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Aim:

The mosaic of savannas that persists in the forest-dominant Congo Basin is thought to be palaeoclimatic relics, but past biogeographical processes that have formed and maintained these systems are poorly understood. Here, we explored the post-Pleistocene biogeography of Gabon's savannas using termites as biological indicators to understand historical and mechanistic factors influencing present-day termite communities in the country's extant savannas.

| INTRODUC TI ON

The C4 grasses that dominate tropical grasses biomes (savannas and grasslands) emerged in the late Oligocene some 30 Mya. Their expansion in Africa between 10 and 15 Mya during the Miocene [START_REF] Charles-Dominique | Spiny plants, mammal browsers, and the origin of African savannas[END_REF][START_REF] Davies | Savanna tree evolutionary ages inform the reconstruction of the paleoenvironment of our hominin ancestors[END_REF] was a major driver of grass diversification [START_REF] Spriggs | C4 photosynthesis promoted species diversification during the Miocene grassland expansion[END_REF]. This expansion is thought to have been linked to increased aridity, declining atmospheric CO 2 levels and enhanced fire activity [START_REF] Charles-Dominique | Spiny plants, mammal browsers, and the origin of African savannas[END_REF][START_REF] Hoetzel | The role of fire in Miocene to Pliocene C4 grassland and ecosystem evolution[END_REF]. There has been a constant dynamic between forest and savanna cover on the African continent ever since. During the last glacial maximum, previously forested areas of the continent including the Congo basin rainforests, retreated and shrank, with grassland expansion facilitated by fire [START_REF] Keeley | Fire and the Miocene expansion of C4 grasslands[END_REF], low CO 2 [START_REF] Cerling | Global vegetation change through the Miocene/Pliocene boundary[END_REF] and mammalian herbivory [START_REF] Charles-Dominique | Spiny plants, mammal browsers, and the origin of African savannas[END_REF], making savannas the most extensive vegetation cover in Africa throughout the Pleistocene [START_REF] Bond | The deforestation story: Testing for anthropogenic origins of Africa's flammable grassy biomes[END_REF].

In contrast, post-Pleistocene climatic conditions have favoured forest expansion, and what is commonly termed the 'Congo Basin' (but includes both the Congo and Ogooue river basins) now holds the second largest tropical rainforest on the planet and is one of the world's most biodiverse ecosystems [START_REF] Myers | Biodiversity hotspots for conservation priorities[END_REF]. These forests cover about 2.4 million km 2 [START_REF] Schwartz | Origine et évolution des savanes d s marges forestières en Afrique centrale Atlantique (Cameroun, Gabon, Congo): Approche aux échelles millénaires et séculaires[END_REF]. The biogeographical contexts in which tropical grassy and forest systems have evolved, and how they have responded to climatic changes and anthropogenic impact remains poorly understood. This study uses termites as biological indicators to understand past and present interactions between forest and savanna biomes, focusing on savanna and forest systems in Gabon.

Today, although the Congo Basin region is mainly dominated by tropical forests, almost 40% of its vegetation cover is savanna grasslands [START_REF] De Wasseige | Les Forêts du Bassin du Congo: Etat des Forêts 2008[END_REF][START_REF] Solbrig | Savanna modelling for global change[END_REF]. These grasslands can be divided in two categories: savannas located at the edges of the equatorial forest block (South Congo and North Cameroon), and savannas enclosed within forests [START_REF] White | The vegetation of Africa. A descriptive memoir to accompany the UNESCO/AETFAT/UNSO vegetation map of Africa[END_REF]. These grassy formations are an important habitat for a significant number of faunal and floral species [START_REF] Vande Weghe | Les Parcs Nationaux du Gabon: Lopé, Waka et Monts Birougou[END_REF]. Nevertheless, the continued existence of such savannas in humid tropical environments where forests currently dominate has raised questions and controversial debates on their ecological drivers.

The savannas now present in Central Atlantic Africa were first thought to be ecosystem anomalies because they occur in climatic conditions known to be favourable to humid tropical forests [START_REF] Aubréville | Climats: Forêts et désertification de l'Afrique tropicale[END_REF][START_REF] Aubréville | Les étranges mosaïques forêt-savane du sommet de la boucle de l'Ogooué au Gabon[END_REF]. Archaeological findings lend support to the anthropogenic origin of Congo Basin savannas, caused by humanoriginated fires [START_REF] Aubréville | Les étranges mosaïques forêt-savane du sommet de la boucle de l'Ogooué au Gabon[END_REF][START_REF] Schnell | Introduction à la phytogéographie des pays tropicaux[END_REF]. However, subsequent palaeoecological studies showed that these savannas emerged and extended in the Congo Basin region during the glacial period, specifically during the last glacial maximum between 20,000 and 10,000 years BP [START_REF] Aubréville | Savanisation tropicale et glaciations quaternaires[END_REF][START_REF] Dupont | Vegetation change in equatorial West Africa: Time-slices for the last 150 ka[END_REF][START_REF] Edwards | The origins of C4 grasslands: Integrating evolutionary and ecosystem[END_REF][START_REF] Giresse | Understanding the 2500 yr BP rainforest crisis in west and Central Africa in the framework of the late Holocene: Pluridisciplinary analysis and multiarchive reconstruction[END_REF]Lanfranchi et al., 1990;[START_REF] Maley | The african rain forest-main characteristics of changes in vegetation and climate from the upper cretaceous to the Quarternary[END_REF][START_REF] Oslisly | Premiers résultats pluridisciplinaires d'une stratigraphie vieille de plus de 40000 ans du site de Maboué 5 dans la réserve de la Lopé au Gabon[END_REF][START_REF] Schwartz | Origine et évolution des savanes d s marges forestières en Afrique centrale Atlantique (Cameroun, Gabon, Congo): Approche aux échelles millénaires et séculaires[END_REF] and thus provided evidence supporting their palaeoclimatic, rather than anthropogenic, origin. δC 14 and δC 13 analysis of sediments found a significant presence of C4-type vegetation characteristic of tropical grasses [START_REF] Aubréville | Savanisation tropicale et glaciations quaternaires[END_REF][START_REF] Dupont | Vegetation change in equatorial West Africa: Time-slices for the last 150 ka[END_REF][START_REF] Edwards | The origins of C4 grasslands: Integrating evolutionary and ecosystem[END_REF][START_REF] Giresse | Understanding the 2500 yr BP rainforest crisis in west and Central Africa in the framework of the late Holocene: Pluridisciplinary analysis and multiarchive reconstruction[END_REF]Lanfranchi et al., 1990;[START_REF] Maley | The african rain forest-main characteristics of changes in vegetation and climate from the upper cretaceous to the Quarternary[END_REF][START_REF] Oslisly | Premiers résultats pluridisciplinaires d'une stratigraphie vieille de plus de 40000 ans du site de Maboué 5 dans la réserve de la Lopé au Gabon[END_REF][START_REF] Schwartz | Origine et évolution des savanes d s marges forestières en Afrique centrale Atlantique (Cameroun, Gabon, Congo): Approche aux échelles millénaires et séculaires[END_REF] implying that the vegetation of Central Atlantic Africa was largely dominated by grassy biomes during the last glacial maximum. The landscapes differed from now, with savannas covering large areas, and forests confined to a few refuges [START_REF] Aubréville | Savanisation tropicale et glaciations quaternaires[END_REF][START_REF] Dupont | Vegetation change in equatorial West Africa: Time-slices for the last 150 ka[END_REF][START_REF] Edwards | The origins of C4 grasslands: Integrating evolutionary and ecosystem[END_REF][START_REF] Giresse | Understanding the 2500 yr BP rainforest crisis in west and Central Africa in the framework of the late Holocene: Pluridisciplinary analysis and multiarchive reconstruction[END_REF]Lanfranchi et al., 1990;[START_REF] Maley | The african rain forest-main characteristics of changes in vegetation and climate from the upper cretaceous to the Quarternary[END_REF][START_REF] Oslisly | Premiers résultats pluridisciplinaires d'une stratigraphie vieille de plus de 40000 ans du site de Maboué 5 dans la réserve de la Lopé au Gabon[END_REF][START_REF] Schwartz | Origine et évolution des savanes d s marges forestières en Afrique centrale Atlantique (Cameroun, Gabon, Congo): Approche aux échelles millénaires et séculaires[END_REF]. At the end of the last glacial maximum, around 12-18,000 years BP, the forest began to expand, a process which continues today, with a maximum forest expansion between 9000 and 3000 years BP [START_REF] Maley | Vegetation dynamics, palaeoenvironments and climatic changes in the forests of West Cameroon during the last 28,000 years[END_REF]. The forest expansion progressively reformed the landscape of the Congo Basin into mosaics of forest-savanna [START_REF] Dupont | Vegetation change in equatorial West Africa: Time-slices for the last 150 ka[END_REF][START_REF] Leal | Microrefugia, small scale ice age Forest remnants[END_REF][START_REF] Oslisly | Le site de Lopé 2: Un indicateur de transition écosystémique ca 10 000 BP dans la moyenne vallée de l'Ogooué (Gabon)[END_REF][START_REF] White | Forest-savanna dynamics and the origins of Marantaceae forest in Central Gabon[END_REF][START_REF] White | Guide de la végétation de la Réserve de la Lopé (Gabon)[END_REF]. Today, to the west of the Central African forest basin, the middle Ogooué savannas of Gabon [START_REF] Aubréville | Les étranges mosaïques forêt-savane du sommet de la boucle de l'Ogooué au Gabon[END_REF] represent a reduced model of the forest and savanna mosaic landscapes thought to be previously widespread and typical of the region. Just how the expansion and contraction of forest and savanna has influenced the biota of this region remains poorly known. Exploring differences in biota across this region enable past biogeographical processes to be understood better.

