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Subterranean fauna associated
with mesovoid shallow substratum
in canga formations from
southeastern Brazil: invertebrate
biodiversity of a highly threatened
ecosystem

Ligia Maria Saback Moreira Dornellas®"“, Pedro Giovani da Silval®%?, Augusto S. Auler®?,
David C. Culver®? & Tanja Pipan®*

Iron Formations (IF) are threatened by mining, particularly the Mesovoid Shallow Substratum (MSS),
an understudied subterranean environment. We evaluate the spatiotemporal patterns of subterranean
fauna in MSS of iron duricrust (canga) in the Iron Quadrangle and Southern Espinhago Range,
southeastern Brazil. Samplings took place between July 2014 and June 2022 using five trap types. We
sampled 108,005 individuals, 1,054 morphospecies, and seven phyla, globally the largest dataset on
MSS in IF. Arthropoda represented 97% of all invertebrates sampled. We identified 31 troglomorphic
organisms, primarily Arthropoda and Platyhelminthes. MSS traps were the most efficient method,
capturing 80% of all invertebrates. Morphospecies were more prevalent in each locality than shared
among localities. Species replacement was the main processes to spatial differences. Over time, we
found a decrease of total dissimilarity and importance of species replacement for troglomorphic
organisms. A positive correlation between spatial distance and compositional dissimilarity of
invertebrates was found. Iron Quadrangle and Southern Espinhago Range showed marked differences
in the spatiotemporal patterns of subterranean fauna. Brazilian IF are threatened, with their biological
significance not fully understood but highly endangered due their limited distribution. Conservation
efforts require a comprehensive understanding of both biotic and abiotic factors shaping the entire IF
ecosystem.

Keywords Iron formations, Iron Quadrangle, MSS, Shallow subterranean habitat, Southern Espinhago
Range, Troglobiotic

Iron Formation (IF) is a broad term for iron-rich rocks including (and derived from) the original Banded Iron
Formation (BIF) deposits. These ancient rock formations, dating back from the Proterozoic (3.5-2.5 Gy), are of
high economic value as the main source of iron (Fe)'. Most of these IF deposits are currently restricted to a few
areas in Earth’s surface (Australia, Brazil, Canada, Russia, and eastern/southern Africa), commonly associated
with tectonically stable settings in old cratonic regions**. The economic value of IF has resulted in a dramatic
increase in mining activities that causes severe threat to this conspicuous and quite limited ecosystem*6. In
Brazil, IF rocks comprise approximately 0.1% of the Brazilian landmass, with major deposits in the Amazonian
area of the Carajés plateau in northern Brazil, and in the Iron Quadrangle (IQ) and Southern Espinhago Range
(SE), both in southeastern Brazil’. Brazil holds the position as the world’s second-largest exporter of iron ore,
representing a noteworthy 74% of Brazil's mineral exports in 2021, a surge from 66% in 20208, This economic
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setting has had considerable impact on the conservation of caves and other subterranean environments in iron-
rich landscapes.

IF regions in Brazil are usually capped (and protected from erosion) by canga, an iron-rich conglomerate
usually a few meters thick. Canga is particularly porous, containing joints and fractures, which harbor pores of
different sizes including caves’. Canga pores, therefore, establish connections with epigean environments, such
as soil, rock compartments, and leaf litter, serving as vital connectivity elements for invertebrate fauna between
macro caves and other subterranean habitats!-!2. Canga represents a previously unrecognized subterranean
ecosystem and can be seen as a type of Mesovoid Shallow Substratum (MSS)'?, also known as a shallow
(superficial) subterranean habitat with intermediate-sized spaces and connections with the surface'*. Hence,
canga provides a diverse subsurface habitat inhabited by fauna adapted to subterranean environments'>1>16, In
the Brazilian Atlantic Forest, the fauna adapted to caves and similar environments within IF landscapes show
higher diversity compared to fauna associated with other types of rock formations like carbonate, magmatic,
and siliciclastic rocks!”. However, this outstanding biodiversity and many aspects of broad-scale spatiotemporal
patterns of organisms in the canga MSS environments are still unknown!s.

Research interest in MSS habitats is increasing since they represent a shallow subterranean habitat of
significant conservation importance because of the many invertebrates, both endemic and specialized for
subterranean life, found in it'®. For instance, some authors have found that IF caves and MSS are hotspots
for subterranean Collembola (either troglophile or troglobiotic) in southeastern Brazil'®. The MSS serves as
a climatic and reproductive refuge, functions as a biogeographic corridor, and can also serve as a permanent
habitat®®. Some species inhabiting the MSS have specialized traits such as a marked degree of troglomorphism
associated with this type of habitat?!, thus allowing the occurrence of troglobiotic species (restricted to the
subterranean environment). These ecosystems, in recent years, have been the subject of studies for environmental
licensing purposes in Brazil, as they occur in areas of high mineral interest?2. Faunistic surveys in IF caves and
MSS in Brazil have indicated a diverse fauna, including records of troglobiotic and troglomorphic species!®23-2,
Studies of the spatiotemporal distribution of biological groups in canga MSS are, however, still limited!!"18:25,
hence leaving a unique and highly threatened environment with little information about its biodiversity.

