the R packages
‘maptools’ (Bivand and Lewin-Koh 2019), ‘sp’ (Bivand et al.
2013) and ‘rgdal’ (Bivand etal. 2019). Then we used ‘spatstat’
(Baddeley et al. 2015) to apply the PCFs with the function
‘PCF’. To consider boundary effects of the 1 km? observatory,
we applied the default correction ‘best’, which provides the
most accurate edge correction (Baddeley et al. 2015).

For spatial relationships between termite mounds of
contrasting categories (height and activity; Table 2), we
considered only total height measurements from 2019. We
conducted all analyses with the mark connection function
(p;(n). p; can be interpreted as the conditional probability
that points of mark j are found at exact distance 7 to points
of mark 7 (Illian et al. 2008). To test our hypothesis of a self-
thinning process between termite mounds, we chose a ran-
dom labelling null-hypothesis to compare against the actual
distribution patterns. Whilst such a self-thinning process
can be regarded as an a posteriori assigning of marks to the
mounds, the random labelling null-hypothesis shows the the-
oretical spatial correlation under assumption of random thin-
ning (Goreaud and Pélissier 2003). Since the null hypothesis
of random labelling is robust to environmental heterogene-
ity when both compared point patterns are created by the
same point process (Wiegand and Moloney 2004), no further
correction was made for it. The mark connection function
was applied with the ‘markconnect’ command from ‘spatstat’
(Baddeley et al. 2015). We set rmax to 253 m according to
the sensitive default. Isotropic edge correction was applied.

To explore the spatial relationships and test for indepen-
dence between the point patterns of B. albitrunca trees and
termite mounds, we used a bivariate cross PCF (‘PCFcross’ in



Table 2. Spatial relationships between contrasting mound categories
in 2019. Relationships were explored with the mark connection
function (p,(r)). Significant deviation from random labelling was
assessed by visual inspection of ~99% envelopes, obtained from the
5th-lowest and 5th-highest value of 999 Monte Carlo simulations.
Results in italics indicate a tendency to repulsion.

Mound category Range
pli) Mound category p(j)  Relationship pr)
Medium and Small (< 0.7 m) Random
large (> 0.7 m)
Large (> 2 m) Small (0.7 m) Repulsion 5-40 m
Large (> 2 m) Disappeared (07-19)  Random
Medium and Small (£ 0.7 m) and Random
large (> 0.7 m) active
and active
Large (> 2 m) Small (£ 0.7 m) and Random 20-30m
and active active
Large (> 2 m) Disappeared (07-19)  Random
and active
Long-term active New and active (19) Repulsion 0-90 m
(07 and 19)
Long-term active Disappeared (07-19)  Random
(07 and 19)

‘spatstat’ (Baddeley et al. 2015)). We implemented a random
toroidal shift null-model to account for the original point
patterns (Wiegand and Moloney 2014) with the default cor-
rection. The chosen toroidal shift had a radius of 500 m, to
cover the whole 1 km? study site. Boscia albitrunca was only
mapped in 2019, hence we only analysed the relationships to
the different mound categories as recorded in 2019 (see above
for the different mound categories). For all analysis types, we
obtained significant bands of approximately 99% by using
the 5th-lowest and 5th-highest value of 999 Monte Carlo
simulations. For mark connection functions, coordinates
were fixed and labels were randomly assigned (Getzin et al.
2008). More details about spatial point pattern analysis can
be found in Ben-Said (2021).

Results

We recorded 388 mounds including remnant outwash pedi-
ments in 2007 and 344 mounds in 2019 (n , =485; Fig. 2).
In 2019, 23 mounds (mean height (M)=47.61 + 11.69
cm) and 118 mound remnants of the 2007 mapping had
completely disappeared (36.34%) and 97 new mounds had
appeared (M=83.9 + 7.6 cm; Fig. 2, Supporting informa-
tion). The overall density of mounds was 3.88 mounds ha™
in 2007 and 3.44 mounds ha™' in 2019, whilst active mounds
only occurred in densities of 1.42 mounds ha™' (2007) and
1.63 mounds ha™! (2019).