Gabon is situated on Africa's west coast on the south-western edge of the Congo Basin Forest block and bisected by the Equator (Figure 1). Savannas cover less than 10% of the country while forest cover occupies 88% [START_REF] Sannier | Using the regression estimator with Landsat data to estimate proportion forest cover and net proportion deforestation in Gabon[END_REF]. The most extensive expanses of savannas are in the south (Mayombe) and southeast (Batéké Uplands) of Gabon. These two zones are the most northwesterly extents of the Anglolan savannas to the south which link to southern Africa [START_REF] White | The vegetation of Africa. A descriptive memoir to accompany the UNESCO/AETFAT/UNSO vegetation map of Africa[END_REF] middle Ogooué valley in central Gabon, where small pockets of enclosed savannas are present [START_REF] Aubréville | Les étranges mosaïques forêt-savane du sommet de la boucle de l'Ogooué au Gabon[END_REF]. All of Gabon's savannas have been considered to be palaeoclimatic relics of the Quaternary [START_REF] Oslisly | La relation homme/milieu dans la Réserve de la Lopé (Gabon) au cours de l'Holocène; les implications sur l'environnement[END_REF]. Yet from the most recent glacial fluctuations (2800 and 2000 years BP) to today, these savannas have continued to shrink, gradually increasing in tree cover [START_REF] Mitchard | Measuring woody encroachment along a Forest-Savanna Boundary in Central Africa[END_REF][START_REF] Mitchard | Woody encroachment and forest degradation in sub-Saharan Africa's woodlands and savannas 1982-2006[END_REF]. Despite this tendency, recolonisation of savannas by forests has been retarded by frequent anthropogenic fires for hunting and agriculture, made possible by an annual dry season across the region [START_REF] Oslisly | Climatic and cultural changes in the West Congo Basin forests over the past 5000 years[END_REF].

Bantu peoples have been present in Gabon since at least 2400-2300 years BP [START_REF] Oslisly | L'arrivée des premiers métallurgistes sur l'Ogooué (Gabon)[END_REF]; a population hiatus between 1400 and 700 BP coincided with the absence of fire and accelerated expansion of forests into savannas [START_REF] Oslisly | Climatic and cultural changes in the West Congo Basin forests over the past 5000 years[END_REF][START_REF] Sankaran | Determinants of woody cover in African savannas[END_REF][START_REF] White | Herbaceous vegetation in different forest types in the Lopé reserve, Gabon: Implications for keystone food availability[END_REF]. Currently, a prescribed annual burning plan in the savannas of Lopé NP National Park (begun in 1993) contributes to the maintenance of these savannas [START_REF] Jeffery | Fire management in a changing landscape: A case study from Lopé national park, Gabon[END_REF]. All other savannas in the country are burned by local people, following various adapted traditional fire regimes but typically an annual or even bi-annual burn is applied, although regimes are variable between and within years [START_REF] Vande Weghe | Biodiversité des parcs nationaux et réserves du Gabon. 2. Especes, écosystemes et populations[END_REF][START_REF] Walters | Changing fire governance in Gabon's Plateaux Batéké savanna landscape[END_REF]. The regular and documented burning of the Lopé savannas make it the ideal site to study fire impacts on the forestsavanna dynamic. Beyond the use of fire, savanna persistence at Lopé is also supported by the local microclimate, characterised by low rainfall, with levels now around 1450 mm/year, which is well below the minimum thought necessary to support rainforest cover [START_REF] Bush | Rare ground data confirm significant warming and drying in western equatorial Africa[END_REF].

