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Abstract
Chemical cues are fundamental for orientation, communication, foraging, reproduction, and defense 
in subterranean environments, where permanent darkness increases reliance on non-visual sensory sys-
tems. Despite their ecological importance, research on the chemical ecology of cave-dwelling invertebrates 
has never been systematically synthesized. We conducted a systematic review to identify methodologi-
cal, taxonomic, ecological, and geographic research trends and knowledge gaps. Following the PRISMA 
protocol, we systematically searched the Web of Science, Scopus, Google Scholar, and complementary 
sources, compiling 31 eligible studies published up to January 2026. We classified studies according to 
research approaches (descriptive, functional, or molecular/neurobiological), taxonomic group, ecological 
specialization, habitat, geographic region, and research topic. Associations between research approaches 
and taxonomic and ecological categories were evaluated using chi-square tests and standardized residu-
al analyses. Descriptive studies dominated the literature (82%) and remained predominant over time, 
whereas functional and molecular/neurobiological approaches were consistently underrepresented. Most 
studies focused on chemosensory organs and exocrine glands, while behavioral, physiological, and mecha-
nistic aspects of chemoreception were rarely investigated. Research effort was concentrated in Europe and 
the Americas, with no studies from Africa. Taxonomic coverage was strongly biased toward Coleoptera, 
whereas most arthropod groups, particularly aquatic taxa, remained poorly represented. Functional stud-
ies were significantly less frequent in obligate subterranean species (troglobionts/stygobionts), indicating 
that ecological specialization and limited accessibility constrain mechanistic investigations. Our review 
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demonstrates that current knowledge of chemical ecology in cave-dwelling invertebrates is shaped by pro-
nounced methodological, taxonomic, and geographic biases, highlighting the need for integrative func-
tional and molecular studies across a broader diversity of subterranean taxa and regions.
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biospeleology, cave, chemoreception, chemosensory evolution, research bias, sensory ecology, troglobionts

Introduction

Chemical cues play a fundamental role in reproduction, foraging and defense of 
a wide range of terrestrial and aquatic organisms. Specialized sensory structures 
detect these cues and transmit the information to the central nervous system, al-
lowing organisms to perceive and respond to their environment (Stevens 2013). 
Over evolutionary time, diverse lineages have developed specialized mechanisms to 
detect and process chemical information, enabling them to adjust their behavior 
and physiology in ways that influence fitness, ecological interactions, and evolu-
tionary trajectories (Brunetti et al. 2018).

Subterranean environments are characterized by permanent darkness, microcli-
matic stability and limited trophic resources (Abele and Felgenhauer 1985; Zhao et 
al. 2024). In particular, the absence of light limits or completely eliminates the avail-
ability of visual cues. Under these conditions, cave-dwelling invertebrates often rely on 
chemical stimuli as a primary source of information for perception, orientation and 
interactions within hypogean habitats (Juberthie-Jupeau and Bareth 1980; Machado et 
al. 2002; Balart-García et al. 2021). In this context, chemical signals play a central role 
in foraging, conspecific and mate recognition, predator detection, shelter selection, 
and defense (Machado et al. 2002; Mejía-Ortíz and Hartnoll 2006; Klaus et al. 2013).

The colonization of subterranean systems has led diverse taxonomic groups to 
evolve convergent adaptations to cope with permanent darkness and resource limita-
tion (Howarth and Moldovan 2018). Among these adaptations, enhanced detection 
of non-visual stimuli, including prey-related chemical cues, is commonly observed 
and is often associated with modifications that improve olfactory and gustatory re-
ception, particularly in the antennae and mouth parts (Bland et al. 1998a; Balart-
García et al. 2021). Other major evolutionary changes include the reduction of eyes 
and pigmentation, elongation of appendages, enhancement of non-visual sensory 
structures, and physiological shifts related to life-history traits, such as reduced met-
abolic rate, enhanced starvation resistance, increased energy-storage capacity, de-
layed maturation, extended lifespan, reduced reproductive output (Culver and Pipan 
2009; Romero 2009).

