Journal of Tropical Ecology

www.cambridge.org/tro

Research Article

Cite this article: Penel B, Freycon V, Marcon E,
Rossi V, Cornu G, Bénédet F, Forni E, and
Gourlet-Fleury S (2022) Macrotermes termite
mounds influence the spatial pattern of tree
species in two African rainforest sites, in
northern Congo. But were they really forests in
the past? Journal of Tropical Ecology 38,
267-274. https://doi.org/10.1017/
S0266467422000165

Received: 19 October 2021
Revised: 31 March 2022

Accepted: 10 April 2022

First published online: 13 May 2022

Keywords:

Intertype K function; Kinhom function; late
Holocene rainforest crisis (LHRC); Macrotermes
amplus; rainforest; savannah; spatial pattern

Author for correspondence:
Benoit Penel, Email: penelbenoit@gmail.com

© The Author(s), 2022. Published by Cambridge
University Press. This is an Open Access article,
distributed under the terms of the Creative
Commons Attribution licence (http://
creativecommons.org/licenses/by/4.0/), which
permits unrestricted re-use, distribution and
reproduction, provided the original article is
properly cited.

CAMBRIDGE

UNIVERSITY PRESS

78R\
@ CrossMark

Macrotermes termite mounds influence the
spatial pattern of tree species in two African
rainforest sites, in northern Congo. But were
they really forests in the past?

Benoit Penel'?3, Vincent Freycon?3, Eric Marcon?, Vivien Rossi>>®,
Guillaume Cornu?3, Fabrice Bénédet?3, Eric Forni®>’ and Sylvie Gourlet-Fleury®3

IAix Marseille Univ, IMBE, Institut Méditerranéen Biodiversité & Ecologie, Marseille, Aix-en-Provence, France; 2CIRAD,
UPR Foréts et Sociétés, F-34398, Montpellier, France; 3Foréts et Sociétés, Univ Montpellier, CIRAD, Montpellier,
France; “AgroParisTech, UMR Amap, Univ Montpellier, CIRAD, CNRS, INRAE, IRD, Montpellier, France; °Plant
Systematic and Ecology Laboratory (LaBosystE), Department of Biology, Higher Teachs’ Training College,
University of Yanoudé I, PO Box 047, Yaoundé, Cameroon; ®RU Forests and Societies, CIRAD, Yaoundé,
Cameroon and "CIRAD, UPR Foréts et Sociétés BP 1352, Brazzaville, République du Congo

Abstract

Termite mounds have been poorly studied in tropical rainforest in contrast to those of savan-
nahs where they create fertility hotspots and influence the spatial pattern of vegetation.
An inventory of termite mounds and of 15 tree species with a diameter at breast height > 10
cm was carried out in two 800-ha blocks, in two rainforest sites located in northern Congo. We
used inhomogeneous and intertype K functions to study the spatial pattern of termite mounds
and of tree species around mounds, respectively. We found that mounds in Loundoungou were
over-dispersed within a radius of less than 70 m, while those in Mokabi were randomly spaced.
Tree species within a 20-m radius around a mound were aggregated towards the mound, e.g.
Entandrophragma cylindricum, randomly distributed, or even repulsed by the mound. The spe-
cific responses also differed in the two sites. These results suggest that (i) the mounds in
Loundoungou were created by savannah termite species 3,000-2,000 years BP during the
Late Holocene Rainforest Crisis and (ii) the mounds in Mokabi are characteristic of forest
mounds. The impact of termite mounds on the spatial pattern of tree species is thus site-
dependent, and these differences might be due to species seed dispersal strategies and to soil
calcium concentrations.

Introduction

Termites are arthropods that belong to the Blattodea clade (Evangelista et al. 2019) and are
mainly found in tropical and subtropical regions (Eggleton et al. 1994). They are known to
be soil engineers: namely, the fungus-growing termites of the genus Macrotermes (Mueller &
Gerardo 2002) build giant termite mounds (Jones et al. 1994; Lavelle et al. 1997; Dangerfield
et al. 1998).