Particular biotic indicators, markers of the evolution of ecosystems, could allow us to better understand past biogeographical contexts and determine how these ecosystems responded to climatic changes on a millennial scale [START_REF] Davies | Patterns of termite functional diversity: From local ecology to continental history[END_REF][START_REF] Eggleton | Global patterns of termite diversity[END_REF][START_REF] Eggleton | Explaining global termite diversity: Productivity or history?[END_REF]. Termites play a fundamental functional role in tropical ecosystems [START_REF] Ashton | Termites mitigate the effects of drought in tropical rainforest[END_REF][START_REF] Jouquet | Influence of termites on ecosystem functioning. Ecosystem services provided by termites[END_REF]. They play key roles in terrestrial ecosystems through the decomposition of dead plant matter [START_REF] Jouquet | Influence of termites on ecosystem functioning. Ecosystem services provided by termites[END_REF], the decomposition of much of the litter [START_REF] Ashton | Termites mitigate the effects of drought in tropical rainforest[END_REF][START_REF] Eggleton | Global patterns of termite diversity[END_REF][START_REF] Griffiths | Termites can decompose more than half of deadwood in tropical rainforest[END_REF], and bioturbation and enhancing soil drainage [START_REF] Jouquet | Influence of termites on ecosystem functioning. Ecosystem services provided by termites[END_REF]. In short, as ecosystem engineers, they contribute to the redistribution of organic matter and minerals in ecosystems, and therefore to the growth and diversity of vegetation [START_REF] Fox-Dobbs | Termites create spatial structure and govern ecosystem function by affecting N2 fixation in an east African savanna[END_REF][START_REF] Jouquet | Soil invertebrates as ecosystem engineers: Intended and accidental effects on soil and feedback loops[END_REF]. Termites are relatively easy to sample [START_REF] Jones | Sampling termite assemblages in tropical forests: Testing a rapid biodiversity assessment protocol[END_REF], and sensitive to ecosystem disturbances [START_REF] Dibog | Impacts of canopy cover on soil termite assemblages in an agrisilvicultural system in southern Cameroon[END_REF][START_REF] Eggleton | The species richness and composition of termites (Isoptera) in primary and regerating lowland depterocarp forest in Sabah, East Malaysia[END_REF][START_REF] Eggleton | The diversity, abundance and biomass of termites under differing levels of disturbance in the Mbalmayo forest reserve, southern Cameroon[END_REF][START_REF] Gathorne-Hardy | The effects of altitude and rainfall on the composition of the termites (Isoptera) of the Leuser ecosystem (Sumatra, Indonesia)[END_REF]. They have been shown to have limited dispersal ability across biome boundaries [START_REF] Gathorne-Hardy | A faunistic review of the termites (Insecta: Isoptera) of Sulawesi, including an updated checklist of the species[END_REF][START_REF] Gathorne-Hardy | The recolonization of the Krakatau islands by termites (Isoptera), and their biogeographical origins[END_REF].

The composition of termite communities can therefore reflect historical ecosystem patterns, making them ideal bioindicators for studying Quaternary environmental change [START_REF] Davies | Patterns of termite functional diversity: From local ecology to continental history[END_REF][START_REF] Eggleton | Explaining global termite diversity: Productivity or history?[END_REF][START_REF] Jones | Sampling termite assemblages in tropical forests: Testing a rapid biodiversity assessment protocol[END_REF]. Previous studies have shown that termites are more diverse in forests than in savannas [START_REF] Eggleton | The diversity, abundance and biomass of termites under differing levels of disturbance in the Mbalmayo forest reserve, southern Cameroon[END_REF][START_REF] Jones | Sampling termite assemblages in tropical forests: Testing a rapid biodiversity assessment protocol[END_REF]. Termite abundance and diversity in African savannas are not greatly affected by fire [START_REF] Davies | The pyrodiversity-biodiversity hypothesis: A test with savanna termite assemblages[END_REF][START_REF] Kouakou | Etude de l'impact immédiat du feu tardif sur le peuplement des fourmis terricoles et des termites endogés dans une savane guinéenne (Réserve scientifique de Lamto, Côte D'ivoire)[END_REF] with savanna species more resistant to fire than those whose biogeographical history is linked to forests [START_REF] Davies | Termites and fire: Current understanding and future research directions for improved savanna conservation[END_REF]. However, there is some suggestion that species in mesic savannas are more sensitive to fire as different fire regimes can result in very different vegetation (Beale et al., 2018;[START_REF] Davies | The pyrodiversity-biodiversity hypothesis: A test with savanna termite assemblages[END_REF]. The effect that fire has on the diversity and composition of termite communities can therefore provide us with additional evidence to understand what biogeographical changes have occurred.

Research on termite ecology in central Africa has been limited to date; however, some surveys have been undertaken in the Batéké Uplands in the Democratic Republic of Congo [START_REF] Kifukieto | Inventaire préliminaire des termites (Isoptera) du plateau des Batékés en République Démocratique du Congo[END_REF], and a few non-exhaustive studies have also been conducted in Gabon. Studies have focused on soil-feeding termites in Gabonese forests, particularly emphasising the dominance of two Termitidae sub-families, the Apicotermitinae and Cubitermitinae [START_REF] Harry | Les termites humivores de la Lope[END_REF][START_REF] Scholtz | Inter-continental patterns in the fine-scale spatial ecology of rainforest termites[END_REF]. All of this previous work was conducted in forest ecosystems and identification was not undertaken beyond genus level.

The abundance, composition and variability of the termite communities in Gabonese savannas therefore remain undocumented.

The main aim of this study was to explore the biogeographical history of Gabonese savannas using the termite communities as bi- Across mesic savannas in Gabon that are broadly similar in fire and climatic conditions, we expected that there would be no significant difference in termite abundance or richness, but that the areas might differ in species composition due to their geographical distance and biogeographical barriers (Q1). We expected that the species composition of the Lopé savannas might associate more closely with one or other of the larger savanna areas, indicating possible contiguity between them when savannas were more widely spread in the region (Q2). Under this general hypothesis, we predicted that a closer link was more likely between Lopé and Batéké than between Lopé and the Mayombe savannas, because the latter are separated by the Chaillu Mountain range which retained forest cover during the last glacial maximum (Lanfranchi & Schwartz, 1990;[START_REF] Sosef | To delete. Monts Doudou, Gabon: A floral and faunal inventory with references to elevational variation[END_REF]. We also expected a much higher richness and composition of termites in forests than in savannas, but to see no impact of fire on termite abundance or richness within savanna communities, because savanna species tend to be adapted to fire, that is, little difference between regularly burnt and long unburnt (Q3).

| MATERIAL S AND ME THODS

| Sampling sites

Termite sampling was undertaken in four distinct savanna systems that occur across Gabon: Mayombe North, Mayombe South, Batéké and Lopé (Figure 1 and Table S1). All form part of the West Congolian Forest-Savanna Mosaic [START_REF] White | The vegetation of Africa. A descriptive memoir to accompany the UNESCO/AETFAT/UNSO vegetation map of Africa[END_REF], and while influenced by an equatorial climate, a climatic gradient occurs between the equator and the southern part of the country.

• Mayombe North forms part of a large finger of savanna that extends into south-eastern Gabon from the much larger savannas of southern Republic of Congo and Angola (Vande Weghe, 2012).

The area is under the influence of a transitional equatorial climate regime, with a long dry season between July and September.