Evaluating the diversity patterns of the subterranean fauna allows us to verify if there is a connection between
the macro cavities'®. This is an argument that can be used for the delimitation of the surrounding protective area
necessary to ensure the maintenance of the ecological integrity of cavities, according to the Brazilian legislation
on caves®*?’. Therefore, studying the subterranean fauna in the canga MSS has great potential for expanding the
knowledge about the distribution of biological populations, allowing a better understanding of the IF systems.
Essential discussions involve the composition of the troglobiotic fauna in the iron rocks and the extension of
the subterranean environment, considering the subterranean system as a whole and not only the macro cavities
accessible to humans?®-3°. The combination of complementary sampling methods allows access to different
subterranean habitats and expands the knowledge and understanding of these environments®'.

Here we evaluate the distribution of the subterranean invertebrate fauna inhabiting the canga MSS in the
Iron Quadrangle and Southern Espinhago Range in southeastern Brazil. Our comprehensive dataset, the largest
so far in this type of rock, is based on the compilation of distribution data of species sampled with different
types of traps in three long-term monitoring projects. Specifically, we aimed to characterize the fauna associated
with the canga MSS in southeastern Brazil and discuss the highly threatened nature of this environment due
to increasing iron mining activities. We compare the effectiveness of the five sampling methods and describe
the spatiotemporal patterns of beta diversity (i.e., compositional changes) for the whole community and
troglomorphic organisms. We also assess the existence of a correlation between compositional changes and
spatial distance, which can bring insights into the connectivity within the IF environment.

Materials and methods

Study area

Our database consists of data from three monitoring projects carried out to evaluate the invertebrate fauna in
the IQ and the SE, two geographically adjacent regions located in the state of Minas Gerais, southeastern Brazil
(Fig. 1). The study region comprises an ecotone between the Atlantic Forest and Cerrado (Brazilian savannah-
like ecosystem), where relic communities of mountain vegetation also occur. In the region on the eastern edge
of the Espinhaco, a montane semideciduous seasonal forest predominates, with forested and woody grassland
savannahs occurring as well, along with upper-mountain and montane refuges. The climate is highly seasonal,
with an average annual temperature of 20.6 °C in the sampled locations, with the highest monthly averages in
February (summer; 23.2 °C) and the lowest in July (winter; 16.6 °C). The annual accumulated precipitation is
1424.4 mm, while the average annual relative humidity is 76.1%. The rainiest months extend from October to
March. The months from April to September are marked by the dry season®2.

The IF regions of southeastern Brazil have undergone a complex geological and tectonic evolution, involving
both hypogene (mineralization related to deep sources of ascending fluids) and supergene (mineralization near
the surface due mainly to meteoric solutions) iron mobilization, resulting in the formation of resilient IF ridges.
The iron-rich beds belong to the Caué Formation and constitute a part of the larger BIF deposited between
2.52 and 2.42 Gy™®. The IF of the Southern Espinhaco Range are situated near the 1Q, sharing many climatic
and vegetational characteristics. These formations, rich in Fe, consist of two distinct sequences separated by an
erosional unconformity. They are part of the Serra do Sapo Formation, part of the Serra da Serpentina Group
and the Canjica Formation which belongs to the Séo José Group, with depositional ages of 1.99 and 1.66 Gy,
respectively®*. Both BIF sequences exhibit similar features, characterized by alternating bands of hematite-rich
and quartz-rich layers, ranging from millimeters to centimeters in thickness. Like the IQ, the SE iron deposits
predominantly outcrop at the top and flanks of irregular, roughly north-south trending ridges. Iron mining
operations in the SE region only commenced in the early 2010s, and as a result, most of the IF deposits remain
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Fig. 1. Location of the three sampling sites (Brumadinho — BRU, Itabirito — ITA, and Conceigdo do Mato
Dentro — CMD) in the state of Minas Gerais, southeastern Brazil. Maps were created in QGIS version 3.38.0
(http://qgis.osgeo.org).

relatively preserved?”. In both areas there is widespread occurrence of canga, a much younger iron-rich duricrust
that comprises fragments of iron rocks cemented by a ferruginous matrix*®%’. Silica leaching and iron bacterial
mobilization resulted in a highly heterogeneous IF habitat with elevated porosity®®**, with porosity values
reaching as much as 24%. Besides widespread microporosity represented by mm-scale interconnected pores,
canga and weathered BIF host thousands of caves'®*>4l. Although of variable size, the pore spaces within
canga retain rainwater and organic matter, slowly percolating into deeper rock layers and caves. These organic-
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rich habitats, often persistently wet or humid, create a permeability contrast with the less permeable IF units
underneath.

