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Abstract

:

Soil fauna is generally understudied compared to above-ground arthropods, and ants are no exception. Here, we compared a primary and a secondary forest each on two continents using four different sampling methods. Winkler sampling, pitfalls, and four types of above- and below-ground baits (dead, crushed insects; melezitose; living termites; living mealworms/grasshoppers) were applied on four plots (4 × 4 grid points) on each site. Although less diverse than Winkler samples and pitfalls, subterranean baits provided a remarkable ant community. Our baiting system provided a large dataset to systematically quantify strata and dietary specialisation in tropical rainforest ants. Compared to above-ground baits, 10–28% of the species at subterranean baits were overall more common (or unique to) below ground, indicating a fauna that was truly specialised to this stratum. Species turnover was particularly high in the primary forests, both concerning above-ground and subterranean baits and between grid points within a site. This suggests that secondary forests are more impoverished, especially concerning their subterranean fauna. Although subterranean ants rarely displayed specific preferences for a bait type, they were in general more specialised than above-ground ants; this was true for entire communities, but also for the same species if they foraged in both strata.
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1. Introduction


From the tip of the leaves in the canopy of a forest, to the epiphytes living on the branches all the way down the bark, the leaf litter, and even within the first metre of soil, ants are present everywhere. Be they above-ground or hypogaeic foragers, ants contribute significantly to ecosystem functions. In addition to being important in trophic functions as predators [1], their digging activity aerates the soil and promotes nutrient cycling [2]. They often display vertical stratification, with many species being specialised in certain microhabitats. Such stratification has been studied mostly above ground to date, with a focus on canopy vs. understory vs. leaf litter dwellers [3,4,5]. However, we know even less about the subterranean ants that live only a few centimetres away from our feet—within the soil. We adopt the terminology of [6], with ‘subterranean’ referring to all ants (and baits) from below ground, whereas ‘hypogaeic’ refers to species that predominantly live and forage below ground, thus excluding above-ground species that might nest in the soil but do not forage there.



A recent study from the Amazon rainforest [7] captured nine hypogaeic species (out of 47) with subterranean baits that could not be sampled using other methods. This demonstrates that conventional ant sampling methods neglect this fauna almost completely [8,9,10]; this is also because published protocols on recommended sampling methods mostly include above-ground baits, pitfalls, and Winkler sampling [11], which misses out hypogaeic species. However, hypogaeic ant communities include important lineages which could shed light on the early development of ancestral ants. They include phylogenetically ancient and conserved ant lineages. For example, the recently discovered Martialis heureka represents the sister lineage to all other ants. It is a hypogaeic ant, with the first two specimen being collected in soil core samples [12]. Within the clade that is sister to Martialis, the blind, hypogaeic subfamily Leptanillinae is sister to all other ant taxa, which implies that cryptobiotic, blind ants evolved and diversified early in ant evolution [12]. Thus, hypogaeic ants may become key to our understanding of the ecology and evolution of early ants. Many specialised and cryptobiotic ant genera, which often include blind species, are collected almost exclusively using subterranean baiting or soil/leaf-litter sampling (such as Anillomyrma, Prionopelta, Simopelta, Leptanilla, and Aenictus) [6]. However, a severe obstacle to research on subterranean ants is that exhaustive and reliable sampling remains challenging.



The difficult sampling also limits our understanding of ecosystem processes in which these ants are involved. For instance, the environmental importance of army ants in tropical ecosystems has been demonstrated through the study of above-ground species such as Eciton [1,13]. However, as the majority of army ant genera are hypogaeic, we probably underestimate the ecological impact of army ants [14]. Here, two important aspects to understand ecological niches are stratification, i.e., the degree of specialisation in subterranean habitats, and dietary specialisation. A good way to determine these is offering different baits [15] in a single grid-point location but on both strata.



Most studies with subterranean baits have used mixtures of processed food resources [1,8,13,15,16,17]. This is a highly effective way to attract the maximum possible range of ants but does not yield information on the dietary specialisation of subterranean ants. Al-though baits that mimic natural resources necessarily sample only a subset of the ant fauna [16,18], they provide valuable information on the dietary preferences of these species [15], which are not only important aspects of their ecology, but will also improve how to sample certain species specifically. On a similar note, it is not known if ants forage on the same food sources above and below ground. For instance, certain ant species that tend aphids above ground could be preying on termites below ground (or vice versa).



Like other cryptobiotic ants, hypogaeic species might be especially sensitive to disturbance [19]. Therefore, it is crucial to analyse the ant diversity of subterranean communities across primary and disturbed habitats. To facilitate conservation efforts, it is also important to know if different strata respond to habitat disturbance in a similar fashion and if this differs between tropical regions.



In this study, we investigated the diversity and ecology of subterranean ants at rainforest sites in the Neotropics and Paleotropics. Using a complex sampling design, with 64 spatial replicates per site, above-ground baits were placed at the identical location to the subterranean baits in order to separate ants that forage in both strata to those unique to one of them. To compare baiting efficiency to more conventional methods, pitfalls and Winkler extractions were also performed in each plot (Figure S1). This standardised design was completed in four tropical rainforest sites, providing an extraordinarily large data base to study the ecology and distribution of subterranean ants. The focal research areas of our study are supported by a recent review on subterranean ants [6], which pointed out a lack of publications in the aspects we have addressed here.