Average annual rainfall is 2198 mm (range: 1468-2937 mm) and annual average temperature is 26°C (Ministère de l'Education Nationale de la République Gabonaise et al., 1983;[START_REF] Vande Weghe | Les Parcs Nationaux du Gabon: Moukalaba-Doudou[END_REF]. Savannas are customarily burned each year by local communities who practice swidden agriculture, grazing and hunting [START_REF] Vande Weghe | Les Parcs Nationaux du Gabon: Plateau Batéké[END_REF][START_REF] Walters | Changing fire governance in Gabon's Plateaux Batéké savanna landscape[END_REF]. However, fires are set irregularly and savannahs may be burnt once or several times a year as burning is not managed or controlled [START_REF] King | Conversion of anthropogenic savanna to production forest through fire-protection of the forest-savanna edge in Gabon, Central Africa[END_REF].

Sampling in the Mayombe N area was conducted near the town of Mouila, where three transects were established in frequently burned savannas (Table S1; Figure 1b).

• Mayombe South forms part of a second finger of savanna that runs parallel to the MN savannas, also connected to the larger savannas of southern Republic of Congo and Angola (Vande Weghe, 2012). The area is considerably drier than Mayombe N, with average annual rainfall is 1489 mm (range 1937-1230 mm) but temperatures are similar. Savanna burning practices are the same as for Mayombe N [START_REF] Vande Weghe | Les Parcs Nationaux du Gabon: Plateau Batéké[END_REF], 2012;[START_REF] Walters | Changing fire governance in Gabon's Plateaux Batéké savanna landscape[END_REF].

Sampling in the Mayombe S area was conducted near the town of Tchibanga, where three transects were established in frequently burned savannas (Table S1; Figure 1b). near the towns of Franceville and Bongoville: a forest belt approximately 10 km wide separates the two towns (Table S1; Figure 1c).

• Lopé is characterised by a forest-savanna mosaic flanked by continuous forest to the south and east of the study area, and the middle reaches of Gabon's principal river, the Ogooué, to the north (Figure 1a). The enclosed savannas of Lopé date from at least 9000 years BP [START_REF] Henga | Evolution des écosystèmes dans un contexte de mosaïque de forêt-savane et de présence humaine depuis 9000 ans BP au Parc National de la Lopé (Gabon central): Approche palynologique[END_REF][START_REF] Oslisly | Le site de Lopé 2: Un indicateur de transition écosystémique ca 10 000 BP dans la moyenne vallée de l'Ogooué (Gabon)[END_REF]. They are separated from the Mayombe savannas by the forested Massif du Chaillu Mountain range to the south (Lanfranchi et al., 1990), and from the Batéké Uplands savannas in the east by extensive forests [START_REF] Aubréville | Les étranges mosaïques forêt-savane du sommet de la boucle de l'Ogooué au Gabon[END_REF][START_REF] White | The vegetation of Africa. A descriptive memoir to accompany the UNESCO/AETFAT/UNSO vegetation map of Africa[END_REF]. Lopé is one of the driest areas in Gabon, with an average annual rainfall of 1466 mm (range 1265-1667 mm) [START_REF] Bush | Rare ground data confirm significant warming and drying in western equatorial Africa[END_REF]. Average annual temperatures are 25°C in the forest and 26.8°C in the savannas. Fire practices inside Lopé National Park differ from those at the other sampling sites (which were outside protected areas). Here savannas are burned annually, and burning is controlled by the park authorities under a management plan [START_REF] Jeffery | Fire management in a changing landscape: A case study from Lopé national park, Gabon[END_REF]. Some savannas are actively protected from fire; these are more susceptible to the growth of woody vegetation than those that are burned annually [START_REF] Jeffery | Fire management in a changing landscape: A case study from Lopé national park, Gabon[END_REF]. Unburned or infrequently burned savannas therefore represent 'intermediate' vegetation types between frequently burned savannas and forests. To address Question 3, a more detailed sampling strategy was implemented in Lopé.

Here, three distinct habitat types representing a gradient from old growth forest to open savanna were sampled: four transects were established in annually burned savannas; four in savannas with a depressed fire regime and three in forests (LF). Of the savannas with a depressed fire regime, two had not been burned for at least 23 years (LUS) and two had an attenuated fire regime, with burns only occurring in between 10% and 50% of the past 23 years (LIBS; [START_REF] Jeffery | Fire management in a changing landscape: A case study from Lopé national park, Gabon[END_REF]. Of the forests, two were continuous forest and one was a natural forest fragment (Table S1; Figure 1a).

| Sampling approach

Termites were sampled using standardised transect methods [START_REF] Davies | A global review of termite sampling methods[END_REF][START_REF] Jones | Sampling termite assemblages in tropical forests: Testing a rapid biodiversity assessment protocol[END_REF]. Two protocols were used depending on habitat: the first was developed for forest ecosystems and has been widely used in tropical forests around the world [START_REF] Gathorne-Hardy | Quaternary rainforest refugia in southeast Asia: Using termites (Isoptera) as indicators[END_REF], and the second was developed for savannas [START_REF] Davies | A global review of termite sampling methods[END_REF][START_REF] Jones | Sampling termite assemblages in tropical forests: Testing a rapid biodiversity assessment protocol[END_REF].

At each selected sampling site, transects were established at a minimum distance of 50 m from the nearest forest-savannah edge or any human infrastructure. Transects were marked on the ground with a measuring tape. Each transect measured 200 m 2 (100 m × 2 m) and was separated into twenty 10 m 2 (5 m × 2 m) sub-sections which were marked with a tape before being sampled.

In each sub-section, all microhabitats where termites may be found (e.g., soil, termite mounds, tree trunks, tree buttresses, dead stumps, tree nests, branches and twigs) were manually searched for a set sampling period. In the forest, the complexity of microhabitats necessitated a more intensive sampling effort than in the savannas [START_REF] Eggleton | The diversity, abundance and biomass of termites under differing levels of disturbance in the Mbalmayo forest reserve, southern Cameroon[END_REF][START_REF] Jones | Sampling termite assemblages in tropical forests: Testing a rapid biodiversity assessment protocol[END_REF]. In the forest each 5 × 2 m sub-section was sampled for 30 min by two people, whereas in savannas, a 10 person-minute search per sub-section was implemented, as described in [START_REF] Davies | A global review of termite sampling methods[END_REF]. Each time termites were encountered, a maximum representative sample of 10 workers and 3 soldiers were collected. In addition, a number of soil pits of 5-10 cm deep were dug (between 6 and 12 per section) and searched for termites during the sampling period. Termites were placed immediately into individual Eppendorf tubes containing 70% alcohol for identification in the laboratory.

| Termite identification

Termites were identified by DNA barcoding. To extract DNA, individual termites were selected at random from the Eppendorf tubes collected in the field. Each tube, containing termites in ethanol, also had a small identification label inside, which was recorded onto a grid reference template, mirroring the wells of a 96-deep well plate.

