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Abstract

:

Pheidole fallax is one the most abundant ants in sites where coal mines have undergone rehabilitation and in forests without mine intervention. The impact that this species may have as an ecosystem engineer needs to be assessed. We aimed to test whether P. fallax nests have an effect on soil chemical properties, to characterize the organic debris found in the refuse piles, and to describe nest architecture as proxy of the bioturbation effect. The study was carried out in a coal mine in Colombia, in sites with 16 and 20 years of rehabilitation. Samples were taken from inside the nests, from the external refuse pile, and from a control treatment one meter away from the nest. The three sample types were subjected to chemical analysis and near-infrared spectra (NIRS). The biomass of items from the 20-year site was significantly greater, and P. fallax use food resources of different trophic levels, with arthropods and seeds being the main items in their diet. The NIRS analysis enabled us to distinguish the origin of the sample: refuse pile, interior of nest, or control soil. No statistical differences were found between the soil of the nests and control soil. High contents of organic matter and other parameters contributed to the soil nutrient pool through accumulation of organic debris in the refuse piles. Nest molds presented an asymmetric architecture, with mean volume ranging from 30 to 105.7 cm3 and an average of 11.8 chambers per nest. The construction and maintenance of nests may play an important role in the reestablishment of ecological and hydrological processes, such as bioturbation and water infiltration, respectively.
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1. Introduction


Open-pit coal mining is one of the human activities with the greatest environmental and social impact since it generates changes in land use in large areas, affecting ecosystems and biodiversity [1]. Ecological rehabilitation of these areas involves the restoration of ecosystem processes that sustain the provision of goods and services, particularly those generated by the soil [2,3]. A basic component that must be evaluated in soil under restoration processes is the soil macrofauna [4], which plays a fundamental role in maintaining ecosystem functions [5].



Ants, termites, and earthworms are considered ecosystem engineers because they affect soil structure by the formation of soil aggregates and pores, and by the production of physical structures that can modify the availability of and access to resources for other organisms [6]. Ants are particularly important regulators of soil processes on different temporal and spatial scales [7]. For example, the bioturbation generated during the construction of nests can change soil physical properties, affecting the soil porosity and water flow [8,9]. Additionally, nest construction modifies the chemical composition of the soil by incorporating nutrients and organic matter from parts of insects, feces, and seeds, which act at different temporal and spatial scales [10,11,12]. These processes contribute to soil quality improvement in rehabilitated areas; however, in the mine context, ants have been mainly recognized as bioindicators [13,14,15,16]. Nevertheless, it is necessary to know the importance of ants as ecosystem engineers and habitat disturbance, especially in the technosols of rehabilitated mines and forests undergoing restoration [17,18].



Pheidole fallax is a predatory and carrion ant with Neotropical distribution, i.e., in the Greater Antilles, Central America, Colombia, Venezuela, and Brazil [19,20]. Studies have observed that P. fallax populations have many individuals cooperating during foraging, while the species has a worker that retrieves small particles of food and is responsible for mass recruitment [21]. They build nests (Figure 1) with a single entrance, with a gallery leading to several chambers near the surface of the ground, and a refuse pile on the outside [22]. These ants are some of the most abundant in sites under rehabilitation for long periods of time and in forests without mining [15]. The species also plays an important role as a seed disperser and predator [22]. Ants of the genus Pheidole (Subfamily: Mirmicinae) are considered effective ecosystem engineers; their nests can improve soil chemical characteristics through the transfer of substantial quantities of organic matter, like arthropod carcasses and plant debris [23].



Considering the above information, in this study we aimed to test whether nests of P. fallax influence soil chemical properties, to characterize the organic debris found in the refuse piles, and to describe nest architecture as proxy of the bioturbation effect in rehabilitated sites of the Cerrejón coal mine (La Guajira, Colombia). We investigated whether the accumulation of arthropod carcasses and seeds in refuse piles contributes to soil nutrient enrichment. Additionally, we aimed to contribute knowledge on P. fallax by studying the structure of its nests. In summary, we aimed to (i) test whether P. fallax nests have an effect on soil chemical properties, (ii) characterize the debris of seeds, arthropods, and other organic items found in the refuse piles, and (iii) describe nest architecture as proxy of the bioturbation effect in the soil.