Whilst active mounds in 2019 were on average 56.2 +
7.24 cm higher than in 2007 (p < 0.001), inactive mounds
in 2019 were 8.8 + 6.1 cm smaller than in 2007 (p=0.15).
These differences include mounds that were recorded first in
2019. The extreme values were +320 cm height gain (new
and active mound in 2019) and —360 cm height loss (eroded
to a pediment by 2019). On average, new and active mounds
(first recorded in 2019) were 99.6 cm high (+ 10.27 cm).

The developmental trends of termite mounds between
2007 and 2019 (Fig. 3, Supporting information) showed that
91.47% (118/129) of remnant outwash pediments in 2007
remained remnant in 2019 or had disappeared. Almost half of
the inactive mounds in 2007 were remnant or had disappeared
in 2019 (57/117, 48.72%). In contrast, mounds mapped
as active in 2007 tended to be also active in 2019 (81/142,
57.04%). Further, 65.98% (64/97) of the newly mapped
mounds in 2019 were active. Mounds that were active both
in 2007 and 2019 had average heights of 200.43 cm (+ 9.49
cm) in 2007 and 218.95 cm (£ 9.21 cm) in 2019 (Supporting
information). On the other hand, active mounds of 2007
that were remnant or had disappeared in 2019 had an aver-
age height of 82.79 cm (+ 21.03 c¢m) in 2007. Looking only
at the active mounds in 2019 (n=163), 39.26% (64) were
new (first recorded in 2019), 49.69% (81) originated from
mounds already active in 2007 and only 11.04% (18/163)
were located on sites that were recorded as inactive or remnant
mounds in 2007.

The PCF identified a regular distribution of all mounds
including remnants within the scale of 5-15 m for both 2007
and 2019 (Fig. 4, Table 1). However, in 2007, we also found
tendencies for clustering at the scale of more than 40 m dis-
tance. Large mounds above 2 m, as well as all mounds above
0.7 m height, were regularly dispersed over the observatory
(Fig. 5, Table 1). Within the active mounds, only long-term
active (2007 and 2019) mounds were regularly dispersed
in 2019. In contrast, new mounds and new active mounds
(2019) occurred in clusters (Table 1). The latter were par-
tially due to a cluster of 13 new active mounds in the west
of the observatory (Fig. 2, 5¢, 6a). Small mounds (< 0.7 m)
were also distributed in clusters, with different clustering dis-
tances between 2007 (40-50 m) and 2019 (15-55 m; Table
1). Note that small mounds in 2007 comprised a larger size
range, as heights in 2007 were recorded above the pediment.
Inactive mounds showed a random distribution in both study
years. In 2019, remnants, active mounds and medium sized
mounds were also randomly distributed. Mound remnants
(2007) and disappeared mounds (2019) occurred in clus-
ters at the scale of - 40—-80 m (Table 1). Boscia albitrunca
occurred clustered, with a large proportion of trees located in
the north-east of the observatory (Supporting information).
Mound-tree associations were regularly distributed at small
spatial scales up to 15 m, but showed clustering at larger
scales of 60—70 m (Supporting information).

The results of the mark connection function p,(r) (only
applied for the total mound heights of 2019) showed that
small mounds (< 0.7 m) were randomly distributed in rela-
tion to the group of medium and large mounds (> 0.7 m)
but were underrepresented in close distances (5-40 m) to
large mounds of more than 2 m height (Table 2, Fig. 5).
New active mounds in 2019 were underrepresented within
distances of up to 90 m to long-term active mounds (Table
2, Fig. 6). All small and active mounds showed a close to
significant tendency to underrepresentation in the vicinity
of large and active mounds in 2019, whilst being randomly
distributed in relation to the group of medium and large
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Figure 2. Map of all 485 termite mounds recorded in 2007 and 2019. Mounds that disappeared between 2007 and 2019 are marked with

a red X. All active mounds in 2019 are coloured in green.

active mounds. Disappeared mounds (2007-2019) showed
no significant spatial correlation to large or long-term active
mounds (Table 2, Fig. 6).

The applied bivariate PCF revealed that B. albitrunca was
significantly clustered very close to termite mounds (0-6 m).
Boscia albitrunca further showed clustering with small, large
and active mounds. We detected no clustering between B.
albitrunca and remnant, disappeared and new mounds (Table
3, Supporting information).