On removal from the tubes, specimens were first blotted onto tissue to remove excess ethanol and placed into each well using sterilised tweezers. 180 μL of ATL tissue lysis buffer (Qiagen Ltd) and 20 μL proteinase K solution {40 mAU/mg protein} (Qiagen Ltd) were added to each well using a multi-channel pipette and left to digest overnight Sequences were aligned using Geneious Prime Software version 2021.2 and identified to species level using the BLAST algorithm in the National Center for Biotechnology Information (NBCI) Genbank database (https://blast.ncbi.nlm.nih.gov/Blast.cgi). The pairwise percentage similarity of each sequence was examined; species-level identity was accepted at 97% and generic-level identity at 95%. Where samples could not be assigned to a species, genus and sequential novel species numbers (i.e. 'sp 1', 'sp 2', etc.) were assigned. Sequence data for each specimen are available at Genbank (Accession codes: ON952588-ON953141). This applied especially to the soldierless Apicotermitinae, where the taxonomy is poorly developed, and many species have not been described or sequenced.

| Data analysis

DNA barcoding cannot determine the number of individuals contributing to the genetic signature of a species detected in a sample (i.e., Eppendorf tube); thus, a detection was recorded as a single occurrence of each species per sample [START_REF] Longino | The ant fauna of a tropical rainforest: Estimating species richness three different ways[END_REF]. Therefore, to compare the abundance of termites between the four study areas, the total number of samples (Eppendorf tubes) collected per transect was used as an index of relative, rather than absolute, abundance.

Because sampling success differed between habitats, rarefaction [START_REF] Pearson | Macrobenthic succession in relation to organic enrichment and pollution of the marine environment[END_REF] was used to estimate the number of species expected for each sample, by calibrating to a standard number of individuals (n = 16, the smallest number in the whole sample). This method allowed us to obtain comparable species richness values among sites with different sampling effort [START_REF] Sanders | Marine benthic diversity: A comparative study[END_REF].

Generalised linear models (GLMs) were used to estimate mean abundance and mean rarefied species richness for each habitat and site. GLMs for rarefied species richness were fitted with a Gaussian (identity-link) distribution. Abundance data were overdispersed and were therefore fitted with a negative binomial (log-link) distribution.

Model fit was assessed following [START_REF] Zuur | A protocol for data exploration to avoid common statistical problems[END_REF]. To compare mean rarefied species richness and abundance between habitats and sites, we estimated marginal means with P-values adjusted using the Tukey method (emmeans R package) [START_REF] Lenth | Emmeans: Estimated marginal means, aka least-squares means (1.7[END_REF].

To visually compare taxonomic similarities in the termite community among sites and habitats, we used non-metric multidimensional scaling (NMDS) and agglomerative hierarchical clustering applied to a Bray-Curtis dissimilarity site × species matrix. Statistical analysis was performed using RStudio version 4.1.1 (R Core Team, 2021). Negative binomial GLMs were fitted using the MASS R package [START_REF] Venables | Exploratory multivariate analysis[END_REF]. Clustering was performed using the vegan, cluster and dendextend R packages [START_REF] Galili | Dendextend: An R package for visualizing, adjusting and comparing trees of hierarchical clustering[END_REF][START_REF] Mächler | Cluster: Cluster analysis basics and extensions[END_REF][START_REF] Oksanen | Vegan community ecology package version 2.5-7[END_REF].

| RE SULTS

| Relative abundance and species diversity (Question 1)

A total of 1336 termite samples (i.e., individual Eppendorf tubes containing termites) were collected (Table 1). Species-level identification of these samples revealed 108 species (see Table S2), 107 of which were Termitidae, with one species of Rhinotermitidae. Seven subfamilies of Termitidae were present, the most common being the Apicotermitinae (57 species) followed by Cubitermitinae (19) and Termitinae (15). Rarefied species accumulation curves revealed a clear difference between habitat types in sampling completeness (Figure 2). The curve almost reached its asymptote for the burned savannas particularly at Lopé, suggesting that the sampling here was successful at capturing most species. However, more generally the forest transects and long unburned savanna transects had species accumulation curves that TA B L E 1 Summary of collection effort at each sampling area. a Note that some species were found at multiple sites, so the total number of species identified does not equal the sum of the number of species found at each site. clearly did not reach an asymptote (Figure 2). This means that species richness estimates were not complete in these study areas, and species richness differences between burned savannas and other habitats are thus likely to be underestimated by our analysis (Figure 2).

A total of 616 samples were collected across all burned savannas: 131 at Lopé, 197 at Mayombe N, 166 at Mayombe S and 122 at Batéké (Table 1). The mean relative abundance of termites differed among the burned savannas, and Lopé had significantly lower mean abundance than the two Mayombe savannas (Figure 3a; Table S3).

Mean abundance for the Batéké savanna was intermediate between the Lopé and the Mayombe savannas (Figure 3a).

In all, 52 species were identified in Gabon's frequently burned savannas: 8, 26, 17 and 27 were found at Lopé, Mayombe N, Mayombe S and Batéké, respectively (note that as individual species were found at multiple sites, the total number of species identified for any combination of sites does not equal the sum of those sites). This indicated that Lopé burned savannas were species poor compared to other burned savannas. Rarefied richness analysis (Figure 3b) of all burned savanna sites showed Lopé had significantly lower rarefied species richness than Mayombe N but species richness was otherwise similar among the burned savannas (Figure 3b; Table S4). Not only were Lopé burned savannas species depauperate compared with the other burned savanna areas, but characteristic savanna taxa found at other sites (such as Trinervitermes sp and Nitiditermes sankurensis) were also absent at Lopé (Table S2).

| Community composition in different savanna areas (Question 2)

To examine variation in the composition of the termite communi- termite samples, respectively. Mean abundance in the forest habitat was significantly higher than both burned and unburned savannas (Figure 5a; Table S5).

| Species richness in different habitats (Question 3)

Total species richness in the three Lopé habitats was 84 species, 65 of which were found in forests, 43 in infrequently burned and unburned savannas and only 8 in frequently burned savannas (Table 1). Analysis of rarefied specific richness (Figure 5b) confirmed that there was a highly significant difference in richness between LBS and forests but savannas unburned for 13-20 years had a similar richness to forests (Figure 5b; Table S6). Sample sizes were too small to separately compare differences between recently and long-unburned savannas.

| Community composition across the fire gradient in Lopé (Question 3)

Of the 84 species found in Lope, 65 were found in forests and 46 in savannas; 27 (32%) of these were in common between the two habitat types. Comparing forests with the different savanna categories, 31% of the Lopé species were shared between forest and savannas with a depressed fire regime (LUS and LIBS); for LUS savannas, LIBS savannas and annually burned savannas (LBS) this was 20%, 15% and 4%, respectively.