In savannahs, giant termites mounds are known to be fertility hotspots, which are particu-
larly favourable areas for plant recruitment, development, and survival (Dangerfield et al. 1998;
Traoré et al. 2008; Moe et al. 2009; Sileshi et al. 2010; Muvengwi et al. 2016). Indeed, tree density
on and close to termite mounds is higher than in the surrounding savannah (Loveridge & Moe
2004; Moe et al. 2009; Davies et al. 2014, 2016; Muvengwi et al. 2016). The soil conditions cre-
ated by termite mounds are also sufficiently fertile to enable the recruitment and development of
new tree species that have higher water and nutrient requirements than the original savannah
tree community (Joseph et al. 2013; Davies et al. 2016), thereby increasing local diversity
(Loveridge & Moe 2004; Moe et al. 2009; Erpenbach et al. 2013; Muvengwi et al. 2016).
Trees in the vicinity of termite mounds are also taller (Levick 2010), larger (Pringle et al.
2010), and have both better growth rates (Holt & Lepage 2000; Groen et al. 2008) and repro-
ductive success (Brody et al. 2010) than elsewhere.

Giant termite mounds are over-dispersed (evenly spaced) at scales below 60-100 m
(Pomeroy 2005; Pringle et al. 2010; Davies et al. 2014; Pringle & Tarnita 2017). This spatial
pattern results from competition for resources between termite colonies (Pringle et al. 2010;
Pringle & Tarnita 2017) and, as a consequence, maximizes the impact of termite mounds on
the environment.

The impact of termite mounds and their spatial pattern is well documented in savannahs, but
not in tropical rainforests even though giant termite mounds have been observed in tropical
forests throughout Africa (Guillot 1981; Lanfranchi & Schwartz 1990; Boulvert 1995a), in
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Figure 1. Location of the two 800-ha blocks in the Loundoungou and Mokabi study
sites in the Republic of Congo.

South America (Martin et al. 2018), and Asia (Beaudrot et al.
2011). So far, Beaudrot et al. (2011) were the only authors who
studied responses (biodiversity and tree density) of a tropical rain-
forest in Malaysia to a local increase in fertility produced by termite
mounds. However, their conclusions were drawn from a very small
sample of termite mounds (n = 8). The objectives of the present
study were consequently to investigate the spatial pattern of ter-
mite mounds in two rainforest sites in northern Congo and their
effects on tree spatial pattern. As litter resources are more abun-
dant in forest than in savannahs and as termite mounds tend to
favour species with higher nutrient requirements we predicted that
in both sites: (i) termite mounds are randomly distributed at the
local scale (< 100 m) unlike in savannahs and (ii) the influence
of termite mound distance on tree density is species dependent.

Materials and methods
Study sites

The study was carried out in the northern part of the Republic of
Congo, at two sites located 90 km apart, Loundoungou (2°20°N,
17°32’E, in the CIB-Olam concession) and Mokabi (3°19’N,
16°76’E, in the Rougier Mokabi SA concession). In both sites, study
blocks were rectangular areas covering 800 ha (2 km x 4 km)
(Figure 1). The mean annual temperature at both sites is 25°C,
while the mean annual precipitation is around 1,600 mm in
Loundoungou (Loubota Panzou et al. 2018) and 1,400 mm in
Mokabi (Mokabi station located 3°16’N, 16°44’E, calculated over
the period 2018-2020). Loundoungou site has an Am climate type,
and Mokabi site has an Aw climate type according to the Képpen-
Geiger classification (Peel et al. 2007).

The Loundoungou site is located in a transition area between
the Carnot sandstone plateau and the alluvial deposits of the
Congolese basin, while the Mokabi site is located right on the pla-
teau (Boulvert 1995a). Soils in Loundoungou and Mokabi are
mainly sandy clay loam and acid. Further details on the character-
istics of the reference soil profiles for both sites are provided in
Appendix 1.
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The Loundoungou site is located in a semi-deciduous forest,
dominated by medium wood density tree species, while the
Mokabi site is located in an evergreen semi-deciduous forest,
dominated by high wood density species (Réjou-Méchain et al.
2021). Respectively, 240 and 230 tree species were identified in four
9-ha plots located in the two sites, including 192 shared species, but
which abundance varies according to the site. Tree densities ranged
from 346.8 + 5.8 tree.ha! at Loundoungou to 426.8 + 3.6 tree.ha™!
at Mokabi (Forni et al. 2019).