The three monitoring projects in both IF are described as follows: (1) Brumadinho (BRU). The invertebrate
sampling was carried out in 20 sampling units located in Serra do Rola Moga, Brumadinho, Minas Gerais,
Brazil (20°09°317S, 43°58°26”W, 1503-1581 m a.s.l.), which belongs to the IQ domain. The sampling units were
monitored during 24 campaigns carried out between April 2018 and June 2022. To sample the fauna in BRU,
we used only traps developed for surface/shallow subterranean spaces (MSST traps; Fig. 2; see Appendix SI in
the Supplementary information for detailed trap description)*2. (2) Itabirito (ITA). Samplings were carried out
during July 2014 to May 2016 in Serra da Moeda (20°17°58”S, 43°56°46”W, 1490-1420 m a.s.l.), which is located
in the southwestern portion of the IQ. The following sampling methods were used: MSS traps (MSST; N=28);
MSS traps with leaflitter (MSSL; N=45), depth traps (DEPT; N=18), flexible leaflitter traps (FLLT; N=39), and
drip traps (DRIT; N=9; Fig. 2; see Appendix SI in the Supplementary information for detailed trap description).
(3) Conceigdo do Mato Dentro (CMD). The sampling was carried out in canga sites of Serra do Sapo, located in
the municipality of Conceigdo do Mato Dentro (19°00°177S, 43°23°43” W, 848-991 m a.s.l.), which belongs to the
SE domain. We sampled biological groups using the following sampling methods: MSS traps (MSST; N =20),
MSS traps with leaf litter (MSSL; N=20), flexible leaf litter traps (FLLT; N=53), and drip traps (DRIT; N=8;
Fig. 2; see Appendix S1 in the Supplementary information for detailed trap description) between September
2015 and July 2016.

Laboratory procedures

The samples were sorted and kept in 70% alcohol for preservation. After sorting, the organisms were separated
into morphospecies and identified using dichotomous keys for orders and families of invertebrates. All material
was sent to specialists for confirmation or refinement of identifications, as well as for analysis of possible
endemism and troglomorphism (see Acknowledgments). Voucher specimens were deposited in the Museu
de Ciéncias Naturais of the Pontificia Universidade Catolica de Minas Gerais (Annelida, Entognatha, Insecta,
Malacostraca, Maxilipoda, Mollusca, Nematoda, Onychophora, and Platyhelminthes), Collection of Arachnids
and Miriapods of the Laboratdrio Especial de Colegoes Zooldgicas of the Butantan Institute (Arachnida and
Myriapoda), and Soil Fauna Reference Collection of the Universidade Estadual da Paraiba (Collembola).

Statistical analysis

We used the R analytical environment to carry out our analysis®’. First, we compiled and described general
patterns of (morpho)species richness and abundance of the invertebrate fauna as a whole and for troglomorphic
organisms by locality and by type of trap used. The number of unique and shared species by trap type was
described using Venn Diagrams.

DEPT DRIT

Depth trap Drip trap Flexible leaf litter trap MSS trap with leaf litter

Fig. 2. Schematic profile of an IF cave and surroundings, and trap types used to sample the IF invertebrate
fauna in the three study sites of Minas Gerais, southeastern Brazil (BRU, ITA, and CMD). Classic MSS traps
(MSST), MSS traps with leaf litter (MSSL), depth traps (DEPT), flexible leaf litter traps (FLLT), and drip traps
(DRIT). See Appendix S1 for detailed description of traps.
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Species accumulation curves were generated for both the whole community and troglomorphic species,
using abundance per location and per sampling method throughout the sampling period. The objective was
to assess sample completeness and compare species diversity profiles. To compare curves between locations,
we only used data from classic MSS traps, as it was the only common method among the three locations. Only
the CMD and ITA locations were used to compare sampling methods, since both used at least four different
methods and the BRU location only used classic MSS traps. We estimated the sample coverage or completeness
using Hill numbers***. Hill numbers, or the effective number of species, comprise a mathematically unified
group of diversity indices (differentiated solely by an exponent g) that integrate both species richness and relative
abundance into their calculations*!. We used Hill numbers of g=0 (which represents the species richness) to
calculate the sample size-based rarefaction and extrapolation curves by doubling the reference sample**¢. For
extrapolated portions of the curves, the number of individuals was twice the actual reference size**. The sample
coverage based on the final slope of this curve was estimated with 100 bootstrap replications and implemented
using the “iNEXT” R package®®.

The Sorensen dissimilarity, a measure of incidence-based B-diversity (B,.,), was used to assess spatial and
temporal variations in species composition per location using only the classic MSS traps. This analysis was
carried out separately for the whole community and troglomorphic species. Spatial B-diversity was utilized to
quantify dissimilarity in species composition among the MSS points, while temporal p-diversity measured the
variation in species composition at each sampling point over the sampling period. To elucidate the main drivers
of species composition variation, the spatial and temporal p-diversity (Sorensen dissimilarity) values were
partitioned into species replacement and richness difference?”. We used the Podani’s approach for this purpose?”
using the “beta.multi” function of the “BAT” R package®®.