NMDS showed a strong distinction in community composition between the three Lopé habitats (Figure 6). Unburned savannas clearly make up an intermediate stage between forests and burned savannas and the NMDS also revealed a progressive sequence across the forest-savanna gradient with LIBS savannas being more similar to those that are burned annually, whereas LUS savannas display a termite composition closer to that of forests.

| DISCUSS ION

At the outset of our study, we asked: (Question 1) How does the relative abundance and richness of the termite communities differ In answer to Question 1, we found that of the four burned savanna areas sampled in Gabon, Lopé had a significantly lower relative abundance (Figure 3a) and rarefied richness of termite communities (Figure 3b) than Mayombe and Batéké. When we compared the termite community compositions across the frequently burned savannas, we found that species found at Lopé did not group closely to either Batéké, Mayombe N or Mayombe S communities. Instead, we found that the species identified in Lopé savanna communities were more different to the other savanna areas than they were to the adjacent forests within the Lopé site (Figure 4), so geographical distance had more of an effect than apparent habitat similarity. Lopé savanna communities were especially species depauperate compared with other similar savannas in Gabon.

Strikingly, the low termite diversity in Lopé savannas is also a continental anomaly. Even though termite diversity is generally predicted by rainfall, the species richness of the Lopé savannas is lower than that in comparable high rainfall savannas elsewhere in Africa [START_REF] Donovan | Species composition of termites of the Nyika plateau forests, northern Malawi, over an altitudinal gradient[END_REF] and just equal to, or lower than, the richness recorded in much more arid savannas elsewhere in Africa (e.g., in Kruger National Park, South Africa), which receives 550 mm per annum, or one-third of the Lopé rainfall [START_REF] Davies | The pyrodiversity-biodiversity hypothesis: A test with savanna termite assemblages[END_REF]. Within Gabon, species richness broadly followed the predicted rainfall gradient, with the most species found in the higher rainfall savannas (Batéké and Mayombe N), and fewer species found in the lower rainfall savannas (Mayombe S and Lopé). Nevertheless, species richness in Lopé's frequently burned savannas was less than half of that of Mayombe S, which receives similar rainfall.

In answer to Question 2, our data suggest that the four savanna areas in Gabon (Mayombe N, Mayombe S, Batéké and Lopé) have probably experienced differing histories. Mayombe N, Mayombe S and Batéké savannas are linked to the extensive savannas of southern Africa, whose very ancient origins have been proven by numerous studies [START_REF] Aubréville | Savanisation tropicale et glaciations quaternaires[END_REF][START_REF] Edwards | The origins of C4 grasslands: Integrating evolutionary and ecosystem[END_REF]Lanfranchi et al., 1990;[START_REF] Maley | The african rain forest-main characteristics of changes in vegetation and climate from the upper cretaceous to the Quarternary[END_REF][START_REF] Oslisly | Premiers résultats pluridisciplinaires d'une stratigraphie vieille de plus de 40000 ans du site de Maboué 5 dans la réserve de la Lopé au Gabon[END_REF]. The presence of characteristic savanna taxa Trinervitermes sp [START_REF] Emerson | A revision of the termite subfamily Nasutitermitinae (Isoptera, Termitidae) from the Ethiopian region-W. A. Sands[END_REF] and Nitiditermes sankurensis [START_REF] Hellemans | Phylogeny and revision of the 'Cubitermes complex' termites (Termitidae: Cubitermitinae)[END_REF], in the Mayombe and Batéké savannas supports the hypothesis of their continuous, long-term connection to extensive savanna systems to the south where savanna-typical termite species have evolved under relatively higher habitat stability than has been the case in Central Africa. However, despite their presence in these savannas, characteristic savanna taxa were notably absent from Lopé (Table S2). The lower species diversity in Lopé savannas was unexpected because previously these savannas have been shown to be relatively ancient dating from at least 9000 years BP [START_REF] Henga | Evolution des écosystèmes dans un contexte de mosaïque de forêt-savane et de présence humaine depuis 9000 ans BP au Parc National de la Lopé (Gabon central): Approche palynologique[END_REF][START_REF] Oslisly | Le site de Lopé 2: Un indicateur de transition écosystémique ca 10 000 BP dans la moyenne vallée de l'Ogooué (Gabon)[END_REF][START_REF] Peyrot | Les paléoenvironnements de la fin du Pléistocène et de l'Holocène dans la réserve de la Lopé (Gabon): Approche par les indicateurs géomorphologiques, sédimentologiques, phytologiques, géochimiques et anthropogènes des milieux enregistreurs de la dépression de la Lopé[END_REF] and comparable savannas elsewhere in Africa have higher richness [START_REF] Donovan | Species composition of termites of the Nyika plateau forests, northern Malawi, over an altitudinal gradient[END_REF]. However, we note that Lopé savannas are not biogeographically similar to the other Gabonese savannas, despite having similar palaeoclimatic origins rooted in the Quaternary [START_REF] Oslisly | La relation homme/milieu dans la Réserve de la Lopé (Gabon) au cours de l'Holocène; les implications sur l'environnement[END_REF]. Those in Mayombe and Batéké are located along the southern edge of the equatorial forest block. In contrast, Lopé's savannas are enclosed within large forest blocks. Lopé savannas are also fragmented (forest-savanna mosaics) by gallery forests and small forest groves [START_REF] Hiol | Les espaces forestiers des savanes et steppes d'Afrique centrale[END_REF]. In addition, the soils of the Lopé savannas are very low in organic content [START_REF] Chiti | Contribution and stability of forest-derived soil organic carbon during woody encroachment in a tropical savanna. A case study in Gabon[END_REF][START_REF] Cuni-Sanchez | African savanna-Forest boundary dynamics: A 20-year study[END_REF].

The lack of specialist savanna termites in Lopé (Table S2) suggests that either (1) the Lopé savannas form an 'island' in a sea of forest that was never connected to a greater savanna extent and never colonised by savanna-adapted species or (2) past connections were short-lived and the savanna specialist species that may have found themselves isolated in the Lopé area have since stochastically died out through a process of island species attrition [START_REF] Benchimol | Widespread forest vertebrate extinctions induced by a mega hydroelectric dam in lowland Amazonia[END_REF][START_REF] Jones | Extinction debt on reservoir land-bridge islands[END_REF]. Dating to at least 9000 BP [START_REF] Henga | Evolution des écosystèmes dans un contexte de mosaïque de forêt-savane et de présence humaine depuis 9000 ans BP au Parc National de la Lopé (Gabon central): Approche palynologique[END_REF], it is possible that the enclosed Lopé savannas are younger than those of the Mayombe and the Batéké Plateaus, which may have persisted for up to 40,000 years [START_REF] Dechamps | Reconstitution d'environnements quaternaires par l'étude de macrorestes végétaux (pays Batéké, R.P. du Congo)[END_REF].