First, we compared subterranean baiting to the other three methods regarding taxonomic yield and complementarity, and identified the species only caught with this method. Second, we compared ant assemblages attracted to aboveground and subterranean baits, and calculated stratum specialisation for each species. Third, we analysed α and β diversity above and below ground to determine whether patterns of biodiversity were consistent across sites. Finally, based on the ant communities found at the four different bait types, we analysed trophic specialisation in aboveground and subterranean ant communities.




2. Material and Methods


2.1. Study Site


Ant sampling was done in two neotropical and two paleotropical sites in 2012 (French Guiana, France) and 2013 (Sabah, Borneo, Malaysia), respectively. On each continent, we sampled one primary and one secondary forest, henceforth abbreviated ‘NPF’ (neotropical primary forest), ‘PSF’ (paleotropical secondary forest), and so on. In the neotropics, the Les Nouragues Nature Reserve was studied as a primary forest (NPF, 4°05′ N, 52°41′ W, 90 m a.s.l.), which covers >100,000 ha of pristine forest. The secondary forest site was a 16-ha forest fragment, bordered by urban grass and surrounded by residential areas on the Campus Agronomique in Kourou (NSF, 5°09′ N, 52°39′ W, 8 m a.s.l.). In the paleotropics, primary forest was sampled in the Danum Valley Conservation Area (PPF, Sabah, Malaysian Borneo; 4°55′ N, 117°40′ E, 296 m a.s.l.). The site is part of a 438-km2 primary forest dominated by Dipterocarpaceae trees. As a secondary forest, the Malua Forest Reserve was chosen (PSF, 4°24′ N, 118°14′ E, 6 m a.s.l.). It comprises 35 km2 of production forest, which was selectively logged in the 1980s.




2.2. Sampling Design


In each site, we established four plots of 4 × 4 grid points each, i.e., a total number of 64 grid points. Within a plot, the distance between grid points was 10 m (Figure S1); the four plots were separated by at least 150 m. At each grid point, we placed pitfalls, above-ground baits, and subterranean traps. Winkler sampling was conducted for all areas within four grid points, resulting in four Winkler samples per plot and 16 per site (Figure 1). Data from the above-ground baits and pitfalls were partly analysed and published previously [2,15,20,21,22].



2.2.1. Above-Ground Baits


The baits were presented in small plastic boxes with slits at the sides for 90 min and then quickly retrieved. We presented four bait types that reflected natural resources available to ants in a rainforest: melezitose (reflecting trophobiont honeydew); dead, crushed insects (carrion); living termites (small prey); and living grasshoppers (large prey). The four different above- and below-ground baits were separately presented at a given time, i.e., there were never two baits displayed on a grid point simultaneously. Melezitose was presented in a 20% m/v solution on paper tissue; approx. 10 living termites were kept free on the paper towel and usually stayed on a small piece of humid termite mound which was added. The living grasshopper was tethered to the bait box to prevent escape. At each grid point, all above-ground baits were presented separately during the day (between 10:00 to 15:00) and night (between 20:00 to 23:00). For the present study, the two time periods were pooled per grid point and bait type, in order to be comparable to the subterranean baits left for the whole 24-h cycle. Additional above-ground baits that have been presented but were not considered for this study include sucrose, bird faeces, and seeds [2,15,20,21,22]. Therefore, numbers of species or occurrences may differ from our previous studies.




2.2.2. Subterranean Baits


Subterranean traps consisted of closed Eppendorf cups (1.5 mL) that contained a food resource. The cups had four holes drilled in the upper half to allow access by ants, as described by Andersen and Brault [10] (see also Figure S1). Based on previous studies [7,18,23], the highest species richness is obtained between 10 and 20 cm and most species are sampled within a 24 h timeframe [7,10]. Therefore, after litter removal, traps were buried 10 cm deep into the soil, and carried a wire which stuck out from the soil for quick retrieval. For practical reasons (weather and preparation), one bait type was displayed for 24 h simultaneously on all 64 grid points within a site. We used the same four baits as above (melezitose, termites, crushed insects), but replaced live grasshoppers by live 1.5-cm mealworms as it seemed more suitable as a large subterranean prey [18]. To present melezitose, a cotton ball was compacted in the concave lids, which was then saturated with 2 mL of 20% m/v solution. The crushed insect paste was compressed in a similar way. To keep the mealworms in place and prevent them falling in the killing solution, the mealworm was pinned to the lid using the tip of a needle, minimizing the wound for the mealworm to be still capable of wriggling. For the last bait, three to four termites were glued alive to a 1-cm piece of toothpick which was then inserted through the lid in a similar fashion as the mealworm. Preliminary tests showed that mealworms and termites survive for over 20 h in this state.




2.2.3. Pitfalls and Winkler Extractions


Sampling methods were performed at separate times to avoid interference between them. Pitfalls were left open for 12 h during the day (6:00–18:00) or night (18:00–6:00); this was done three times consecutively before retrieval. For the present study, day and night pitfall data were pooled for each grid point. Leaf litter was sampled at four places in each plot. We sampled litter and superficial soil from 1 m2 quadrats in the middle of each of the four grid points. Samples were put in Winkler extraction devices for 48 h; ants were collected in an ethylene-glycol solution.