Discussion
The extent of our spatio-temporal study on termite mounds

provides novel insights and consolidation for common theo-
ries in development and spatial interactions of an important
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ecosystem engineer. Whilst colony founding seems to be
determined by availability and environmental conditions, suc-
cessful colony establishment seems highly regulated by intra-
specific competition and results in regular spatial patterns.
The recorded density of 3.44 mounds ha™" underpins ear-
lier published data of Macrotermes mound densities in com-
parable climatic regions, as they range from ~0.5 mounds
ha™ to -5 mounds ha™ (Lepage 1984, Meyer et al. 1999,
Pomeroy 2005a, Grohmann et al. 2010, Davies et al. 2014).
These studies furthermore reported densities of active termite
mounds in the range of ~0.5 mounds ha™" to ~3 mounds ha™,
which is in line with the results of the present study, where
active mounds occurred in the density of 1.63 mounds ha™.
Our results indicate temporal consistency of mound
activity, as inactive and remnant mounds of 2007 were
only reactivated in 16% of the cases in 2019 and 57%
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Figure 3. Change in termite mound activity over 12 years within the study observatory. Only 2.33% of the remnant mound sites in 2007

were reactivated in 2019.

of the active mounds of 2007 were also active in 2019
(Fig. 3). Active mounds that died within the study period
were initially much smaller than those that were also
active after 12 years. These findings reinforce previous
studies which found that, once established, Macrotermes
mound populations are stable (Pomeroy 2005b), whilst
small and young colonies show high mortality rates
(Pomeroy 1976, 2005a, b, Collins 1981, Lepage 1984).
Korb and Linsenmair (1999) observed that only 20% of
M. bellicosus mounds reached maturity in the savanna.
As we neither recorded the genetic identity of the colo-
nies nor monitored the mound activity regularly over
the 12 years, we cannot determine whether the active
colonies in 2019 were the same as in 2007. Although
Macrotermes queens can reach ages up to 20 years (Keller
1998, Wisselink et al. 2020), median lifespans of only
6 years were observed for M. bellicosus reproductives

== all mounds

2007

&= = active mounds

(Elsner et al. 2018). Therefore, our study interval of 12 years
is too long to deduce a clear picture of colony demograph-
ics. Nevertheless, the extremely small number of mound
reactivations within 12 years is remarkable. Especially for
remnant mound sites that disappeared completely between
2007 and 2019 (n=118/129, 91.47%), recolonisation
within the 12 years can be considered unlikely. Only 3 out
of 129 remnant mounds in the study area were newly colo-
nised within the 12 years (2.33%). Another study on M.
bellicosus mounds over 3 years showed low rates (8%) of
recolonisation as well (Pomeroy 1976). Mugendi (2020)
discovered even less recolonisation (2%) within 9 years for
inactive M. subbyalinus mounds (study size: 292 mounds).
Thus, neither our study nor other temporal studies support
the theory that swarming alates prefer remnant mound
sites over the matrix for new colonisations (Schuurman and

Dangerfield 1996). This may be explained by the fact that

ssssss remnant mounds

2019

g(r)

40 60 80 100

Distance r [m]

0 20
Distance r [m]

Figure 4. Pair correlation functions (PCFs) for all mapped termite mounds in the study observatory in 2007 and 2019 (all mounds: solid
line, grey envelope; active mounds: dashed line, green envelope; remnant mounds: dotted line, red envelope). Envelopes (-99%) were
obtained by using the 5th-lowest and 5th-highest value of 999 Monte Carlo simulations. All mounds were regularly distributed. Active
mounds were regularly distributed in 2007 and randomly distributed in 2019. Remnant mounds were clustered at ~60—-75 m in 2007 but
did not deviate significantly from the Poisson distribution in 2019.
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(PCEF) for small mounds indicates clustered spatial patterns, whilst the PCF for large mounds indicates regular patterns. (c) Density map of
all small mounds (black dots) in 2019 (sigma=40). Colour gradient indicates clustering corresponding to bright yellow. Large mounds are
indicated with green dots. (d) Mark connection function p,.j(r) of all large mounds versus all small mounds in 2019. Black line: 24)-
Significant bands (~99%) of 999 Monte Carlo simulations of random labelling in grey. p,(7) shows underrepresentation of small mounds

within the radius of 5-40 m around large mounds.

swarming Macrotermes alates prefer sheltered areas under
leaves and litter for nest choice (Mitchell 2007) but termite
mounds tend to be sparsely vegetated (Glover et al. 1964).
Nevertheless, high Macrotermes survival rates when recolo-
nising abandoned mound sites (Pomeroy 1976, 2005b) and
mound site ages over thousands of years (Erens et al. 2015)
show that mounds indeed are recolonised. We suggest that
new colonisation of remnant mound sites occurs over larger
time scales than the investigated 12 years of our study.
However, further comprehensive spatio-temporal data sets
might clarify patterns of new colony establishment.