Giant epigeous termite mounds, in which Macrotermes amplus
Sjostedt (formerly known as M. muelleri, see Krishna et al. 2013,
pp- 1023-1024) (Roisin, pers. comm) was found, were observed in
both sites. However, their architecture differs between the sites. In
Loundoungou, all the termite mounds have a central cone and a
wide peripheral dome certainly resulting from erosion of the cen-
tral cone (Aloni 1975), with a radius of 9.9 + 3.3 m and a height of
4.1 + 1.5 m (Freycon et al. 2018). In Mokabi, termite mounds have
a central cone and a narrow peripheral dome, with a radius of
around 1 m and a height of between 2 and 3 m (Freycon 2014),
which is generally reported for this species (Grassé & Noirot
1951; Weidner 1961). A mean density of 2.2 termite mound.ha™!
was observed at Loundoungou and 2.1 termite mound.ha! at
Mokabi (Freycon 2014).

Survey design

An inventory of several tree species of commercial interest, with a
diameter at breast height (DBH) >10 cm, was conducted in
Loundoungou between 18 April 2013, and 25 January 2015, and
in Mokabi between 20 August 2013, and 24 August 2014
[Appendix 2]. Among the 94,308 trees inventoried, we selected
32,384 trees in Loundoungou and 42,737 in Mokabi belonging
to 15 species, which are quite abundant in both sites: Amphimas
pterocarpoides; Autranella congolensis; Diospyros crassiflora;

Entandrophragma  angolense;  Entandrophragma  candollei;
Entandrophragma  cylindricum;  Entandrophragma  utile;
Erythrophleum  suaveolens;  Greenwayodendron — suaveolens;

Manilkara mabokeensis; Nesogordonia kabingaensis; Pterocarpus
soyauxii; Pycnanthus angolensis; Staudtia kamerunensis; and
Tessmannia africana. The complete nomenclature is listed in
Appendix 2.

During the inventory, 1,786 termite mounds were mapped in
Loundoungou and 1,705 in Mokabi.

Statistical analysis

Different techniques are used to study the spatial pattern of points
in a system, including the widely used Ripley’s K function (Ripley
1977), a second-order statistic that uses all inter-point distances to
provide information on the spatial pattern of the points. Ripley’s K
function assumes that the studied system is homogeneous and iso-
tropic. Because in our study, the density of termite mounds was
heterogeneous (Figure 2) and varied significantly with elevation
(GLM Poisson; P value < 0.001; pseudo r* =0.0315 and 0.109;
respectively, in Loundoungou and Mokabi) we used Baddeley’s
Kinhom-function (Baddeley et al. 2000). This function, which gen-
eralises Ripley’s K-function, is operational when the assumption of
homogeneity is not respected. We also performed a K(r)/m * 12
normalisation of the output of the Kinhom-function as docu-
mented in Marcon and Puech (2017). The reference value of
the K and Kinhom-function is 1 whatever the distance r if
the points are independently distributed. If the observed K or
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Figure 2. Local heterogeneous density of termite mounds (mounds.ha™!) within the 800-hectare Loundoungou (a) and Mokabi (b) sites, n = 1,786 and n = 1,705, respectively. The
density plots were generated with a two-dimensional Kernel Density estimator implemented in ggplot2 3.3.5. The x and y axes are in metres in the EPSG: 32633 - WGS 84/UTM 33N
projected coordinate system. The black dots indicate the locations of the termite mounds studied. The contour lines and colour gradients in the background correspond to the
local density of termite mounds in the study sites and range from [0, 0.5] mounds.ha in purple to [3.5, 4.0] mounds.ha in yellow.

Kinhom-function value is < 1, the points are over-dispersed, if it
is > 1, the points are aggregated.

In both Loundoungou and Mokabi, we tested the randomness
of the spatial pattern of the termite mounds using a Monte Carlo
scheme with the transformed Kinhom-function (Davies et al.
2014). We compared the transformed Kinhom-function values
based on the data with a 95% confidence interval of transformed
Kinhom-function values in 999 simulations. Each simulation was
generated from the same number of mounds as in the real data,
then the stimulated mounds were randomly located in the area
with respect to spatial heterogeneity.