2. Materials and Methods


The study was carried out in the Cerrejón coal mine in the Department of La Guajira, in northern Colombia (11°3′ N, 72°44′ W–11°8′ N, 72°37′ W), with altitudes between 200 and 240 m above sea level. The natural ecosystem surrounding the mine is a seasonal dry forest, with vegetation corresponding to sub-xerophytic and dry forest biotic zones, dominated by species such as Cordia alba, Mimosa arenosa, Caesalpinia mollis, and Prosopis juliflora. Precipitation is mainly bimodal with an annual mean of 800 mm, evapotranspiration from 1000 to 1500 mm, and mean annual temperature of 27.5 °C [24].



The rehabilitation protocol used in the mine consisted of three stages: geomorphological adaptation of the terrain, topsoil stabilization with grasses, and revegetation with native species [15,24].



2.1. Location of Ant Nests


Given the operational procedures used at the mine, one single rehabilitation plot is installed each year, resulting in sites with different rehabilitation lifetimes; from these, we selected two sites: 16 and 20 years. Three plots (40 × 5 m) with a minimal distance of 300 m from each other were established in each site to locate nests of P. fallax. Following similar investigations [22,25], tuna baits (2 g) were placed in the soil in each plot in a 3 × 20 m grid. The ant workers that approached the baits were followed to identify the nest entrances.




2.2. Characterization and Biomass of Organic Debris of Refuse Piles


Fifteen nests (five per plot) were selected randomly from each site for characterization of the organic debris in refuse piles. All debris found in the refuse piles was collected following the procedure detailed below. In the laboratory, the organic debris was sorted into three groups: (a) carcasses or parts of arthropods (AD: arthropod debris), (b) seeds, and (c) parts of other animals (OAD: other animal debris), such as pupae and larvae of arthropods. Each sample was cleaned, dried, and weighed using an analytical balance.




2.3. Chemical Properties of Ant Nets


Given the availability of nests, only for the 20-year site (two plots), 10 nests were selected for near-infrared spectra (NIRS) analyses [26]; from these, 7 were adequate for chemical analyses (based on the size of the nests) and were assessed accordingly.



For the chemical analysis, in each nest, three types of samples were collected: (1) 400 g of soil from the entrance of nests at a depth of 10 cm, (2) a sample from the refuse pile (sample size depending on the size of the refuse pile), and (3) a control sample obtained from soil located at least 1 m away from the nest’s entrance. The control sample was collected following the same protocol as for Sample 1. The same protocol was followed in every nest, after having previously verified that there was no ant activity in the nest.



Chemical variables were measured: organic matter content, using the Walkley and Black volumetric method [27]; total phosphorus (P) (L-ascorbic spectrophotometry, UV–vis); Ca+2, Mg+2, and K+1 (1N ammonium acetate, atomic absorption); pH (in a 1v:2v water solution); total nitrogen, by a Micro-Kjeldahl method; and the effective cation exchange capacity (ECEC) as the sum of cations extracted with 1 N ammonium acetate [28].



To discriminate nest soil from surrounding soil using NIRS (750–2500 nm), two 10 g samples were taken from each nest, control soil, and refuse pile. Each sample was air-dried, crushed, and sieved at 500 µm. One gram of each sifted soil sample was further packed in a quartz-glass container and scanned with a spectrometer (NIRFLEX N 500, Buchi®, Flawil, Switzerland) in the 1010–2550 nm spectral range. Measurements were taken at 4 nm intervals. The NIR spectra were obtained at 25 °C and 48% relative humidity.



The spectra represented the reflectance (R) of re-emitted light as a function of the wavelength. Reflectance was converted to absorbance (A) using the equation:


A = log (1/R)



(1)







A data matrix of NIR spectral signals can be highly heterogeneous, and considerable variation of measured parameters may exist. Thus, data pre-treatment is a prerequisite to reduce the number of non-informative variables (descriptors). Our data matrix of raw NIR signals was transformed to the second derivative using second-order polynomial Savitzky–Golay smoothing as the spectral pre-treatment method. Finally, for data analysis, only reflectance measurements taken at 8 nm intervals were retained, in order to reduce the number of variables [29]. The software Unscrambler X 10.3 was used to obtain the second-derivative transformation.




2.4. Internal Structure of Nests and Calculation of Nest Volume


The volume of soil removed by P. fallax for construction of the nests was estimated based on the nest’s volume. Furthermore, nest architecture was described as follows: two nests from the 16-year site and three nests from the 20-year site were selected for description of the internal structure by three-dimensional models obtained by impregnation with dental gypsum (Wang et al., 1995). A suspension of 400 g of gypsum and 1 l of water was poured slowly in the nest using a needleless syringe. The gypsum molds were excavated two days later by digging 1 m deep from the nest’s entrance, and the chambers were exposed horizontally, starting from the top.