The mound spatial patterns in this study complement
past findings on termite mounds that reported overall regu-
lar distributions (Davies et al. 2014, Mujinya et al. 2014)
and a combination of regularity within large mounds and
aggregations within small and new mounds (Korb and
Linsenmair 2001, Grohmann et al. 2010, Hagan et al.
2017). This phenomenon is assumed to be caused by intra-
specific competition, as competitively strong, large colo-
nies with high foraging demand occupy a certain territory
and thus organise themselves in high regularity (Korb and
Linsenmair 2001, Pomeroy 2005a, Grohmann et al. 2010).
Our study further supports this assumption by showing reg-
ular spatial patterns within long-term active mounds (2007
and 2019), whereas inactive and remnant mounds occurred
clustered or randomly distributed. We considered mounds as
long-term active if they were recorded as active in 2007 and
2019, knowing that the mounds might have been uninhab-
ited and reactivated in the meantime (above). Nevertheless,
this scenario remains negligible when assessing the impact
of intraspecific competition as a pattern-building factor, as
activity by different inhabiting colonies would have a more
competitive impact on surrounding colonies than no termite
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activity at all. This supposition is supported by the highly
regular spatial patterns of these ‘long-term’ active mounds.
It is remarkable that all active mounds in 2019 were distrib-
uted randomly (Fig. 4). However, this can be explained by
the strong clustering of new active mounds in 2019. This
illustrates the fact that regular patterns caused by intraspe-
cific competition are consolidated over time, whereby clus-
ters of young stages are often the starting pattern (Korb and
Linsenmair 2001, Getzin et al. 2008).

When assuming intraspecific competition as a pattern-
building factor, it is inherent that young and small colonies
with low foraging demand are only able to establish in unoc-
cupied patches between the regularly distributed large colo-
nies (Grohmann et al. 2010). However, our analysis of small
mounds and their spatial relationship to all remaining larger
mounds yielded a random pattern. Earlier studies on spatial
relationships between small and larger Macrotermes mounds
(> 0.7 m height (Grohmann et al. 2010); > 2.5 m diameter
on basalt and > 10.8 m on granite (Muvengwi et al. 2018))
partly found small mounds closer to larger mounds than
expected by chance. This contradicts the expectation that
small mounds show a repulsion from larger and competitively
stronger colonies. However, whilst Grohmann et al. (2010)
and Muvengwi et al. (2018) only compared small mounds to
all remaining larger mounds, we also compared the contrast-
ing height categories of small (< 0.7 m) versus large mounds
(> 2 m) whilst excluding medium-sized mounds. In fact,
this analysis revealed a significant repulsion of small mounds
within 40 m of diameter around large mounds (Fig. 5). This
finding is supported by Korb and Linsenmair (2001), who
found that small Macrotermes mounds were only distributed
in clusters when larger mounds were present. Nests of the
soil-feeding termite Anoplotermes banksi Emerson (1925)
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Figure 6. Density maps and Mark connection function p,.j(r) of (a, ¢) new active mounds and (b, d) disappeared mounds in 2019 versus
long-term active mounds (2007 and 2019; green dots, sigma=40). Black line: p,.].(r). Significant bands (-99%) of 999 Monte Carlo
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show similar patterns, as young colonies are clumped and
negatively associated with large colonies (Bourguignon et al.
2011). Additionally, we analysed the spatial relationship
between new versus established Macrotermes mound activity
for the first time. Active new mounds (first recorded in 2019)
in our study showed a repulsion to long-term active colonies
(active in 2007 and 2019) within a radius of 90 m (Fig. 6).
Similarly, newly founded Macrotermes colonies showed higher
survival rates if located further apart from existing colonies in
a 6.5-year study by Pomeroy (2005b). Thus, we overall pro-
vide strong support that small and newly established colonies
are limited to the gaps between large and well-established col-
onies. In a well-fitting result, we found that all mounds that
completely disappeared within the study period (2007-2019)
were distributed in a random relationship to large and long-
term active mounds (Fig. 6). Likewise, dying Anoplotermes
banksi nests were randomly associated with large colonies and
showed a positive association with areas of high nest densities
(Bourguignon et al. 2011). We interpret this as another indi-
cator that successful establishment of new and small colonies

is only possible at a ‘safe’ distance to large and well-estab-
lished colonies — otherwise failure is likely.