However, the extent of savanna cover in these greater savanna areas is thought to have fluctuated considerably with climatic changes and human activity, making it problematic to define an exact age for them [START_REF] Nieto-Quintano | The Mesic savannas of the Batéké Plateaux: Carbon stocks and floristic composition[END_REF]. Given that termites (as slow dispersers) are likely to require lengthy periods to adapt to and successfully colonise savanna environments, if a savanna island appeared in the forest and was never connected to a source of savanna specialist species, it is possible that not enough time has passed to allow the termite dispersal and speciation to fully run its course.

Termite dispersal by flight is limited, as termites are poor fliers [START_REF] Hu | Alate dispersal distances of the black-winged subterranean termite Odontotermesformosanus (Isoptera: Termitidae) in southern China[END_REF] and are limited by their biparental colony foundation [START_REF] Nobre | Vertical transmission as the key to the colonization of Madagascar by fungus-growing termites[END_REF]. Analysis of the composition of termite communities demonstrates that Lopé savannas and those in the south (Mayombe) or southeast (Batéké) do not share a recent common historical relationship. The hypothesis of a recent biogeographical link between Lopé and either of the two other grassy biome areas therefore appears to be unlikely.

F I G U R E 6

Non-metric multidimensional scaling plot of termite communities in Lopé, Gabon (LBS, Lopé (annually) Burned Savanna (yellow diamond); LF, Lopé Forest (green square); LIBS, Lopé Infrequently Burned Savanna (pale green circle); LUS (green triangle), Lopé Unburned Savannas).

The composition of the forest termite communities at Lopé was also relatively different from those found in savannas (Table S2). For example, some species such as Aderitotermes sp 5, Anenteotermes sp 2 and Odontotermes sp 2, which are classified functionally and biogeographically as forest species [START_REF] Kanvaly | Effets du feu de brousse et de l'hétérogénéité spatiale sur le peuplement des insectes dans une savane humide (Lamto, Côte D'ivoire): Les termites comme modèles d'adaptation de la biodiversité dans les milieux régulièrement brûlés[END_REF], were also found in Lopé savannas.

In answering Question 3, we showed that the fire regime of the Lopé savannas appeared to have a strong influence on community species composition. Annual fires suppress termite abundance and diversity, but both can rapidly increase if burning is stopped.

Our NMDS analysis revealed a gradual change in species composition across the forest-savanna gradient, indicating savannas with a depressed fire regime (LUS and LIBS) as an intermediate phase between frequently burned savannas (LBS) and forests (Figure 4).

Furthermore, both the NMDS and dendrogram showed that savannas that have not been burned at all for at least 23 years exhibited a species composition much closer to that of forests, whereas even with a reduced fire frequency over the last 23 years (LIBS) savannas with some burning more closely resembled annually burnt savannas than forests (Figures 4 and6). These results suggest that there may be a 'tipping point' of fire suppression, between savannahs with intermediate burning frequencies (LIBS) and those unburned for at least 23 years (LUS), where savannas become ecologically more forest-like. This result is supported by previous observations

showing that unburned savannas in Lopé can rapidly thicken into colonising forest-like habitat around 15 years after burning [START_REF] Jeffery | Fire management in a changing landscape: A case study from Lopé national park, Gabon[END_REF].

Eliminating fires in Lopé has had the direct effect of shifting the termite community to a forest-associated profile, by forest colonisation of the unburned habitat [START_REF] Cuni-Sanchez | African savanna-Forest boundary dynamics: A 20-year study[END_REF][START_REF] White | Forest-savanna dynamics and the origins of Marantaceae forest in Central Gabon[END_REF]. The development of mid-successional habitats offers not only an altered microclimate through increased woody cover, but also greater diversity in the food sources termites depend upon.

While we might expect that fire has a stronger effect on the abundance and diversity of termite communities in this mesic savanna because fire has a greater effect on vegetation (Beale et al., 2018), the depauperate nature of the burned savanna termite community supports a hypothesis of a migration of forest termite species into the savannas at Lopé, rather than the persistence of a different, savanna specialist and fire-adapted community in the savanna biome.

| CON CLUS IONS

Lopé savannas are species depauperate compared with other burned savannas in Gabon, and are biogeographically distinct from either the Batéké or Mayombe areas. It is possible that Lopé savannas opened as an isolated grassland and have never been contiguous with neighbouring savannas, or that they were isolated soon after forest expansion began and have now lost savanna-typical species.

Although forest termite species appear to be adapting to use the 
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  Smaller areas of savanna are found along the Gabonese Atlantic coast and around Lopé in the termite community composition in fire suppressed savannas support a hypothesis of rapid change driven by fire frequency where either fire suppression or infrequent burning over 23 years has meant savannas have become ecologically much more forest-like. K E Y W O R D S biogeography, Central Africa, DNA barcoding, fire, forest, Gabon, savanna, termites 13652699, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/jbi.14671 by CIRAD -DGDRS -DIST, Wiley Online Library on [05/07/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License | 3 ONDO et al.
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  I G U R E 1 Sampling locations of termites in Gabon, with detail of the four main sampling areas as follows: (a) Lopé (b) Mayombe North (MN) and Mayombe South (MS) and (c) Batéké. Green = forest; pale yellow = savanna, blue = water, coloured symbols = transect locations, where for Lopé, orange diamonds = burned savannas, pale green circles = infrequently burned savannas, green triangles = unburned savannas and dark green squares = forest, and for all other sites purple diamonds = burned savannas. Decimal degrees of latitude-longitude are shown on the inset map borders.

Question 1 :

 1 ological indicators, and to understand how certain factors (habitat, fire and age of ecosystems) could influence termite distribution. We focused specifically on the following research questions: How does the abundance and richness of the termite community differ among regularly burned Gabonese savannas? Question 2: Does the termite species composition of the isolated savannas at Lopé indicate a possible past link to one or other of the larger savanna areas? Question 3: What influence do long-term fire regimes have on the abundance, richness and composition of termite communities in forest-savanna mosaic type savannas?

•

  Batéké is located in the extensive open grassy savanna systems and forest-savanna mosaics of the Batéké Plateaux in the SE of Gabon, which extend east and south into the Republic of Congo and the Democratic Republic of Congo. The area has a transitional tropical regime with a well-defined, long dry season from June to August and a long rainy season between September and May. Average annual rainfall is 2015 mm (range 2000-2250 mm/year: [Ministère de l'Education Nationale de la République Gabonaise[START_REF] White | The vegetation of Africa. A descriptive memoir to accompany the UNESCO/AETFAT/UNSO vegetation map of Africa[END_REF][START_REF] Vande Weghe | Les Parcs Nationaux du Gabon: Plateau Batéké[END_REF]) and average annual temperature is 25°C[START_REF] Vande Weghe | Les Parcs Nationaux du Gabon: Plateau Batéké[END_REF]. Savanna burning practices are the same as for Mayombe N and Mayombe S[START_REF] Walters | Changing fire governance in Gabon's Plateaux Batéké savanna landscape[END_REF].Three transects were established in savanna in the Batéké area, 13652699, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/jbi.14671 by CIRAD -DGDRS -DIST, Wiley Online Library on [05/07/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License | 5 ONDO et al.