2.2.4. Species Identification


All ants were identified to genera using Bolton [24] and using a binocular microscope (Leica S8AP0). Reference collections with voucher specimens of all ant species were prepared. Morphospecies numbers were assigned consecutively in the order of detection in samples. The collections are deposited at the Institute of Organismic and Molecular Evolution, University of Mainz, Germany. Several morphospecies, including the most common ones, were identified to species using specialised literature [25,26,27] or the help of specialists (Tables S1 and S2). In particular, several Pheidole and Crematogaster species were kindly identified by John Longino and Bonnie Blaimer, respectively. Notably, the identification of taxonomically challenging dimorphic genera such as Pheidole and Carebara is easier with bait samples than with other sampling methods because major and minor workers are often collected together. This way, more conspecific individuals are present, especially in the case of bait monopolization, which is helpful especially in order to identify species with dimorphic workers (pers. comm. J. Longino 2013).





2.3. Statistical Analysis


2.3.1. Sampling and Baiting Complementarity


The exhaustiveness of Winkler samples, both baiting systems (with bait types summed) and pitfalls was estimated by calculating Cole’s rarefaction curves. We also estimated the expected species richness with the Chao2 species richness estimator with EstimateS 9.0 [28]. All other statistics were calculated using R version 3.6.2 (R Core Team 2018, Vienna, Austria; https://www.R-project.org/). The complementarity of species captured was visualised using Venn diagrams, R (VennDiagram, Venneuler packages). For the subsequent analyses, we only considered above-ground and subterranean baiting data, disregarding pitfalls and Winkler samples.




2.3.2. Diversity Measures above and below Ground


Species richness per grid point (α diversity) was calculated including singletons, separately above and below ground. These species numbers were compared using mixed-effects models with species richness as the dependent variable, site and stratum as fixed variables and grid points as random effects. Species turnover (β diversity) was calculated as the proportion of unique species, viz. (b + c)/(a + b + c), with a being the species shared between two grid points, and b and c being the species unique to the two samples of each comparison. For vertical turnover, we compared these values between above-ground and subterranean assemblages of the same grid point. The values were arcsine-square root transformed and compared between sites using linear models (LM); pairwise comparisons were based on model summaries.



Horizontal turnover was calculated as the proportion of unique species in pairwise comparisons between all grid points within the same 4 × 4 plot. This was done separately for above-ground and subterranean baits. Horizontal turnover values were then transformed as above and compared between sites and strata using a linear model with stratum and site and their interaction as fixed factors. Models were analysed using Anova (package car) in R.




2.3.3. Trophic and Strata Specialisation


Both aboveground and subterranean baits are active sampling methods, which capture only foraging ants that are attracted. Thus, it makes most sense to compare specifically these two sampling methods to assess trophic and strata specialization. Here, we included only species with at least five occurrences at above-ground or subterranean baits. This way, there were enough occurrences that the species might have foraged at all four resources. For strata specialisation, we calculated the number of occurrences above and below ground for each species. These were compared using χ2 tests, followed by correction for false discovery rate.



Next to strata specialisation, food preferences were calculated using a randomization algorithm based on the number of occurrences per bait. A null model randomly swapped occurrences over 1000 permutations; the bait was defined as ‘preferred’ if realised occurrences were higher than the 95% confidence interval of the random expectation [15]. This was done separately for both strata.



Furthermore, we assessed the overall degree of food specialisation (fs). A common species is more likely to encounter different food types by chance; therefore we rarefied down to five occurrences and calculated fs; this was done 1000 times per species. ‘Food specialisation’ fs was calculated similarly to Simpson’s diversity index as fs = Σpi2, where pi is the number of occurrences at bait type i divided by the total number of occurrences for the given species. fs considers the relative specialisation of a species on any resource and ranges from 0 to 1. In contrast, ‘food preferences’ provide information about the actual resources that are foraged. A species specialised in one resource will prefer it, but a species with several preferences may or may not be highly specialised overall [15]. Food specialisation was calculated separately for above- and below-ground baits and compared using t-tests. In a second analysis, we compared food specialisation for only those species which foraged in both strata using a paired t-test. Food specialisation of the overall species community was further compared between strata using the H2′ index [29] using the R package bipartite, which ranges from 0 (maximum generalisation) to 1 (maximum specialisation of the entire community).






3. Results


3.1. Species Richness for Different Sampling Techniques and Strata


Subterranean baits yielded the lowest richness in all four sites (18 in both secondary forests and up to 34 in NPF), but always had between one (PSF) and 15 (NPF) unique species which were not captured with any other method (Figure 1). In contrast, Winkler samples (followed by pitfalls) yielded the highest species numbers, giving between 37 (NSF) and 71 (PSF) species per site (Figure 1). Furthermore, overall expected richness (Chao 2 estimators) was highest for Winkler and pitfall samples compared to the two baiting methods (Figure 2). In above-ground baits, ants were attracted onto 62 to 64 out of 64 grid points per site. In contrast, subterranean baits attracted ants onto only 49 (PPF) to 57 (PSF) out of 64 grid points.



Species richness per grid point was always higher above ground than below ground (F1 = 418.0, p < 0.0001; Figure 3A). Above-ground richness differed substantially between sites, whereas below-ground richness did not (site × stratum interaction: F3 = 12.8, p < 0.0001; site: F3 = 13.7, p < 0.0001).