We used Mantel tests to evaluate the correlation between species composition dissimilarity and spatial
distance between sampling points®. Spatial distance was estimated using UTM coordinates of latitude and
longitude of each sampling point. We carried out this analysis for the whole dataset and for each locality using
classic MSS traps only. These analyses were carried out separately for the whole community and troglomorphic
species. Bray-Curtis dissimilarity and Euclidean distance were used to calculate the community dissimilarity
and spatial distance, respectively. We used the function “mantel” of the “vegan” R package® with the Spearman
correlation coefficient and 9,999 permutations.

Results

We sampled 108,005 individuals and 1,054 morphospecies (Table S1) belonging to seven phyla: Annelida
(S=12, N=1,534), Arthropoda (S=1,009, N=105,767), Mollusca (S=19, N=56), Nematoda (S=4, N=8),
Onychophora (S=1, N=1), Platyhelminthes (S=5, N=39), and Rotifera (S=4, N=600) (Table 1; Fig. 3a).
We found 2,772 individuals of 31 morphospecies of troglomorphic fauna, belonging to two phyla: Arthropoda
(S=28, N=2,735) and Platyhelminthes (S=3, N=37) (Table 2; Fig. 3a). Pseudosinella sp.1 (Collembola:
Entomobryidae), Arrhopalites coecus (Tullberg, 1871) (Collembola: Arrhopalitidae), Pararrhopalites sp.11
(Collembola: Symphypleona), Pseudosinella sp.5 (Collembola: Entomobryidae), Pararrhopalites sp.2, and
Pararrhopalites sp.3 represented together 82.5% of the troglomorphic species sampled. These Pseudosinella spp.
occurred in all three localities, being sampled more frequently with flexible leaf litter traps followed by classic
MSS traps (Table 2). A. coecus also occurred in all three localities, while these Pararrhopalites spp. were sampled
only in BRU and ITA exclusively or mostly with classic MSS traps (Table 2).

Among localities, Arthropoda represented more than 97% of all invertebrates sampled (BRU=97.3%;
ITA =99.4%; CMD =97.2%; Fig. 3a). Among these, insects were the most abundant, representing 77.7%, 64.5%,
and 54.1% of all individuals sampled in BRU, ITA, and CMD, respectively (Fig. 3b). Arachnida was the second
most abundant group in BRU (11.2%) and CMD (34.0%), while Collembola was the second most abundant in
ITA (33.9%) (Fig. 3b). Among the sampling methods, we found that classic MSS traps sampled almost 80% of all
invertebrate fauna, while depth traps were the second most efficient method in terms of invertebrate abundance
(15.4%) (Fig. 3¢). Flexible leaf litter traps, drip traps, and MSS traps with leaf litter sampled only 3.3, 0.8%, and
0.07% of the total individuals (Fig. 3d).

The number of shared morphospecies among the three localities was lower than the number of unique
morphospecies found in each locality (Fig. 4a). BRU has the most unique invertebrate fauna among the localities
sampled, with 401 morphospecies (38%). ITA had the second higher relative number of unique morphospecies
(S=211; 20%), while CMD had only 132 unique morphospecies (12.5%). Among the sampling methods, classic
MSS traps was the most efficient in terms of unique morphospecies (S=744; 70.6%) (Fig. 4b). Classic MSS traps
plus flexible leaf litter traps were the second most efficient in number of morphospecies (S=65; 6.2%). Flexible
leaf litter traps sampled 50 unique morphospecies (4.7%), depth traps sampled 29 unique morphospecies (2.8%),
while only 10 morphospecies (0.09%) were sampled in drip traps. For troglomorphic organisms, we found a
similar pattern, with unique troglomorphic species showing high numbers in BRU and ITA (S=9 in both),
while shared species between two or three localities were low (S <4) (Fig. 4c). Among trap types, troglomorphic
organisms were better sampled using classic MSS traps and classic MSS plus flexible leaf litter traps (Fig. 4d). No
troglomorphic species was sampled in four or more types of traps.