The morphological specialization observed in obligate subterranean species, or 
troglobionts and stygobionts, including modifications of sensory structures, reflects 
evolutionary responses to the environmental conditions and selective pressures as-
sociated with subterranean habitats (Accordi and Sbordoni 1978). Consequently, 
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chemosensory systems in these organisms have undergone significant modifications, 
potentially enhancing the detection of specific chemical cues through olfactory and 
gustatory receptors, which are critical for their fitness (Bland et al. 1998b; Balart-
García et al. 2021). Accordingly, additional tactile and/or chemosensory structures 
may confer selective advantages by improving orientation, resource detection, and in-
teractions in permanently dark environments (Mejía-Ortíz and Hartnoll 2006).

Selective pressures in subterranean environments may favor the enhancement of 
non-visual sensory structures in invertebrates, particularly those involved in chemore-
ception. Available evidence from different taxonomic groups supports the importance 
of such adaptations in cave-dwelling invertebrates, including the elongation of an-
tennules in crayfish (Kor et al. 2025), modifications of the Hamann’s organ in cave-
dwelling leiodid beetles (Accordi and Sbordoni 1978; Lucarelli and Sbordoni 1978), 
intraspecific chemical communication or exocrine glands of defensive in diplopods 
(Machado et al. 2002; Makarov et al. 2012, 2017; Piersanti et al. 2017), variation in 
the abundance and morphology of sensilla in carabid beetles (Pellegrini and Ferreira 
2011b), and increased numbers of setae associated with eye reduction in decapods 
(Mejía-Ortíz and Hartnoll 2006; Mejía-Ortíz et al. 2013). Despite these examples, 
studies describing the morphology, function and ecological role of chemosensory struc-
tures and exocrine glands in cave-dwelling organisms remain scarce. Ultrastructural 
analyses of sensory organs and their functions can reveal adaptations associated with 
enhanced environmental sensitivity and help to elucidate evolution of sensory systems 
in permanently dark environments (Crouau 1990; Kor et al. 2025). Yet, an important 
limitation of the available literature is that the function of several sensory structures 
described in cave-dwelling invertebrates remains inferred primarily from morphologi-
cal characteristics. Consequently, the presence or modification of structures considered 
putatively chemosensory does not necessarily demonstrate their direct involvement in 
chemical perception or chemically mediated interactions. In some cases, the sensory 
role of these organs remains uncertain even according to the original authors. There-
fore, although descriptive studies provide important evidence of morphological adap-
tations and generate hypotheses regarding sensory function, mechanistic investigations 
integrating behavioural, physiological, neurobiological, and molecular approaches are 
required to directly establish the function of these structures and their contribution to 
chemical ecology in subterranean environments.

Notwithstanding these limitations, cave-dwelling animals remains valuable mod-
els for investigating how chemically mediated interactions evolved in animals under 
permanent darkness and resource limitation (Willemart and Gnaspini 2003). In this 
review, we synthesize how chemical ecology in cave-dwelling invertebrates has been 
studied by classifying the approaches adopted in the included studies into three broad 
categories: (i) descriptive studies characterizing peripheral chemosensory structures and 
glands, (ii) functional studies experimentally assessing responses to chemical stimuli, 
and (iii) the molecular and neurobiological basis of chemosensory systems. To iden-
tify major trends and knowledge gaps in the field, we address five key questions: (1) 
Which research approaches has predominated in the study of chemical ecology in cave-
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dwelling invertebrates? (2) How have these approaches changed over time? (3) How 
is research effort distributed geographically? (4) Which taxa have received the greatest 
attention, and which remain underrepresented? and (5) Is there a bias in research ap-
proaches associated with the degree of ecological specialization of taxa in subterranean 
environments? Questions 2–4 were addressed descriptively, whereas Questions 1 and 
5 allowed specific predictions based on previous evidence. We expected descriptive 
approaches to predominate over functional studies because they mainly characterize 
sensory structures or exocrine glands, whereas functional studies require experimental 
tests of responses to chemical stimuli and are therefore more technically demanding. 
We also expected molecular and neurobiological studies to be less frequent due to 
their greater technical complexity. Moreover, we expected research to be biased toward 
troglophiles and trogloxenes, which are generally easier to access and maintain under 
laboratory conditions, whereas rare and highly specialized troglobionts would remain 
underrepresented because of their fragility, sensitivity to handling, and conservation 
constraints (e.g., Mammola et al. 2021).