3.2. Taxonomic Composition and Stratum Specialisation at Different Baits


Subfamily and genus composition differed between above-ground and subterranean baits. Dolichoderinae were absent from subterranean baits, but occurred above ground in all sites (Figure 4). Among the Formicinae, certain genera were only found above ground (Euprenolepis, Camponotus, Dinomyrmex, Polyrhachis), whereas others were only found in the subterranean baits (Acropyga, Brachymyrmex, Pseudolasius). Only Nylanderia was found in both strata. In the Ectatomminae, Ectatomma was only found in above-ground baits, whereas Gnamptogenys only occurred below ground. Among the Ponerinae, Hypoponera and Parvaponera were exclusive to subterranean baits, whereas Mayaponera, Leptogenys, and Mesoponera were found in both baited strata. Among the Myrmicinae, several genera had species occurring in one or the other strata (Pheidole, Solenopsis, Carebara, Lophomyrmex, Crematogaster), with several remarkable genera exclusive to the subterranean strata (Acromyrmex, Hylomyrma, Octostruma, and Epelysidris). In the Dorylinae, Labidus was found in both strata, whereas Dorylus, Aenictus, and Acanthostichus were exclusive to subterranean baits.



In total, 12–28% of the species per site were significantly more common at subterranean baits than at aboveground baits below ground (considering only species with more than four occurrences, Figure 5). Except for Solenopsis sp. 4 in NPF, all of these species were rare or entirely absent from pitfalls and Winkler samples and thus may be considered truly hypogaeic. Most of these species were Myrmicinae, with only one Ponerinae and three Formicinae species (Table S3). In turn, 60–76% of the species were more common above ground, and 5–24% occurred in both strata in similar frequencies.




3.3. Vertical and Horizontal Turnover


On both continents, the two secondary forests had a lower vertical species turnover than the two primary forests (LM; factor site: F3 = 18.7, p < 0.0001) (Figure 3B). It was lowest in PSF, probably because the two numerically dominant species, Carebara sp.1-Phg (formerly Pheidologeton) and Lophomyrmex bedoti, occurred in both strata in high frequencies (Figure 5). In contrast, the most common species on above-ground baits in NPF (Pheidole cf. nitella, Crematogaster levior, Camponotus femoratus) and NSF (Pheidole subarmata, Pheidole pugnax, Camponotus cf. melanoticus) were all strata specialists, being significantly more common above ground.



Within the same stratum, horizontal turnover between grid points of the same 4 × 4 plot ranged from 65% to 90% (Figure 3C). It was significantly lower above ground (F1 = 311.3, p < 0.0001). For both strata, horizontal turnover differed between sites (F3 = 40.9, p < 0.0001); this effect was particularly high below ground (site:strata: F3 = 7.3, p < 0.0001) (Figure 3C).




3.4. Dietary Characteristics for Species and Whole Communities


In both neotropical sites, ‘crushed insects’ was the most preferred bait with three subterranean and two above-ground species, among which one also preferred melezitose (Figure 5). Melezitose was preferred by one Pheidole species in NPF, one Carebara species in PPF and by Lophomyrmex bedoti in PSF. Concerning the large prey items, mealworms were preferred in subterranean baits only by Lophomyrmex bedoti in PSF, and grasshoppers (above ground) were only preferred by Pheidole sp. 6 in PPF. The different above-ground bait types often yielded additional species in above-ground baits, but this was not always the case for the hypogaeic baits (Figure S2). In general, food specialisation was higher below-ground than above-ground. This was evident from species-specific fs values calculated for all species with at least five occurrences above or below ground (t-test: t41.8 = 2.42, p = 0.020, Figure 3D), but also when we only considered species found in both strata (paired t-test: t11 = 3.30, p = 0.0071, Figure 3E). Moreover, below-ground communities were more specialised for all sites except NSF, as indicated by the H2′ index. For NPF, PPF, and PSF, it ranged from 0.070 to 0.092 above ground and from 0.19 to 0.32 below ground, whereas these values were 0.064 and 0.060 for NSF, respectively.





4. Discussion


Although less diverse than the three other sampling methods used in this study, subterranean baiting provided a remarkable ant community in itself (see Text S1 for a comparison of all sampling methods). In each site, 12–20% of the species were significantly more common below ground or even confined to this stratum (Figure 3). For these species, we were able to assess food preferences and to demonstrate trophic differences depending on whether they were foraging above ground or underground.



4.1. Species Richness in Above-Ground and Subterranean Baits


Richness was always lower below ground for all four sites. This aspect was consistent at the grid point level (α diversity), the plot level (data not shown), and the site level (Chao 2 estimators, Figure 2). However, these results are in accord with only one of the few studies [30] that have performed above- and below-ground baiting. Only in the exceptionally rich NPF, Chao 2 estimates were higher for subterranean than for above-ground baits. This would be more consistent with a previous study, which found that depending on the habitat, the hypogaeic species richness could equal that of above-ground baits [31]. From a taxonomical perspective, all subterranean ant studies are useful in providing valuable geographical and methodological information on this still mostly-unknown stratum. However, in terms of comparing ecological aspects and stratification, we believe that having subterranean baits over a 24-h cycle-compared to baited cards only presented during day time—neglects the numbers of above-ground nocturnal ants which could also come to baits [21]. This could potentially explain why these studies [30,31] found lower species richness differences between above-ground and hypogaeic ant species. One study [32] found that honey baits attracted fewer species below ground, but sardine baits attracted similar amounts below and above ground. Our two comparable baits would be melezitose and crushed insects, as sources of carbohydrates and protein, respectively, for which we consistently found lower occurrences in the subterranean strata.