For each of the 15 selected species, we studied the impact of ter-
mite mounds on tree density using a bivariate spatial pattern analy-
sis based on the intertype K function (Lotwick & Silverman 1982).
The intertype K function enables analysis of tree density relative to
distance from a termite mound. We used the same transformation
as for the Kinhom-function for the intertype K function outputs. If
the transformed intertype K function value produced with the data
obtained from sampling is < 1, the trees are repulsed from the ter-
mite mounds, while when it is > 1, the trees are aggregated with
termite mounds. Then, we tested the randomness of the tree
patterns relative to termite mounds using a Monte Carlo scheme
with the transformed intertype K function (Davies et al. 2014).
We compared the transformed Kinhom-function values on the
data with the 95% confidence interval of transformed intertype
K function values in 999 simulations: the locations of trees
were shifted according to a torus translation test respecting their
relative distances, while the locations of the termite mounds
remained unchanged.

To compare the results obtained at Loundoungou and Mokabi,
we previously randomly sampled the same number of trees of each
species studied in each site 20 times [Appendix 2]. The 20 sub-sam-
ples of each species were used for the intertype K function. We then
compared the results obtained with the intertype K function
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between the 20 iterations to check if a specific selection produced
distinct patterns. Once this complexity had been checked and dis-
carded, the comparison between sites was possible.

Edge effect corrections were already implemented in the
Kinhom and Intertype K function. All the statistical analyses were
conducted in R v. 4.0.3 (R Development Core Team). The envelop
function from spatstat 1.64-1 (Baddeley et al. 2015) was used to
produce Kinhom function and the 95% confidence interval asso-
ciated. The KEnvelopp function from dbmss 2.7-4 (Marcon et al.
2015) was used to produce the intertype K function and the 95%
confidence interval associated.

Results
Spatial patterns of the termite mounds

In Loundoungou, the Kinhom-function showed a significantly
over-dispersed spatial pattern of the mounds within a radius of
less than 70 m, whereas beyond 70 m, they displayed an aggre-
gated spatial pattern (Figure 3a). In Mokabi, the function showed
a random pattern of mounds within a radius of less than 40 m,
whereas beyond 40 m, they displayed a significantly aggregated
spatial pattern (Figure 3b). Moreover, in Loundoungou, the
Kinhom-function displayed a flat curve around 1.1 for r between
100 to 1,000 m, while the one of Mokabi displayed a curve with a
peak up to 1.2 around r = 100 m (Figure 3). The results from the
Kinhom-function highlighted the less marked heterogeneity
of termite mound density at Loundoungou than at Mokabi as
shown in Figure 2.

Spatial patterns of species around termite mounds

Different species spatial patterns were observed around the termite
mounds: half is aggregative and half is random. In Loundoungou,
species with an aggregative spatial pattern tended to be aggregated
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Figure 3. Graphs of the Baddeley’s Kinhom-function for termite mounds in Loundoungou n= 1,786 (a) and Mokabi n = 1,705 (b). Kinhom values (previously transformed) are
plotted against distance (r) in m. The grey intervals represent 95% confidence intervals for statistical testing of the null hypothesis run with 999 Monte Carlo simulations. The black
line represents observed termite mound distribution. Values below the grey interval indicate over-dispersion (even spacing), while values above indicate clustering.

within a 20 m radius from the centre of termite mounds, while in
Mokabi, they tended to be aggregated within a variable radius rang-
ing from 5 to 20 m (Figures 4 and 5).

Eight out of the 15 species displayed similar spatial patterns
around termite mounds in both Loundoungou and Mokabi:
D. crassiflora, E. candollei, N. kabingaensis, A. pterocarpoides,
A. congolensis, P. soyauxii, E. cylindricum, and E. angolense
(Figure 4). Among these eight species, D. crassiflora, E. candollei,
A. pterocarpoides, and P. soyauxii displayed a random
pattern while N. kabingaensis, A. congolensis, E. cylindricum,
and E. angolense displayed an aggregated spatial pattern. The den-
sity of these species around termite mounds was thus higher than
in the surrounding environment. In both sites, A. congolensis dis-
played the strongest aggregated spatial pattern around termite
mounds with an aggregation up to 12 and 25 times greater than
a random pattern in Loundoungou and Mokabi, respectively.