Boscia albitrunca trees and termite mounds showed a
strongly clustered co-occurrence at short distances over a
few metres (0—6 m). Various Boscia Lam. (1804) species are
commonly associated with termite mounds (Muvengwi et al.
2013). Considering the finding that mound-associated
trees, in particular the evergreen B. albitrunca, have strong
facilitative effects on growth and activity of the investigated
Macrotermes mounds (Wildermuth et al. 2021), we could
assume that mound spatial patterns are rather shaped by the
distribution of beneficial trees. Nampa and Ndlovu (2019)
indeed suggest that Trinervitermes trinervoides mounds are
preferendially built under the protecting canopy of associated
trees. However, since B. albitrunca occurred clustered in the
clayey north-cast of the observatory, but large mounds were
distributed regularly all over the study site, Wildermuth et al.
(2021) considered it unlikely that spatial patterns of termite
mounds are predominantly shaped by beneficial trees. In turn,
it is more likely that the density of B. albitrunca increases
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Table 3. Spatial relationships between all Boscia albitrunca trees
above 1.50 m height and mound categories in 2019. Relationships
were explored with the bivariate pair correlation function 'PCFcross'
(g,(r). Significance and ranges were assessed by visual inspection of
~99% envelopes, obtained from the 5th-lowest and 5th-highest
value of 999 Monte Carlo simulations with implemented random
toroidal shift of r=500 m.

Range
pli) Mound category p() n  Relationship g,
Boscia Total 345  Cluster 0-6m
albitrunca
n=334 Small (0.7 m) 154  Cluster 0-3m
Medium (0.7-2 m) 107 Random
Large (> 2 m) 100  Cluster 0-4 m
Active 163 Cluster 0-8 m
Inactive 117 Cluster 0—4 m
Remnant 82  Random
Long-term active 81  Cluster 0-8m
(07 and 19)
New (19) 98 Random
New and active (19) 64  Random
Disappeared (19) 141  Random

around the mounds, as observed similarly for lowland trees
in a South African savanna (Davies et al. 2016). Our results
provide further support for this assumption, as B. albitrunca
occurred clustered together with active and large colonies, but
did not show significant clustering with remnant, disappeared
and new (active) mounds. This illustrates the long-term advan-
tages of tree-associated colonies. Wildermuth et al. (2021)
suspect a self-reinforcing cycle of both profiting ‘partners’. We
conclude that the advantages of tree-associated M. michaelseni
mounds reflect within the intraspecific self-thinning process,
as Wildermuth et al. (2021) showed that mound-tree associa-
tions are regularly distributed.

Despite the sparsely settled riverbed and the inhomo-
geneous soilscape, regularly distributed large mounds
indicate suitability for settlement across the whole observa-
tory. However, smaller mounds showed significant inho-
mogeneity across the observatory. Thus, we suggest that
abiotic suitability for colony settlement and mound con-
struction might affect the distribution of young mounds
(Davies et al. 2014, Muvengwi et al. 2016, Jamilu Bala
Ahmed et al. 2019). Nonetheless, self-organisation of ter-
mites through inter-colony competition shows remarkable
persistence, as shown by our study and Davies et al. (2020)
in different land-use systems with partially high degrees
of disturbance. This highlights the ability of termites to
boost ecosystem productivity, heterogeneity and robustness
through competition-driven regularity (Pringle et al. 2010,
Bonachela et al. 2015).

The temporal aspect of our study sheds new light on life
histories and spatial pattern-building mechanisms of termite
mounds. Against the initial assumption, previously inhab-
ited mound sites are relatively unlikely for new settlement.
Intraspecific competition creates regular spatial patterns of
large and long-term active mounds, whilst small and young
mounds occur clustered in unoccupied patches. Beneficial trees
showed to be of advantage but remained a pattern-building
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factor of secondary importance. In sum, this study underlines
the importance of termite mounds as a scalable and global
example for competition-driven spatial self-organisation.
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