4.2. Taxonomic Composition above and below Ground


Subfamilies and genera differed in their occupancy of the two strata. For instance, Dolichoderinae were never found below ground in any site, although they were present on the above-ground baits. To our knowledge, this is consistent with only one study [30]. In other studies, mainly from South and Central America, Linepithema, Azteca, and Dorymyrmex were uncommon but occasionally present in subterranean baits [31,32,33,34,35]. In the Ponerinae, Hypoponera was only sampled in subterranean baits, although only half of the mentioned studies found this rather common genus. To our knowledge, Parvaponera has never been sampled using hypogaeic baiting. Within the Dorylinae, an interesting discovery was Dorylus, which has never been baited except in traditional oil soil soaking [14,36,37]; all other Dorylinae genera were reported previously in at least one other study. Among the Myrmicinae, several genera have never been reported before from subterranean baits, such as Acromyrmex, Hylomyrma, and Epelysidris. This is also the only subfamily in which multiple species (13) occurred often enough in both strata to analyse dietary preferences and specialisation. In the Formicinae, Brachymyrmex was regularly found in subterranean baits, except for in two studies [30,31]. Nylanderia was found frequently in only one other study [34]. To our knowledge, two other genera common in our subterranean baits, Acropyga and Pseudolasius, have never been reported from subterranean baits before. Finally, the genus Camponotus was absent from our subterranean samples, as expected from their ecology. Other studies found Camponotus below ground [30,33,35], but the rare occurrence of these and other usually above-ground ants could also be due to contamination [10,34]. For instance, poor compaction of the soil covering the subterranean bait may facilitate access for above-ground fauna (MH pers. obs.). Although our subterranean sampling was thorough (1024 baits per site), certain subfamilies which we were expecting [6,38], such as the Amblyoponinae (Prionopelta) and Leptanillinae (Leptanilla), even when present in pitfalls and Winkler samples in NSF, were absent from our subterranean samples. Potentially, the baits used were not potent enough in smell (compared to sardine baits) or were simply not adapted to these species’ diets (geophilomorph centipedes [6]). Note that although some species of Pseudolasius, Gnamptogenys and Acromyrmex were recorded only in subterranean baits here, these genera are generally not hypogaeic.




4.3. Vertical and Horizontal Turnover


Although more species were above-ground specialists than subterranean specialists, 12–20% of all species found at baits were subterranean specialists, which is similar to a recent study [34]. Thus, subterranean ants represent a community of their own. In addition to the higher horizontal turnover, both primary forests also had a higher vertical species turnover, i.e., more species were unique to each stratum. Moreover, both primary forests had more hypogaeic specialist species (with at least five occurrences) than the secondary forests. Above ground, grid points shared more species than below ground (lower horizontal species turnover), which confirms an earlier study reporting high local turnover among subterranean ants [39]. Possibly, hypogaeic species are more limited in foraging distance or in the ways they detect food resources [1]. This might explain a finer-grained community, and thus a higher horizontal species turnover below ground. Furthermore, in both strata and tropical regions, horizontal species turnover was lowest in the secondary forests. This scales up to a lower richness of subterranean ants on a site level for secondary forests, as suggested by Chao 2 estimates.



The higher diversity in primary forests suggests that hypogaeic ants, like other cryptobiotic species, are particularly vulnerable to disturbance [19]. This explains their lower species richness, but also their lower spatial turnover (horizontal and vertical) in secondary forests. This effect was consistent across the two tropical regions, although it is notable that the neotropics were more diverse in our study, and at the site level the two paleotropical sites were similar in species richness. However, considerably more studies are required before any global assertions can be confirmed statistically.




4.4. Dietary Preferences and Food Specialisation


Subterranean communities were more specialised than above-ground assemblages, demonstrating that they show a higher degree of specificity in what they forage for. Notably, crushed insects were the most preferred resource in both tropical regions and both strata. This was even more pronounced below ground, where crushed insect was the only preferred bait. This makes sense as nitrogen is among the most limited resources in tropical ecosystems [40]. Interestingly, Pheidole sp. 7 (cf. nitella) in NPF preferred crushed insects in the above-ground strata and melezitose in the subterranean strata; in PSF Lophomyrmex sp.1 (L. bedotti) preferred melezitose above ground and mealworms in subterranean baits. This supports the idea that certain species may display niche variation depending on the ecological context [2,41]. Based on the ecology of certain subterranean species, we were expecting melezitose to be preferred by species which tend subterranean mealybugs, such as Pseudolasius and Acropyga [42]. However, it would make also sense that these species are not limited in carbohydrates as they tend coccids in their own nests and rather go foraging for complementary resources. Interestingly, some unexpected species were found foraging melezitose, such as Labidus sp. 2, an army ant that had two out of three occurrences on melezitose, and Mesoponera sp. 1, a ponerine, was found eight times out of 33 on melezitose. Based on their taxonomy and morphology, these species would be considered specialised predators [43], but their foraging of melezitose suggests otherwise. This calls into question the categorization of trophic traits based on morphological criteria [44]. Concerning predation, more ants were found at mealworms than at grasshoppers, but in most cases this involved species which seemed to be more opportunistic than specialised predators (Pheidole and Lophomyrmex). We believe that the partial immobilization of the prey in the subterranean Eppendorf and baited boxes did not always prevent smaller opportunist ants from foraging them (M.H pers. obs.). This, however, does not explain why no ants were found to prefer termites, although termites should be an important prey for hypogaeic tropical ants [45].