Surprisingly, seven species displayed different spatial patterns
around the termite mounds depending on the site (Figure 5).
Manilkara mabokeensis, E. utile and E. suaveolens displayed a
random spatial pattern around the mounds in Loundoungou,
whereas they appeared to be aggregated in Mokabi. The spatial
patterns of P. angolensis were the reverse. Staudtia kamerunensis
and G. suaveolens displayed, respectively, an aggregated and a
random spatial pattern around the mounds in Loundoungou,
while they displayed a repulsion spatial pattern in a circle with
a radius of 3-5 m around the mounds in Mokabi. Both species
are very abundant in Mokabi (resp 15.2 and 18.1 trees.hal),
but their tree density was expected to be reduced to half around
the mounds. Tessmannia africana was the only species that dis-
played a repulsion spatial pattern around termite mounds in
Loundoungou, while it was randomly distributed in Mokabi.
Tessmannia africana tree density was reduced up to 20 m away
from the termite mounds in Loundoungou, and the reduction
in density was in the order of 50% in the first 10 m.
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Discussion

An over-dispersed spatial pattern in Loundoungou probably
inherited from a past savannah

Our first hypothesis was that termite mounds are randomly dis-
tributed at local scale, within a radius of less than 100 m. This
hypothesis was invalidated in Loundoungou where termite
mounds are over-dispersed but confirmed in Mokabi where ter-
mite mounds are randomly distributed. Contrasting results in
Loundoungou and Mokabi suggest two different past histories.
First, the over-dispersed spatial pattern in Loundoungou
resembles the patterns found in savannahs by Pomeroy (2005);
Levick et al. (2010); Pringle et al. (2010); Davies et al. (2014);
Pringle & Tarnita (2017); Martin et al. (2018). As this spatial pat-
tern usually results from competition between termite colonies for
resources (Pringle et al. 2010; Pringle & Tarnita 2017), in
Loundoungou, it could be a heritage from the past related to com-
petition between savannah colonies. The architecture and size of
M. amplus mounds in Loundoungou are also similar to those
observed in savannahs (Boulvert 1995b; Pullan 1979). For instance,
termite mounds in Loundoungou exhibit a conical architecture.
This structure is typical of savannah termite mounds and reflects
the strategy of savannah colonies to deal with high solar radiation
and wind load (Fagundes et al. 2021). Termite mounds in
Loundoungou had a size up to 15 m in radius and 6.4 m high, com-
parable to the one described in Pullan (1979), i.e. a termite mound
up to 15 m in radius and 10 m high. The spatial pattern, the archi-
tecture and the size of the mounds in Loundoungou thus suggest
that they are old savannah termite mounds. Indeed, termite
mounds undergo colonization-abandonment-recolonization
processes that allow some of them to increase in size over time
(Dangerfield et al. 1998) and slow erosion dynamics (Lepage
1984); which could explain the difference in height. A few mounds
may persist for centuries or even millennia. Erens et al. (2015)
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estimated the age of a Macrotermes falciger mound, similar in size
to those observed in Loundoungou, to be 2,300 years old. This
hypothesis of old savannah mounds was already put forward by
Lanfranchi & Schwartz (1990) in northern Congo, at a location
180 km from Loundoungou. This hypothesis is also consistent with
the Late Holocene Rainforest Crisis (LHRC) in Central Africa
3000-2000 years BP, during which the rainforests regressed while
the savannahs spread, resulting in a forest-savannah mosaic. The
origins of LHRC and of the forest-savannah mosaics are still the

0 20 40 60 80
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Figure 4. Graphs of intertype K -
function analysis of Diospyros crassi-
flora (a/A), Entandrophragma can-
dollei (b/B), Nesogordonia
kabingaensis (c/C), Amphimas ptero-
carpoides (d/D), Autranella congo-
lensis (e/E), Pterocapus soyauxii (f/
F), Entandrophragma cylindricum
(g/G) and Entandrophragma ango-
lense (h/H) trees around termite
mounds in Loundoungou (lowercase
letters) and Mokabi (capital letters).
Intertype K values (previously trans-
formed) are plotted against distance
(r) in metres. The grey intervals
represent 95% confidence intervals
for statistical testing of the null
hypothesis run with 999 Monte
Carlo simulations. The black line rep-
resents observed tree distribution.
Values below the grey intervals indi-
cate repulsion of trees around ter-
mite mounds. Values above the
grey intervals indicate tree aggrega-
tion around the termite mounds.