The interpolation and extrapolation curves and sample coverage values indicated a good representation
of the invertebrate fauna sampled in MSS traps in all localities (BRU: S=658, SC [sample coverage] =0.997;
ITA: S=346, SC=0.992; CMD: S=274, SC=0.996) (Fig. 5, upper, left panel). However, BRU had 3.8 and 2.8
times more individuals than ITA and CMD, respectively. Classic MSS traps were the most successful in terms
of species richness when compared to other traps (Fig. 5, central and lower left panels). Flexible leaf litter traps
had the second largest number of morphospecies and individuals sampled in both ITA and CMD localities (ITA:
§$=95, N=2036, SC=0.987; CMD: S=92, N=1490, SC=0.973). For the troglomorphic fauna sampled using
MSS traps, we also found a high sample coverage in all localities (BRU: S=17, SC [sample coverage] =0.986;
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Localities Trap types
Phylum Class Order BRU |ITA CMD | MSST | MSSL | DEPT | FLLT | DRIT | Total
Annelida Clitellata Alluroidida 28 1 28 1 29
Enchytraeida 1164 152 1 1176 138 3 1317
Haplotaxida 9 9 9
Tubificida 154 2 23 177 2 179
Arthropoda Arachnida N.id. 2 267 269 269
Araneae 168 176 252 416 5 28 146 1 596
Mesostigmata 1277 680 1957 1957
Opilioacarida 1 1 1
Opiliones 54 1 55 55
Palpigradi 5 32 37 37
Pseudoscorpiones 21 58 70 103 1 41 4 149
Sarcoptiformes 3317 4949 8266 8266
Scorpiones 14 1 15 15
Tombidiformes 17 27 44 44
Trombidiformes 923 927 1850 1850
Chilopoda N.id. 1 1 1 2 1 3
Geophilomorpha 10 1 11 11
Lithobiomorpha 6 8 10 4 14
Scolopendromorpha 11 6 5 21 1 22
Scutigeromorpha 2 2 2
Collembola N.id. 5099 1 5098 5099
Entomobryomorpha | 3394 | 3210 1169 | 6156 | 15 617 | 974 | 11 7773
Neelipleona 17 17 17
Poduromorpha 659 435 18 683 391 38 1112
Symphypleona 1068 1977 1236 2828 | 48 718 685 2 4281
Symphypleona 188 | 421 1] 487 18 81| 24 610
Copepoda Cyclopoida 2 21 23 23
Diplopoda N.id. 1 1 1
Polydesmida 72 13 7 84 3 3 2 92
Polyxenida 2 2 2
Spirostreptida 2 3 4 6 1 2 9
Diplura Diplura 14 3 53 68 2 70
Insecta N.id. 1 1 1
Archaeognatha 20 26 45 1 46
Blattodea 1968 885 2089 4774 | 22 13 129 4 4942
Coleoptera 1430 1001 734 2833 | 67 168 92 5 3165
Dermaptera 12 12 12
Diptera 2144 3251 4490 8209 | 499 904 267 6 9885
Embioptera 7 1 7 1 8
Hemiptera 238 364 16 571 6 39 2 618
Hymenoptera 34,307 | 15,002 3765 | 44,213 | 22 8340 348 | 151 53,074
Lepidoptera 17 406 93 24 6 486 516
Mantodea 1 1 1
Neuroptera 1 2 3 3
Orthoptera 95 61 83 218 5 1 15 239
Psocodea 4 114 12 16 1 11 101 1 130
Psocodea 3 3 3
Psocoptera 13 5 168 50 | 45 91 186
Siphonaptera 17 17 17
Thysanoptera 9 16 3 26 2 28
Trichoptera 14 1 9 5 1 15
Zygentoma 14 5 10 29 29
Malacostraca Isopoda 120 238 1 196 | 20 102 41 359
Pauropoda cf. Hexamerocerata 1 1 1
Symphyla Nid. 98 11 109 109
Continued
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Localities Trap types

Phylum Class Order BRU |ITA CMD | MSST | MSSL | DEPT | FLLT | DRIT | Total
Mollusca Gastropoda Architaenioglossa 1 1 1 1 2
Littorinimorpha 9 9 9
Stylommatophora 31 12 2 39 2 4 45
Nematoda N.id. N.id. 1 1 1
Enoplea Dorylaimida 6 1 6 1 7
Onychophora N.id. N.id. 1 1 1
Platyhelminthes | N.id. Tricladida 38 38 38
Turbellaria N.id. 1 1 1
Rotifera Eurotatoria Bdelloidea 20 580 600 600
z.orphospecies 50 46 40 57 | 14 22 29| 18 64
N. individuals 53,173 | 33,026 | 21,806 | 86,229 | 770 16,647 | 3,526 | 833 108,005

Table 1. Biological groups sampled in Brumadinho (BRU), Itabirito (ITA), and Concei¢ao do Mato Dentro
(CMD). Traps used: classic MSS traps (MSST), MSS traps with leaf litter (MSSL), depth traps (DEPT), flexible
leaf litter traps (FLLT), and drip traps (DRIT). N.id. = not identified. See table S1 for details.

ITA: S=15, SC=0.999; CMD: S=7, SC=1.000) (Fig. 5, upper, right panel). ITA, however, showed the largest
number of troglomorphic individuals sampled (ITA: N=1430; BRU: N=350; CMD: N=99). When sampling
methods are compared, MSS traps also sampled the greatest troglomorphic richness and abundance (ITA:
S$=15, N=1430, SC=0.999; CMD: S=7, N=99, SC=1.00) (Fig. 5, central and lower right panels). In both ITA
and CMD localities, the FLL traps had the second largest number of morphospecies sampled. This method also
was the second in terms of abundance in ITA, while drip traps was for CMD.

The partitioning of B-diversity revealed that species replacement contributed more than richness differences
spatially (among MSS sites in each locality) for both the whole community and troglomorphic organisms, with
higher values for the whole community (Fig. 6a, b). Over time, we found a variable temporal pattern for the whole
community: BRU and CMD were dominated by species substitution, while ITA had an increased compositional
dissimilarity, mostly represented by richness differences (Fig. 6¢). Temporal B-diversity partitioning indicated a
higher compositional dissimilarity of troglomorphic organisms for both BRU and ITA, mostly represented by
species replacement. For CMD, we found a lower temporal dissimilarity, with both components of replacement
and richness differences playing a similar role (Fig. 6d).