The molds were measured to determine the total volume (TV), total height (TH), number of chambers (NC), and average volume of chambers (AVC). The TV was estimated by employing Archimedes’ principle of fluid displacement: each nest was immersed in a beaker of 1000 cc, enough to be completely submerged, in order to register the volume displaced. The nests had been previously waterproofed with acrylic solution (SIKA®, Baar, Switzerland) to seal pores in the castings. The AVC was calculated by measuring the length, width, and height of each chamber with a digital Vernier caliper [30].




2.5. Data Analysis


The biomass of organic debris found in the refuse piles (seeds, AD, OAD) of each site was compared via a non-parametric Kruskal–Wallis H test and subsequent post hoc Dunn test with Bonferroni adjustment; the analyses were performed using the PMCMRplus package in R [31]. To compare the total biomass between sites, considering the items (seeds, AD, OAD) as blocks, a non-parametric Friedman test was performed with replicated blocked data and chi-square statistics using the muStat package [32].



A Kruskal–Wallis test and, subsequently, a post hoc Dunn test with Bonferroni adjustment for multiple comparisons were used to compare chemical variables among the interior of nests, the control soil, and the refuse piles. Principal component analysis (PCA) for NIRS and a permutation test (Monte Carlo with 999 simulations) were performed to test the differences among factors. All these analyses were performed using the ade4 package in R [33].





3. Results


3.1. Characterization and Biomass of Organic Debris in Refuse Piles


The 15 selected P. fallax nests were characterized by one to three elongated-oval entrances. The refuse piles had a radius of approximately 30 cm around the nest. Some nests were covered with the remains of branches and dry leaves, creating a barrier around the nest; however, the ants left a small space for foraging activities.



The refuse piles of both sites were composed mainly of AD and seeds (Figure 2 and Table 1); both items constituted 96% of the organic debris biomass found in the nests. The AD contents were greater than the other items in the 20-year site (Dunn’s test p < 0.05), while in the 16-year site, AD contents were barely different from OAD contents (Dunn’s test p < 0.05, Table 1). The biomass of items from the 20-year site was significantly greater (Friedman test, 2 = 29.15, df = 1, p-value < 0.001). Most debris observed corresponded to carcasses of Coleoptera, Hymenoptera, and Orthoptera species. The remains of ants of the Cephalotes genus were present in 100% of the nests. Seeds of grasses and legumes were the second most observed items in the refuse pile. The most frequently collected items composing the OAD were pupae, herbivore feces, larvae, and mollusk shells (Figure 2 and Table 1).




3.2. Chemical and NIRS Analyses


Refuse pile samples of P. fallax were different from the nest’s interior soil and from the surrounding soil. However, the interior nest soil did not differ from the control soil. The contents of N, P, K, Mg, and OM were significantly higher in soils from the refuse piles, where the pH was 14 to 70% greater than that of the control soil. Likewise, refuse piles had lower pH levels and lower Ca contents than control soils, with a significant difference only for pH levels (Table 2).



A separation of the refuse piles from the control and nest soils was observed in the PCA results (Figure 3). However, in this case, the NIRS analyses distinguished nest soils from control soils (the barycenters are separated). The first component (21.3% variance explained) separated the sampling plots and showed high variability, while the second component (12.3% variance explained) distinguished the soil’s origin. The refuse piles formed a separate group (p < 0.01, 3.5% variance explained by the Monte Carlo test) (Figure 3).




3.3. Nest Architecture


The P. fallax colonies had one to four irregular nest entrances, surrounded by a clean area for foraging. Nest molds presented an asymmetric architecture, with the chambers having irregularly shaped edges. These chambers were interconnected with wide horizontal and vertical tunnels. Nest height ranged from 4.7 to 10.3 cm (corresponding to depths in the soil), each with 7 to 17 chambers, and an average of 11.8 chambers per nest. The most superficial chambers were found 2 cm below the soil surface. The nests had a TV ranging from 30.4 to 105.7 cm3 (Table 3 and Figure 4).





4. Discussion


Aspects of the biology of P. fallax have been described mainly in forest and agroecosystems. This work, along with that of other researchers [15,22,25], seeks to understand the role of this species in rehabilitated coal mine areas. The results of this study show that the bioturbation made by these ants can improve the soil conditions through nest building and maintenance, but also by accumulating organic debris.



Data obtained from external refuse piles suggest that P. fallax colonies use food resources of different trophic levels, with arthropods and seeds being the main foods in their diet. These results are consistent with results of other studies in which P. fallax workers have been identified collecting seeds and insect carcasses, which are then carried inside the nests and later deposited in the refuse pile [23].