5. Conclusions and Outlook


Our study showed that subterranean baits provide a reliable means of investigating hypogaeic and other ant species, which are less frequently (or not at all) sampled by pitfalls, above-ground baits, and Winkler sampling. By parallel sampling with multiple baits above and below ground, which has rarely been done before, we assessed strata and trophic specialisation in the subterranean ants, and showed that species were more specialised below ground. Moreover, species widely considered to be specialist predators were actually more generalist. This highlights the fact that the ecology of subterranean ants is still largely unknown and awaits further study, particularly in terms of foraging ecology. For example, in a habitat where smell should be a prevalent feature of food detection (instead of eyesight), we were not expecting a non-odorous sugary bait to be as attractive as strongly smelling baits such as decaying insects. More research on vertical stratification within the soil is urgently needed in order to understand underground food webs especially since subterranean habitats are among the highly threatened, but least studied ecosystems [46].



On a community level, we showed that species turnover between above-ground and subterranean strata was considerably higher in primary forests, regardless of the tropical region. Together with our data on horizontal species turnover, this tentatively suggests that the subterranean ant fauna community may vary more between primary and secondary forests than the above ground community. Hence, subterranean ant communities might be more sensitive to the ecological state of a forest. Especially given the lower time effort needed, subterranean baits should hence become part of standard sampling protocols that aim for complete inventories. A further research avenue concerns temporal asynchrony within this little-known community, i.e., whether circadian rhythms affect ant communities in a stratum with no light.
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Figure 1. Venn diagrams for each site, comparing the ant species sampled by the four different sampling methods. Wink, Ab.bait, and Sub.bait stand for Winkler samples, above-ground baiting, and subterranean baiting, respectively. The numbers on overlapping sections are the number of species common to the sampling methods concerned, otherwise they are unique to one sampling method. Overall species richness for each method and site is written in brackets. 
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Figure 2. Rarefaction curves for all four different sampling methods. For both subterranean and above-ground baiting, the four different baits were pooled according to grid points before rarefaction. Numbers in bold represent Chao 2 estimates of total species richness for each sampling method, with confidence intervals in brackets. Wink, Ab. bait, Sub.bait, and PF stand for Winkler samples, above-ground baiting, subterranean baiting, and pitfalls, respectively. 
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Figure 3. Diversity in above-ground and subterranean baits (arrows pointing up and down, respectively). (A) Species richness per grid point for above-ground and subterranean baiting. (B) Vertical turnover, given as the proportion of species unique to either above-ground or subterranean baits (for each grid point separately). (C) Horizontal turnover, given as the proportion of species unique to a grid point compared to any other grid point of the same 4 × 4 plot (separately for above-ground and subterranean baits). Sites with the same letters are not significantly different. (D,E) Species-specific food specialisation (fs) in assemblages above or below ground, with higher values indicating higher specialisation. (D) depicts all species with at least five occurrences; (E) depicts only those species that occurred in both strata with at least five occurrences. Significant differences are denoted with asterisks (* p < 0.05, ** p < 0.01). 






Figure 3. Diversity in above-ground and subterranean baits (arrows pointing up and down, respectively). (A) Species richness per grid point for above-ground and subterranean baiting. (B) Vertical turnover, given as the proportion of species unique to either above-ground or subterranean baits (for each grid point separately). (C) Horizontal turnover, given as the proportion of species unique to a grid point compared to any other grid point of the same 4 × 4 plot (separately for above-ground and subterranean baits). Sites with the same letters are not significantly different. (D,E) Species-specific food specialisation (fs) in assemblages above or below ground, with higher values indicating higher specialisation. (D) depicts all species with at least five occurrences; (E) depicts only those species that occurred in both strata with at least five occurrences. Significant differences are denoted with asterisks (* p < 0.05, ** p < 0.01).



[image: Diversity 13 00053 g003]







[image: Diversity 13 00053 g004 550] 





Figure 4. Species richness per subfamily and site for both subterranean and above-ground baiting. Each rectangle represents a different genus, proportional in size to the number of species. Abbreviations are denoted when at least two species were found within the genus. P-Las: Pseudolasius; Acrop: Acropyga; Lopho: Lophomyrmex; Solen: Solenopsis; Careb: Carebara; Mesop: Mesoponera; Techn: Technomyrmex; Hypop: Hypoponera; Nylan: Nylanderia; Eupro: Eupronolepis; Recur: Recurvidris; Tetra: Tetramorium; Pheid: Pheidole; Crema: Crematogaster; Octos: Octostruma; Pachy: Pachycondyla; Campo: Camponotus; Labid: Labidus; Trach: Trachymyrmex. 
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Figure 5. Strata specialisation for each species with five or more occurrences. The values range from 1 (exclusively above-ground) to −1 (exclusively subterranean), based on the number of occurrences. Significant differences between strata (χ2 tests) are denoted with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001); numbers indicate the number of occurrences per strata. Food preferences are denoted when significant: cru, crushed insects, mel: melezitose, gra: grasshopper, mw: mealworm; if the abbreviation is underlined it means the preference was found above ground. Blue, orange, black, and green respectively represent the subfamilies Formicinae, Myrmicinae, Dolichoderinae, and Ponerinae. Genera are abbreviated as follows: Camp: Camponotus, Crem: Crematogaster, Ect: Ectatomma, Nyl: Nylanderia, Phei: Pheidole, Sole: Solenopsis; Wasm: Wasmannia; Care: Carebara, Brac: Brachymyrmex, Hylo: Hylomyrma, Odon: Odontomachus; Dino: Dinomyrmex; Eupr: Euprenolepis; Recu: Recurvidris; Tapi: Tapinoma; Loph: Lophomyrmex; Epel: Epelysidris; Acro: Acropyga, Meso: Mesoponera, Techn: Technomyrmex; Tetr: Tetramorium; Myrm: Myrmicaria. The following morphospecies were identified to species: (neotropical primary forest (NPF) and neotropical secondary forest (NSF)) Camp5: Camponotus femoratus; Crem2: Crematogaster levior; Phei7: Pheidole cf. nitella; Ecta4: Ectatomma tuberculatum; Camp2: Camponotus cf. melanoticus; Crem1: Crematogaster limata; Odon1: Odontomachus haematodus; Phei3: Pheidole subarmata; Phei10: Pheidole zeteki; Phei11: Pheidole pugnax; (paleotropical primary forest (PPF) and paleotropical secondary forest (PSF)) Dino1: Dinomyrmex gigas; Loph1: Lophomyrmex bedoti; Loph2: Lophomyrmex longicornis; Epel1: Epelysidris brocha. See also Tables S1 and S2. 