Figure 5. Graphs of intertype K -
function analysis of Pycnanthus
angolensis (i/l), Staudtia kamerunen-
sis (j/J), Greenwayodendron suaveo-
lens (k/K), Manilkara mabokeensis
(I/L), Entandrophragma utile (m/M),
Erythrophleum suaveolens (n/N) and
Tessmania africana (0/0) trees
around  termite  mounds in
Loundoungou (lowercase letters)
and Mokabi (capital letters).
Intertype K values (previously trans-
formed) are plotted against distance
(r) in metres. The grey intervals
represent 95% confidence intervals
for statistical testing of the null
hypothesis run with 999 Monte
Carlo simulations. The black line rep-
resents observed tree distribution.
Values below the grey intervals indi-
cate repulsion of trees around ter-
mite mounds. Values above the
grey intervals indicate tree aggrega-
tion around the termite mounds.

subject of heated debate leading to two visions of the replacement
of forest by savannah, one being the result of a paleoclimatic
change (Bostoen et al. 2015; Clist et al. 2018; Giresse et al. 2018;
Maley et al. 2018; Giresse et al. 2020) and the other a past marked
by human activity (Bayon et al. 2012; Garcin et al. 2018). However,
recently some authors have shown flexibility in their statements
and have put forward less clear-cut hypotheses. Adeleye et al.
(2021) and Bayon et al. (2019) claim that paleoclimatic change
was the main factor of the LHRC, but that anthropogenic impact
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cannot be excluded from the scenario since it is very difficult to
quantify. In our study, evidence of past human occupation, such
as shards of pottery, scorias, and charcoal, was found in
Loundoungou (Freycon et al. 2018), consistent with the presence
of old savannah termite mounds. However, this does not invalidate
a potential role for paleoclimatic change.

Second, the random spatial pattern of termite mounds in
Mokabi does not match that of Loundoungou, nor that of savan-
nah mounds (Pomeroy 2005; Levick et al. 2010; Pringle et al. 2010;
Davies et al. 2014; Pringle & Tarnita 2017; Martin et al. 2018).
These termite mounds are therefore probably not the result of
the activity of ancient savannah termites, but of forest termites.
Indeed, the termite mounds of Mokabi are randomly distributed
at local scale, which could be linked to the lack of competition
between forest termite colonies in a context of more abundant litter
resources (e.g. 6.1 thal.y! produced in a primary rainforest in
Congo, see Loumeto 2003 pp. 1241) than in savannahs (e.g. 2.3
t.ha'l of leaf litter and 1.3 tha'! of wood litter produced annually
in a Nigerian savannah, see Collins 1977, pp. 169,167). The archi-
tecture of these mounds can be described as a vertical dome similar
to the one expected for shaded termite mounds (Fagundes et al.
2021). The termite mounds are also smaller, with a radius of
approximately 1 m and a height of 2-3 m, which is generally
described for Macrotermes amplus (Grassé & Noirot 1951;
Weidner 1961). Our observations thus suggest that savannahs
never existed in Mokabi even if the site is located in the area where
the paleoclimatic change associated with LHRC occurred. These
observations are consistent with those reported in the study by
Bremond et al. (2017) carried out in the “Sangha River Interval”
region, close to Mokabi. Indeed, based on phytolith and soil carbon
isotope composition analyses, the occurrence of the LHRC is ques-
tioned in this region. In our study, two explanations are possible:
(1) the drier paleoclimatic climate change did not lead to a forest
crisis because the trees were probably deep-rooted. Indeed,
Freycon et al. (2015) still found roots at a depth of 5 m in similar
soils derived from the weathering of Carnot sandstone at a distance
of around 100 km from Mokabi. Deep roots probably enabled trees
to access a large soil water reserve and hence to withstand drought
episodes and (2) no evidence of human presence has been found in
Mokabi, which could be explained by the scarcity of watercourses
in this area.

Our results contribute to the assumption that the origin of the
LHRC is probably a combination of climate change and human
impacts (Bayon et al. 2019; Adeleye et al. 2021). Both these con-
ditions were met in Loundoungou where savannah termite
mounds can still be observed but not in Mokabi where forest ter-
mite mounds are present. Savannahs did not extend everywhere in
this region.