The greater amount of arthropod and seed remains found in refuse piles in the 20-year-old site, compared to the 16-year-old site, could indicate a greater supply of resources. It is important to highlight that the four additional years at the 20-year-old site are not the reason for the greater supply of resources. Maybe this difference is more related to better habitat conditions at the 20-year-old site, which promote the establishment of a greater number of nests both for this species [15,25] and for others [14,34]. Furthermore, species of the Pheidole genus have small foraging areas (±7 m) [35], which would indicate that the resources collected are close to where the nests are located.



The hauling of corpses and seeds to the nests could trigger the incorporation of nutrients into the soil, causing an enrichment of the adjacent edaphic horizons [17,23]. This assertion coincides with the results of chemical analysis, where the composition of refuse piles was different when compared to the surrounding soil and interior of nests. In other words, high levels of organic matter showed that the entrance of the nest is an important location for the accumulation, translocation, and transformation of soil organic matter [23]. Refuse piles were also identified as sites with lower pH as compared to the surrounding soil. Other nutrients, such as P, K, N, and Mg, are also elevated in the refuse piles according to other studies with ant nests [36,37,38]. NIRS is a practical technique that allowed us to distinguish among refuse pile soil, soil from the interior of the nest, and soil surrounding the P. fallax nests, thus evidencing modifications in soil organic matter content as a result of ant activity. Similar values for the nest interior and control soil may be explained by bioturbation and mixing of soil particles, leading to a reduction or homogenization of the nutrient content [39,40]. However, NIRS is a practical technique that allowed us to distinguish not only refuse pile soil from other types, but also soil from the interior of the nest from soil surrounding the P. fallax nests, although the difference between these was not lower. This is evidence of modifications in soil organic matter content as a result of ant activity, supporting the usefulness of NIRS spectra in identifying the origin of biogenic structures [29,41,42].



The architecture of ant nests has been mostly studied in fungus-feeding ants such as Paraponera, Pognomyrmex, Odontomachus, Camponotus, and Ectatomma [30,43]. However, the nest architecture of only a few species of the Pheidole genus has been studied, as is the case of P. oxyops [44]. The P. fallax nests analyzed presented a different architecture from those of P. oxyops, which have irregular and vertically structured nests with convex chambers at the top, concave chambers at the bottom, and a mean depth of 223.77 cm [44]. P. fallax nests are shallow, not exceeding 10 cm, and the chambers are irregular. However, some nests had a concave top chamber. Deeper ant nests have been found in non-compacted soils with little anthropogenic intervention [43]. The soils examined by Tschinkel [43] did not present high bulk density values, but our rehabilitated sites have a soil layer about 30 cm deep, which could be a limitation to building deeper nests [45]. Another possible explanation could be related to the size of the colony, although this was not evaluated. The high rate of soil turnover found in the study area [25] could explain why nests do not reach larger sizes.



Some generalist ant species have been documented to not have a specific construction pattern, which would coincide with P. fallax presenting irregular patterns in the architecture of its nests, unlike fungus-eating ants, which build more elaborate and deeper nests than detritus-/seed-collecting ants [46]. Also, providing information on the internal structure of nests and on the calculation of the nest volume may be relevant for hydrological studies; channels and large burrows may function as macropores, thus creating the potential for rapid movement of water and water-soluble chemicals, namely, preferential flow, into the soil [5,47,48]. Bioturbation generated by nest construction results in soil physical changes such as a reduction in the soil bulk density, redistribution of particles (i.e., small size in refuse piles), and the creation of lateral and vertical pore networks, which alter soil porosity and water infiltration [23,49]. However, it is necessary to determine the rate of soil mobilized in the building of the nest to evaluate with greater accuracy the ecosystem service offered by these ants in relation to bioturbation.



The transport of arthropods, seeds, and other items may effectively contribute to processes such as nutrient and seed dispersal, and the nests may act as “fertility islands” [15,19,20,46]. Also, the accumulation of organic matter can attract soil microarthropods and protozoa [38], such as Acari and Collembolas, which were found in the refuse piles. On the other hand, some of these seeds were viable; indeed, seeds found in the nests and refuse pile have greater potential to germinate than those located in the soil far from the nests [22,50], which might enhance ecological restoration processes in shorter periods of time. However, it is necessary to assess whether the increase in nutrient availability improves plant growth [23].