Figure 5. Strata specialisation for each species with five or more occurrences. The values range from 1 (exclusively above-ground) to −1 (exclusively subterranean), based on the number of occurrences. Significant differences between strata (χ2 tests) are denoted with asterisks (* p < 0.05, ** p < 0.01, *** p < 0.001); numbers indicate the number of occurrences per strata. Food preferences are denoted when significant: cru, crushed insects, mel: melezitose, gra: grasshopper, mw: mealworm; if the abbreviation is underlined it means the preference was found above ground. Blue, orange, black, and green respectively represent the subfamilies Formicinae, Myrmicinae, Dolichoderinae, and Ponerinae. Genera are abbreviated as follows: Camp: Camponotus, Crem: Crematogaster, Ect: Ectatomma, Nyl: Nylanderia, Phei: Pheidole, Sole: Solenopsis; Wasm: Wasmannia; Care: Carebara, Brac: Brachymyrmex, Hylo: Hylomyrma, Odon: Odontomachus; Dino: Dinomyrmex; Eupr: Euprenolepis; Recu: Recurvidris; Tapi: Tapinoma; Loph: Lophomyrmex; Epel: Epelysidris; Acro: Acropyga, Meso: Mesoponera, Techn: Technomyrmex; Tetr: Tetramorium; Myrm: Myrmicaria. The following morphospecies were identified to species: (neotropical primary forest (NPF) and neotropical secondary forest (NSF)) Camp5: Camponotus femoratus; Crem2: Crematogaster levior; Phei7: Pheidole cf. nitella; Ecta4: Ectatomma tuberculatum; Camp2: Camponotus cf. melanoticus; Crem1: Crematogaster limata; Odon1: Odontomachus haematodus; Phei3: Pheidole subarmata; Phei10: Pheidole zeteki; Phei11: Pheidole pugnax; (paleotropical primary forest (PPF) and paleotropical secondary forest (PSF)) Dino1: Dinomyrmex gigas; Loph1: Lophomyrmex bedoti; Loph2: Lophomyrmex longicornis; Epel1: Epelysidris brocha. See also Tables S1 and S2.



[image: Diversity 13 00053 g005]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
80 PPF
NPF “nl PF 124.1 . ‘“nuﬂ“'u
Wink A (102-176) Wink e PF 1152
120.9 (84-215) ,u* 87.4(72125) . (92-174)
60 ] + "“1 +++ .l..nu..-l‘l
" Ab.bait 54.4(38-70) &
oo s s Ab.bait 76.1 (34-100)
+ ‘l‘ M 4 i pape
40 s o - - “‘11 ..n.-.--"“"""
+ b ..ll ----l + ‘.. g ?
+ 4 ..I'. ----“I“.S- b.bait + o ..‘..l"'
+ ll .-I - - up.pail 4 A ...nl' -
Iy . 60.6 (44-116) | o J—
w 20 - -|-A‘|'. - - +.|.I'I o' lll'““- Sub.bait
7 N PR 29 (27-42)
E i"'. l'll L. n"..
i x
£ n '
(&) " H
= 0 1
w
@ 80
2 NSF PSF Wink
a + 114.6 (89-173)
@ + PF 97.2 (75-153)
60 ] _|.+ “Air“
+ “ll“
PF 50.3 (47-64) N ) it
Wink YTYICLEL N Ty -
N phhabAbd W -
40 42.5}38-621,‘,“;1&‘“““ s +‘|' ‘l,u"l“ .|I'I'I'I' :b.bait
+ A .
At Ab.bait 63.4 (44-177) . e " 76.1 (59-154)
+‘+ ik “ ammn l"“ a
20 +l“‘ qaasrsnr et ® ) .A“:u'""
1 +, L R + ‘..l ] R
:..I.ll' ll---_ il Sl-lb.balt ;".:".. — SUb bait
Y 259 (20-52) | 4 ue="" '
3-"" 9 | RO 21.9 (19-40)
0 J
0 20 40 60 [I'.I 2"[] 4I(] GI(]
number of samples

number of samples





nav.xhtml


  diversity-13-00053


  
    		
      diversity-13-00053
    


  




  





media/file2.png
NPF (146)

Ab.bait (51) Sub.bait (34)

Pitfall
(85)
NSF (69)
Ab.bait (32) Sub.bait (18)
Wink Pitfall
(37) (46)

PPF (131)
Ab.bait (44)

PSF (129)

Wink
(71)

Ab.bait (45)

14

Sub.bait (27)

Pitfall
(76)

Sub.bait (18)