We found that the increase in spatial distance was positively correlated with the increase in dissimilarity
of the whole community and troglomorphic organisms sampled in the canga considering all trap types and
only classic MSS traps (Fig. 7). This pattern also occurred in BRU for both groups and in ITA for the whole
community. We found no correlation in CMD for both groups and for troglomorphic organisms in ITA (Fig. 7).

Discussion

Our results revealed an outstanding biodiversity of invertebrates sampled using different types of traps in the
canga MSS from the Iron Quadrangle (IQ) and the Southern Espinhaco Range (SE) in southeastern Brazil.
This includes some troglomorphic organisms. In many subterranean habitats, such as the canga MSS, there is
a continuing flux of migrants from the soil and surface fauna to the MSS. This flow can be caused actively (e.g.,
migration, foraging) or passively (e.g., flood, wind, gravitation)'*. Some deep soil and deep litter invertebrate
fauna can be eyeless and pigmentless (edaphomorphy). Troglomorphic organisms are those when additional
traits, such as appendage elongation or larger body size, are present®">2. Together with the organisms obligatorily
associated with the MSS, these soil and surface invertebrates contribute to the high diversity of organisms found
in this type of subterranean environment.

We found some marked differences in the invertebrate biodiversity between IQ (BRU, ITA) and SE (CMD).
For instance, CMD had lower total species richness and abundance, and fewer troglomorphic species and their
abundance than either BRU or ITA, considering only classic MSS traps with similar sampling effort in these
localities. Differences in iron outcrops’ area and shape may have an influence on these results. The area of iron
formations in SE was estimated at 34.2 km? with a narrow and elongated shape comprising an almost single
outcrop, plus a few adjacent areas in its southern portion®****. In IQ, the iron formations were estimated to cover
186.4 km? with several occurrences of outcrops spread over an area much larger than SE**°. The relationship
between the number of species and the area sampled is a well-established and widely reported ecological
phenomenon. It has been documented across different taxa and spatial scales®. Additional factors such as
differences in canga thickness and porosity and in local climatic and environmental conditions between IQ and
SE deserve future investigation to elucidate the main processes behind such patterns.

Unique invertebrate morphospecies and troglomorphic organisms were more prevalent in each locality
than shared among localities. This pattern of having numerous geographically rare species alongside a small
number of geographically widespread ones is likely a common occurrence across subterranean fauna overall'.
Additionally, BRU and ITA (IQ) shared more species than both shared with CMD (SE). This result is explained
by the geographic proximity between the two areas of IQ in relation to SE. Biological communities are assembled
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Fig. 3. Distribution of abundance (square-rooted) of the invertebrate phylum (upper panels) and Arthropoda
class (lower panels) sampled in Brumadinho (BRU), Itabirito (ITA), and Concei¢ido do Mato Dentro (CMD),
and as a whole (Total) using different traps (DEPT: depth traps; DRIT: drip traps; FLLT: flexible leaf litter
traps; MSSL: MSS traps with leaf litter; MSST: classic MSS traps). Phylum and class names were ordered
alphabetically. Inset plots in ‘a’ and ‘c’ represent the same for troglomorphic organisms. Silhouettes of
organisms are not to scale.

by factors such as dispersal limitations, environmental heterogeneity, and interactions among organisms.
Additionally, stochastic variations can also influence patterns of species distribution®*. Differences in spatial
distance also proved to be determinant in the compositional differences of invertebrates between the three
sampled localities. Increased spatial distance led to greater dissimilarity in biological composition between
IQ and SE. This pattern was robust considering the whole community and troglomorphic organisms, either
using all trap types and classic MSS traps only. Within each locality, we found a similar response pattern of
invertebrates only in BRU. ITA showed the same pattern but only for the whole community. Interestingly, the
pattern was not maintained in CMD for any of the groups evaluated, adding yet another striking difference in the
diversity patterns of invertebrates sampled in the MSS between IQ and SE. The invertebrate fauna sampled in the
MSS, especially those obligatory adapted to the subterranean environment, is expected to exhibit some degree of
dispersal limitation due to biotic and abiotic requirements'. Therefore, one would expect that the composition
will change substantially as spatial distance, environmental heterogeneity, and interaction with different species
increase across the IF sampled.