5. Conclusions


We can conclude that P. fallax contributes to the soil nutrient pool through the accumulation of organic debris in its refuse piles. The present results further illustrate that chemical modifications inside the nest were minor and could only be determined by NIRS analysis. Future studies should take samples directly from the chambers. For the first time, the internal architecture of the nests is described, contributing to the knowledge of the biology of this species. The determination of the volume of the nests gives indications of the volume of soil that is required for their construction. A more complete quantification of the bioturbation impact is recommended.



By combining this study with others carried out with P. fallax in this mine, the role of this species in the re-establishment of ecological processes, such as soil organic matter accumulation, seed dispersion, and bioturbation, can be highlighted. It is possible that the high turnover of nests leads to nutrient-rich patches, contributing to soil heterogeneity. All these processes are important elements for monitoring in ecological restoration projects.
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Figure 1. Photographs of (A) a P. fallax nest and (B) its refuse pile. 
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Figure 2. Biomass (g) of three item types found in 15 coal mine refuse piles colonized by P. fallax in 16-year and 20-year rehabilitated sites of the Cerrejón mine in La Guajira, Colombia. AD = arthropod debris; OAD = other animal debris. 
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Figure 3. Principal component analysis results for projection of NIRS spectra of refuse piles (RP), soil of P. fallax nests, and control soil (CS), in the plane defined by the first two factors for the 20-year site. 
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Figure 4. P. fallax nests molded with dental gypsum, showing the ant nest architecture in rehabilitated sites of the Cerrejón mine in La Guajira, Colombia. 
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Table 1. Mean and standard error (SE, given in italics) of organic debris found in refuse piles of P. fallax determined by the Kruskal–Wallis test and post hoc comparisons using the Dunn test. Different letters denote statistically significant differences between study sites. n = number of nests; AD = arthropod debris; OAD = other animal debris.
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	Site
	n
	Seeds (g)
	AD (g)
	OAD (g)
	p-Value





	16 years
	15
	0.27 a
	0.36 b
	0.03 b
	0.001



	
	
	0.09
	0.07
	0.01
	



	20 years
	15
	0.41 a
	0.64 a
	0.12 b
	0.001



	
	
	0.20
	0.21
	0.03
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Table 2. Chemical properties (mean and standard error, SE) of soils collected from P. fallax (n = 7) nests, refuse piles, and control soil from rehabilitated sites of the Cerrejón mine, located in La Guajira, Colombia. The Kruskal–Wallis test was performed, along with post hoc comparisons using the Dunn test. An increase or decrease in the values for refuse piles (RP) with respect to the control soil (CS) is indicated as a percentage and with arrows.
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Refuse Pile

	
Nests

	
Control Soil

	

	
Increase/Decrease

RP vs. CS (%)




	
Mean

	
SE

	
Mean

	
SE

	
Mean

	
SE

	
P

	






	
pH

	
6.70 a

	
0.17

	
7.83 b

	
0.15

	
7.84 b

	
0.06

	
<0.01

	
↓

	
14.54




	
OM (%)

	
9.36 a

	
1.30

	
3.32 b

	
0.10

	
3.28 b

	
0.31

	
<0.01

	
↑

	
64.96




	
N (%)

	
0.98 a

	
0.29

	
0.30 b

	
0.10

	
0.29 b

	
0.07

	
<0.01

	
↑

	
70.41




	
P (ppm)

	
132.29 a

	
7.85

	
46.54 b

	
9.31

	
54.11 b

	
13.03

	
<0.01

	
↑

	
59.10




	
Ca (meq)

	
39.19 a

	
7.28

	
56.60 b

	
8.53

	
54.6 b

	
8.31

	

	

	




	
Mg (meq)

	
10.13 a

	
1.14

	
4.28 b

	
0.19

	
4.36 b

	
0.25

	
<0.01

	
↑

	
56.96




	
K (meq)

	
5.43 a

	
0.31

	
2.46 b

	
0.16

	
2.53 b

	
0.25

	
<0.01

	
↑

	
53.41
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Table 3. Mean measurements (±standard error), for the number of chambers (NCs), total height (TH), total volume (TV), and average volume of chambers (AVC) of five P. fallax nests.
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	Nest
	NC
	TH (cm)
	TV (cm3)
	AVC





	1
	7
	4.7
	30.4
	16.66 ± 0.62



	2
	9
	6.2
	40.1
	12.08 ± 0.29



	3
	12
	8.4
	55.6
	15.94 ± 0.11



	4
	14
	8.9
	90.4
	14.13 ± 0.15



	5
	17
	10.3
	105.7
	17.41 ± 0.39
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