Pitfall
(54)





media/file5.jpg
. e [ 4
i 8 bos |w R
o4 8 |- 4sN =i
T . L
. Fan | i L4
—
t 3 8EEB g 2 8 8 2 §
J0AOUIN [EON uonesieoads pooy
o s > | a4
i i [ 3ad - [ 3aa
H il g i @ - +
................ " [-ddn N . N - 4dN
" R |-4sd v T A sd
5 [l H ot [
5 4 o R o |
< Y Lan |0 R [ aan
e T
T S § 8 2 ¢ %





media/file3.jpg
Species richness

80 - -
NPF ot 101 PP s
Wink XY Wik gy e G2
| R 402129 e (w2ra)
Ab.bait 54.4(38-70) T
Ab.bait 76.1 (34-100),
40 e

Sub.bait
60.6 (44-116)

20
0
80] nsF PSF wink
- 145 (89473)
PF 97.2(75-183)
60 s

Praosrey | e






media/file1.jpg
NPF (146)

Ab.bait (51) Sub.bait (34)
Wink

Pitfall
©9) %
30
17
NSF (69)
Ab.bait (32) Sub.bait(18)
Wink s Pitfall
@7 (46)
5

(85)

PPF (131)

Ab.bait (44) Sub.bait (27)

Wink

Pitfall
©2) S '

(76)

PSF (129)

Abubait (45) Subbait (18)

mr;k " Pitfall

(54)






media/file7.jpg
Doryinae

Ecttonminae
Fomicinae
Mymicinee
Doichoderiae

[ poneriae I I

Lopho|
Tera

Lopio

Groma|
Soln

50

40

o S
8 B

ssouyou seeds






media/file10.png
51381381131121 5 1612111211916 1612118 1801 14

9
-

** o g9|0g
s @ G 9J0g
* n £] 9108
s++3 V2108
#xa | OJAH
* ~ | oelg
+@ goJeg[ ]
w €905
nC-0 9108 um
nofij © °1°s
s ST L 'eud
B G '°Ud
N | weid
. usepn
| EPEILS
B ;) o 0
B oy
B oy
. nr
B
B ;)
L B
I ¢ €O
I 50
™ [ [ _ [
L = w e w
z (= = ==

Xapul uonesiepads s

NSF

** o, £ 9|05

*4c0 7 9|05 nua

3L 9108
B i-aeios
B ¢ 'eud

2-0 8|0S
L3 2 N

0} 1eyd
L1 18ud
L 18yd
g layd

B < 'oud
B 2 'eud
| EOSE
B | vorO
L BIAN
Z walg
| waln
B  duweo
z dwen
| dwen

BI6S117117 110118124171 7 11811211517411617 13719137

I

_ [

l;
=]

_

Ly
= =] .
- =] -

&
i

XSpul uones|Elads BlENS

* ok

PPF
10

IR

g alen
G 1ayd
¢ ydoT
| ydoT
9 1ayd
| 1de]
G Nagy
c Naay
| N2ay
0¥ 1ayd
L 1eyd

| 4dn3

¥ elAN

| wain
Loulg e ww

+++S) OSON | S
v & | 0I0Y | _.|u
++ S | 12d3] _m

whain 7 AIED [n ]

* %

Ll

* ok

* ok

19110 12015 111181 8151211201129 321201 9 168125!

L

) 0
= B

0.0

o
N

Xapul uonesienads eens

PSF

1.0

#*

*
5517112 151

g nasd _

oson[ ]
Z 8Je9 _H_

d-} @19 |

- L WA
B cna

By ww RS

B : uden

g 18yd

Z yoey

Z Nnoay

Z 1eud

611017151 719119

-t

5
=

=

—

| 4dn3

B © o

I oulg

| 711212060 51 26

91

_
Lo

<

=

L
= o

S
o

Xapul uoies|esads elens

* ok

L





media/file9.jpg
eeat oS ]
w3z o0s(mn——]

—} H
|} B
— H H
— 0 3 2
— i B
—_— id = =
I o 0 S 4
— R g
[ BE :
zuonp 8 =
R H]
I o & :
— R
- o *

[UOTEAp—"





media/file0.png





media/file8.png
Species richness

. Dorylinae

50 - . Ectatomminae
. Formicinae
|:| Myrmicinae
. Dolichoderinae
. Ponerinae

40 -
Crema
Solen
Lopho
Recur Tetra
Crema Lopho
Crema
Octos Trach Careb
_| | Careb
20 Solen
Pheid Tetra
Pheid Pheid
Lopho
Solen
Pheid Pheid Pheid
10- Careb
Solen






media/file6.png
L e [ -+
2 vt | - e
Q - 4SN
* P -
Fe4 2 i l_lv
0} © - ddN | o o <
_ _ _ _ _ _ T T T T T !
O O O o m Ty o W o W
5 8 &8 B 5 & s & 3 5 & o
ol _ 4Sd (s8] b — 4Sd
¥ ol _ 4dd o < _ _ ddd
'~ ol _w __4SN @  4SN
o — 4dN e+ <  4dN
..... o T T T 4sd & o {— 4Sd
e ol | 4dd e o _ 4dd
8 ey A._I __4SN = o m_ — 4SN
gL ®© o | 4dN Q - B | 4dN
I I [ I I _ I I 1 I I I
w0 wn < ™ o~ - o w o w o Ty
@ @ ~ ~ &
juiod pub Jad ssauyou saeds o (<) o o o

JOAOUIN) |BJUOZIIOH