Arthropoda dominated in all localities followed by Annelida in BRU and ITA (IQ), but in CMD (SE),
Rotifera was more abundant than Annelida as the second more representative group. All Rotifera organisms
were found in samples using drip traps as these are aquatic and microscopic animals. The greater occurrence
of Arthropoda, mainly represented by Insecta, Collembola, and Arachnida, is a robust pattern among studies
on the MSS fauna®. The consistent prevalence of epigean species within the different types of MSS has been
a recurrent observation in previous studies®, including the canga MSS'3. The MSS acts as a climatic and
reproductive refuge, operates as a biogeographic pathway, and may also function as a permanent habitat for
many organisms?. In congruence, classic MSS traps sampled the most representative fauna of most phylum,
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Fig. 4. Number of unique and shared morphospecies of invertebrate fauna sampled in Brumadinho (BRU),
Itabirito (ITA), and Conceigdo do Mato Dentro (CMD) (upper panels) using different traps (MSST: classic
MSS traps; MSSL: MSS traps with leaf litter; DEPT: depth traps; FLLT: flexible leaf litter traps; DRIT: drip
traps) (lower panels). Left panels represent the whole invertebrate community; right panels represent the
troglomorphic species.

except for all Rotifera (aquatic organisms) and one Onychophora (terrestrial organisms). Since their creation,
classic MSS traps have been demonstrated to be a robust collection method for sampling representative and
diverse subterranean fauna, including troglomorphic and troglobiotic organisms*2. Excluding classic MSS traps,
some organisms (S=9 to 50) were sampled exclusively in each trap type. In ITA and CMD, localities with more
trap types, the complementarity of other traps to classic MSS traps in sampling troglomorphic organisms was
low. However, some organism groups were found in only one trap type: Folsomina sp.1 (Collembola) was found
only using depth traps in ITA; Folsomiella sp.1 and Pygmarrhopalites sp.1 (Collembola) were sampled only using
FLL traps in ITA; Bryocyclops sp.1 was sampled only using drip traps in CMD. Therefore, the use of other types
of traps in addition to classic MSS traps can be useful to evaluate population dynamics of certain groups, in
addition to complementing the MSS sampling.

Faunal composition of MSS is dynamic spatially and temporally, with profound effects of the rock porosity and
compaction on migration between MSS and either deep hypogean or epigean layers®. This pattern is also expected
between MSS sites in different portions of the canga near the surface. Some authors have found differences in
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curves with 95% confidence intervals (shaded areas) for the whole community (left panels) and troglomorphic
(right panels) invertebrate fauna sampled in Brumadinho (BRU), Itabirito (ITA), and Concei¢do do Mato
Dentro (CMD). Traps used: classic MSS traps (MMST), MSS traps with leaf litter (MSSL), depth traps (DEPT),
flexible leaf litter traps (FLLT), and drip traps (DRIT). Upper panels show curves for MSS traps only for each

locality. Central and lower panels show curves for the same four sampling methods used in ITA and CMD
localities. Depth traps used in ITA were not shown for clarity.
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the spatiotemporal patterns of troglobiotic and non-troglobiotic organisms inhabiting the canga MSS over space
(between MSS sites) and time (between samplings)'®. Spatially, our results showed that species replacement is
the main process of compositional change for the whole community and troglomorphic organisms regardless
of locality. Over time, ITA has an increased dissimilarity represented by both components of p-diversity, while
BRU and CMD showed increased importance of species replacement for the whole community. However, for
troglomorphic organisms we found an interesting pattern, with a decrease of dissimilarity and importance of
species replacement from BRU to ITA (IQ) to CMD (SE). Differences in climatic conditions over time between
these two large regions may have influenced such patterns, but this topic still needs to be better addressed since
other environmental variables (e.g., vegetation, soil conditions) may also be important.

Species richness and abundance of the invertebrate fauna are expected to decrease with increasing depth
in the MSS>®%%, as the result of the decrease in available organic matter with increasing depth® and change in
conditions in the rock (e.g., water retention, lower temperature compared to top layers) and the surface (e.g.,
more cold/hot or rainy/dry conditions)®*%!. This can cause a migration of epigean species into MSS to escape
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harsh surface conditions, which increases the richness and abundance of the MSS fauna near the surface®®®!,

These resource and condition variations are expected to cause a compositional change between the top and
deep layers of the canga MSS, with some groups, such as Rotifera, being sampled only using drip traps. Depth
traps (up to 5 m deep) also proved to be very relevant, being the second most efficient method in terms of
abundance of invertebrates sampled, even though it was used in only one location (ITA). Canga can be up
to 30 m thick but normally is just a few meters*’. Therefore, one can expect that the associated fauna across
the depth of the canga is different and the complementarity of collection methods is essential for a more
representative sampling. Sampled restricted groups in drip traps also highlights the connectivity of the canga
MSS with the interior of the caves. To understand the connectivity between the subterranean system and other
connected cavities near the cave, Brazilian legislation recommends utilizing troglobiotic species as “biological
tracers””. Our investigation reveals high heterogeneity in the distribution of troglomorphic organisms (some
potentially troglobiotic) within the canga MSS, a system intricately linked to caves. This result raises questions
regarding the use of these organisms as “biological tracers” to indicate the connectivity of the subterranean
system based solely on their presence in caves or MSS, as pointed out by Dornellas and colleagues'®, despite
the expected natural connectivity inherent in the environment due to the physical properties of the rock?”.
However, while our findings demonstrate considerable spatial variation in the composition of this fauna, it does
not conclusively determine that there would or would not be evidence for gene flow between populations of
the same species. Additionally, while previous studies have suggested that IF caves harboring more troglobiotic
species exhibit lower species replacement values, considering them more ecologically “stable”®>¢%, we found high
total B-diversity values in the canga MSS for both troglomorphic and the whole community. This observation
reinforces the notion of moderate-to-low ecological connectivity between sampling sites in the MSS, despite the
environment’s conditions for fauna evolution and persistence.