An alternative hypothesis to explain the differences in spatial
pattern and the architecture of termite mounds between the two
study sites would be a difference in the age of these mounds
between sites. Indeed, young and small termite mounds do not lead
to an over-dispersed spatial pattern in comparison to old and large
ones that lead to intercolony competition (Korb & Linsenmair
2001; Grohmann et al. 2010). In Loundoungou, termite mounds
would be large and over-dispersed because they are old, while in
Mokabi they would be small and randomly dispersed because they
are young. However, we lack information on the age of the termite
mounds studied to confirm or refute this hypothesis. It would be
interesting to test the spatial pattern of termites mounds in other
tropical forest areas where they have been observed (Guillot 1981;
Lanfranchi & Schwartz 1990; Boulvert 1995a, b; Beaudrot et al.
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2011) as well as taking into account their age to compare our
results.

Species spatial patterns are influenced by termite mounds
within a radius of 20 metres

Regarding our second hypothesis, we predicted that the influence
of termite mound distance on tree density would be species depen-
dent. This hypothesis was confirmed. Density of N. kabingaensis,
A. congolensis, E. cylindricum and E. angolense was greater within a
radius of 20 m around the termite mounds in both sites, while den-
sity of D. crassiflora, E. candollei, A. pterocarpoides, and P. soyauxii
was independent from the distance to the termite mounds. Our
results are similar to those found by Davies et al. (2016) in a
southern African savannah. These authors showed that certain
(riparian) species are aggregated around termite mounds, while
other savannah species are not. However, in our study, aggregated
species are not incoming species as reported by Davies et al. (2016),
but forest native species (African Plant Database 2021).

Our results suggest that the local increase in tree density
recorded for N. kabingaensis, A. congolensis, E. cylindricum, and
E. angolense around mounds is linked to a local increase in the
recruitment of these species. Indeed, giant termite mounds in sav-
annahs are known to be fertility hotspots (Dangerfield et al. 1998;
Traoré et al. 2008; Moe et al. 2009; Sileshi et al. 2010; Muvengwi
et al. 2016) which increase both growth rates (Holt & Lepage 2000;
Groen et al. 2008) and reproductive success (Brody et al. 2010).
The stimulation of these two processes coupled with the seed dis-
persal strategy of these species, i.e. large winged or barochorus
seeds (Dike & Aguguom 2010; Bénédet et al. 2013; Eckebil et al.
2017; Nuiez et al. 2019) dropped near the seed trees, probably
explains the significant number of progeny observed in the vicinity
of the seed tree. On the other hand, the absence of a local increase
in tree density recorded for D. crassiflora, E. candollei, A. pterocar-
poides, and P. soyauxii is hypothesised to be linked to (i) lack of
stimulation of growth and reproduction processes by mounds
and/or (ii) a long-distance seed dispersal strategy, i.e. endozoo-
chory (Deblauwe 2021) or long-distance abiotic dispersion
(Dike & Aguguom 2010; Nufez et al. 2019; Yakusu et al. 2021).

The suggested impact of termite mounds on the growth and
reproduction processes, and the impact on the spatial pattern of
trees probably result from termite-induced changes in the physical
and chemical soil properties, such as a local increase in calcium
(Ca) concentration. This increase in Ca concentration was found
in Loundoungou (Lenz 2018) and suspected at Mokabi.
Entandrophragma cylindricum, which was aggregated within a
20 m radius around termite mounds, has been reported to be asso-
ciated with high concentrations of Ca in the soil (Hall et al. 2004).
The highest density of E. cylindricum observed around mounds
could therefore be linked to a local increase in the Ca concentra-
tion. On the other hand, E. candollei, which we described as ran-
domly distributed around the mounds, has low Ca requirements
according to Hall et al. (2004). This low affinity for Ca could
explain its random pattern in the two sites, despite a short-distance
seed dispersal strategy (Yakusu ef al. 2021) and the increase in Ca
fertility produced by the termite mounds.

In seven of the species we studied, tree responses differed in the
two sites. We are unable to explain the different patterns observed
in the two study sites based on soil characteristics. This observation
illustrates the limitations of our study. To go further and to better
understand our results, we need to study more forest sites with a
spatial pattern of termite mounds. Another limitation of our study
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is that our data do not distinguish between active or abandoned
mounds, which influences the fertility hotspot created by termites
(Lenz 2018) and hence the pattern of vegetation. The lack of this
information means we were unable to take their temporal dynam-
ics into consideration. To overcome this limitation, it would be
necessary to carry out systematic inventories of large forest termite
mounds during logging inventories conducted by timber conces-
sions as well as in forest research plots.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S0266467422000165
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