  on a shaking incubator (Corning LSE benchtop shaking Incubator) at 56°C with agitation. After digestion was complete, the lysate was removed using a multi-channel pipette and transferred into a clean 96-deep well plate. DNA extraction clean-up on the lysates was performed on a Qiagen BioSprint 96, using the BioSprint 96 DNA Blood kit (384), following the manufacturer's instructions (Qiagen Ltd). Polymerase chain reactions (PCRs) were carried out in a 25 μL reaction volume, using the BIOLINE-MYTAQ method, comprising of 15.5 μL sterile water, 5 μL 10× buffer (supplied with Taq polymerase) containing 1.5 μL magnesium chloride {50 mM} and 0.2 μL dNTP mix {25 mM}: 1 μL of each primer (Forward primer: MODA_5'-CAGAT AAG TGC ATT GGATTT) and (Reverse primer: ILYSB_5'-GTTTA AGA GAC CAG TACTTG) at 10 μM, 0.5 μL MyTAQ BIOLINE (Bioline) and 2 μL of gDNA template. PCR cycling conditions for MODA/ILYSB were as follows: 40 cycles at 95.0°C for 30 s, 45.0°C for 30 s, 72.0°C for 45 s and 72.0°C for 10 min. PCRs were amplified using a GeneAmp PCR system 9700 (Applied Biosystems). All PCR products were separated on a 2% agarose gel and successful amplified PCR products purified using Appleton Woods AxyPrep PCR Magnetic Beads. DNA concentrations of each purified extract were measured using a Nanodrop 8000 DNA spectrophotometer. Any samples outside the concentration required for the fragment size being amplified (700 base pair fragment) were normalised. Forward and reverse samples were set up in separate plates for sequencing using Applied Biosystems BigDye Terminator kit V3.1, and cycled using a GeneAmp 9700 dual block thermal cycler (Applied Biosystems) following the manufacturer's 13652699, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/jbi.14671 by CIRAD -DGDRS -DIST, Wiley Online Library on [05/07/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License guidelines. Samples were then further purified to remove unincorporated dye using Appleton Woods AxyPrep DyeClean Magnetic Beads. Purified reactions were sequenced on an AB 3730xl capillary DNA Analyser (Applied Biosystems) at the Natural History Museum London-Sequencing Facility.

  ties and possible groupings between different sampling areas, we created a hierarchical clustering dendrogram (Figure 4). Based on species similarities, three main clusters are apparent, with Batéké and Mayombe sites forming one group, and Lopé savannas grouping into two different clusters, depending on the fire history. Not only are Lopé savannas distinct from the other savanna areas, but within Lopé species similarity groupings are in accordance with savanna fire history. Here, savannas that have not burned for at least 23 years group with forests, whereas savannas the intermediate fire regime group with those that are burned annually.3.3 | Termite abundance responses to fire in Lopé (Question 3) We recorded 851 termite samples across all Lopé sampling sites. The forest habitat (LF) produced 565 termite samples, while unburned savannas (LUS) and burned savannas (LBS) had 155 and 131 F I G U R E 2 Species richness rarefaction curve for termites in Gabon, organised by habitat type. Green forest dotted line = Lopé Forest (LF); green dotted line = Lopé Unburned and Infrequently burned Savanna (LUS + LIBS); orange dotted line = Lopé (annually) Burned Savanna (LBS); purple solid line = all other burned savannas (Mayombe N, Mayombe S, Batéké). F I G U R E 3 (a) Estimated mean termite abundance (black filled circles), 95% confidence intervals and p values (where p < 0.05) from the GLM comparing burned savannas across Gabon. Grey filled circles show the raw data for each transect (offset randomly on the x-axis to improve visibility); (b) Estimated mean rarefied species richness (black filled circle) and 95% confidence intervals of termites in burned savannas across Gabon. Grey filled circles show the raw data for each transect. B, Batéké; LBS, Lopé burned savannas; MN, Mayombe N; MS, Mayombe S.
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  Dendrogram of termite species composition similarity between all sampled sites in Gabon. Codes refer to individual transects, where B, Batéké; LBS, Lopé (annually) Burned Savanna; LF, Lopé Forest; LIBS, Lopé Infrequently burned savanna; LUS, Lopé Unburned Savanna; MN, Mayombe N; MS, Mayombe S. The colours distinguish the different habitat types/burn regimes. I G U R E 5 (a) Estimated mean termite abundance (black filled circles), 95% confidence intervals and p values (where p < 0.05) from the GLM for the three Lopé habitats. Grey circles show the raw data for each transect (offset randomly on the x-axis to improve visibility); (b) Estimated mean termite rarefied species richness in Lopé, from the GLM (black filled circles) with 95% confidence intervals. Grey filled circles show the raw data for each transect (LF, Lopé Forest; LUS + LIBS, Lopé Unburned and Infrequently Burned Savannas; LBS, Lopé Burned Savanna).
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 9 et al. among Gabonese savannas (under the same fire regime)? (Question 2) Does the termite species composition of the isolated savannas at Lopé indicate a possible past link to one or other of the larger southern Savanna areas? (Question 3) What influence does the long-term fire regime of frequent fires have on the abundance and richness of termite communities in the savannas of Lopé?

  empty savanna habitat, these forest species have not yet evolved to cope with the fire regime. Eliminating fires, however, allows rapid colonisation of the structurally and functionally more diverse young forest habitat by forest termite species. The patterns of termite community composition in both fire-suppressed and fire-attenuated savannas support a hypothesis of rapid change driven by fire frequency where no burning over 23 years let savannas become ecologically much more forest-like than under an intermediate fire regime. Work on other animal taxa is needed to confirm to what extent similar patterns hold for other groups. ACK N O WLE D G E M ENTS This study was part of the consortium project 'Unravelling the role of animals in African Soil Ecology', funded by the Royal Society-FCDO Africa Capacity Building Initiative. Field work and samples were collected with the authorisation of the Centre National de la Recherche Scientifique et Technologique (CENAREST) under permit number AR0030/17/MESRS/CENAREST/CG/CST/CSAR. We thank Gabon's National Parks Agency (ANPN), in particular L.J.T. White, and the Institut de Recherche en Ecologie Tropicale of CENAREST for hosting the study and providing institutional and logistical support. We thank A. P. Penze and L. Mackaga for assistance in the field; Y. Braet, M. Robertson, L. Bussière and N. Bunnefeld for data analysis support and insightful discussions and E. Lugli for technical support to the DNA barcoding. All biological samples collected for this study are stored at the Natural History Museum of London and remain the property of the Gabonese government. Research authorisation from Gabon's Centre National de la Recherche Scientifique et Technologique (CENAREST) will be required for use of these samples for any other research. R scripts and raw data are archived on Zenodo (DOI: 10.5281/zenodo.6475429). Sequence data have been submitted to the GenBank database under accession numbers ON952588-ON953141.
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