Until 2018, Brazil had 150 described obligatory subterranean species, distributed over 12 states and located
in different lithologies and geomorphologic groups®’. Most species were sampled in limestone rocks (S=123),
with only 12 species occurring in iron formations®®. This demonstrates a range of possibilities for finding new
species and expanding their distribution with the expansion of studies in canga formations that include small
subterranean environments (e.g., MSS) to large caves. Among the identified troglomorphic species, we found one
spider, Brasilomma enigmatica Brescovit, Ferreira & Rheims, 2012, sampled only with classic MSS traps in BRU.
This species has previously been known from three caves with different formations (i.e., limestone, quartizite,
and IF), all of them far apart from each other (60-180 km) in Minas Gerais®. Species of Pseudochthonius Balzan,
1892 (Pseudoscorpiones: Chthoniidae) have been listed as obligatory subterranean fauna in differences regions
of Brazil, including Minas Gerais®*. The genus includes 34 species, with 14 species occurring in Brazil, most
considered troglobiotic species®®’. We sampled one unidentified, troglomorphic species of Pseudochthonius
from canga formation using mostly classic MSS traps but also FLL traps. Detailed taxonomic examination of
these individuals may lead to the separation into one or more species, as we collected individuals in IQ and SE.

Two unidentified species of Trogolaphysa Mills, 1938 (Collembola: Entomobryidae) were found in classic
MSS traps from ITA and CMD. Many species of Trogolaphysa have been associated obligatorily with iron rock
formations in southeastern Brazil'>®*. Pararrhopalites sideroicus Zeppelini & Brito, 2014 and more six unidentified
species (Collembola: Sminthuridae) were sampled mostly using classic MSS traps, found in higher numbers in
ITA but some species also occurred in BRU. Two other species of Pararrhopalites Bonet & Tellez, 1947 have
been associated obligatorily to limestone formations in Mato Grosso do Sul and Sdo Paulo®. Arrhopalites coecus
(Tullberg, 1871) was mostly sampled in depth traps and classic MSS traps, but also in FLL traps, occurring in all
localities. Seven species of Arrhopalites C.Borner, 1906 are associated obligatorily with limestone formations in
Santa Catarina, Parand, and Sao Paulo®. We also found three unidentified species of Platyhelminthes from two
families (Dugesiidae and Geoplanidae) sampled using only classic MSS traps in BRU. These findings highlight
the potential for discovering new species of troglomorphic organisms within the IF ecosystem.

Conclusion

Caves and adjacent subterranean environments, such as the MSS, are increasingly threatened in Brazil with
recent changes in the criteria for designating priority subterranean areas for conservation®?2. The MSS
environment stands out for being much less studied compared to caves that attract the attention of tourists and
policymakers, even though the associated fauna is very diverse, abundant, and specializedl&w. In this study,
using a comprehensive dataset we demonstrate the high diversity of invertebrate organisms, including many
troglomorphic species, that inhabit the canga MSS environments in three localities that encompass the Iron
Quadrangle and the Southern Espinhago Range. The invertebrate fauna of the canga MSS is highly diverse and
abundant but clear differences stand out between these two geological formations.

Classic MSS traps demonstrated the highest efficiency, followed by depth traps. However, the combined
use of different collection methods proved essential for achieving a more comprehensive inventory of the
MSS. Certain types of traps were found to be more effective for specific groups of organisms, highlighting the
importance of methodological complementarity in sampling strategies. Species replacement primarily drives
spatial differences in B-diversity, with a variable pattern among localities over time and a positive correlation
between spatial distance and compositional dissimilarity of invertebrates observed in the Iron Quadrangle but
not in the Southern Espinhago Range. These indicate a moderate-to-low ecological connectivity or a certain
degree of isolation of the subterranean invertebrate fauna, according to the high rates of spatial and temporal
species replacement we found. These results reinforce over a broad spatial extent some local patterns previously
found in the same system!s.

Mining activities pose a significant threat to Brazilian IF. These IF harbor unique ecosystems with both
known and potentially undiscovered species, contributing to Brazil’s biodiversity. The biological relevance
of these ecosystems is not fully understood, but they are considered highly endangered due to the limited
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distribution of IF across Brazil. Therefore, effective preservation efforts require a comprehensive understanding
of both biotic and abiotic components shaping the entire IF ecosystem. This includes evaluating the biodiversity
patterns within IF, understanding their ecological interactions, and assessing the impacts of mining activities. By
gaining a holistic understanding of IF ecosystems, conservationists can develop strategies to mitigate the threats
posed by mining and ensure the long-term preservation of these unique and threatened environments.
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The data analyzed are available as supplementary material.
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