Materials and methods

We conducted a systematic review to compile relevant studies and subsequently per-
formed a comparative assessment of the available literature investigating chemical ecol-
ogy in cave-dwelling invertebrates. Eligible studies included those describing periph-
eral chemosensory organs, exocrine glands, experimentally evaluating behavioral or 
physiological responses to chemical stimuli, and/or applying neurological or molecular 
approaches to the study of peripheral chemosensory structures. To ensure transparency 
and methodological rigor, we structured the review process according to the PRISMA 
2020 guidelines (Liberati et al. 2009; Page et al. 2021) and developed a corresponding 
flow diagram (Fig. 1).

We identified the studies in this review through systematic searches conducted in 
the Web of Science database, Scopus and Google Scholar complemented by relevant 
open-access publications. We conducted the searches between September 2025 and 
January 2026 using descriptive keywords applied across all publication fields, with no 
restrictions on language or publication date. We conducted the review process in two 
stages: an initial exploratory search to refine and optimize the search strategy, followed 
by the application of predefined eligibility and inclusion criteria for study selection.

Preliminary search

We used Boolean operators to refine the search strategy and improve the specificity of 
the retrieved records. We constructed and applied a comprehensive search string the top-
ic fields of all records indexed in the database (i.e., title, abstract, author keywords, and 
Keywords Plus). This strategy aimed to maximize the recovery of potentially relevant 
studies while reducing the inclusion of records unrelated to the objectives of this review.
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We conducted the search using the following query: TS = (“biomotor*” OR “loco-
mot*” OR “explorat*” OR “orientation” OR “navigation” OR “communication” OR 
“chemosensor*” OR “biochemical parameter*” OR “chemic*” OR “biochemic*” OR 
“chemical sensor*” OR “molecular sensor*” OR “chemodetector*” OR “chemosensory 
organ*” OR “olfact*” OR “chemotax*” OR “gustat*” OR “chemoreceptor*” OR “sig-
nal*” OR “attract*” OR “cue*” OR “stimuli”) AND TS = (“sensilla” OR “microsensor*” 
OR “morpholog*” OR “ultrastructur*” OR “behavio*” OR “etholog*” OR “specific 
gland*” OR “exocrine gland*” OR “gland*” OR “sensor*” OR “sensory neuron*” OR 
“sensory organ*”OR “receptor*” OR “taste” OR “nanosensor*” OR “pheromon*” OR 
“kairomon*” OR “synomon*” OR “allomon*” OR “allelochemic*” OR “semiochem-
ic*” OR “signal transduction”) AND TS = (“cave*” OR “subterranean” OR “hypoge*” 
OR “subsurface” OR “groundwater” OR “underground” OR “lava tube*” OR “karst* 
environment*” OR “karst system*” OR “karstic habitat*”) AND TS = (“troglo*” OR 
“stygob*” OR “fauna” OR “species” OR “organism*” OR “invertebrat*” OR “endemic” 
OR “obligate” OR “facultative” OR “eutroglo*” OR “eustygo*” OR “arthropod*” OR 

Figure 1. Publications identified through the Web of Science (WoS) database and additional literature 
included in this review.
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“communit*” OR “insect*”) NOT TS = (“fish*” OR “salamander” OR “bat*” OR 
“mole rat” OR “rat*” OR “termite” OR “mammal*” OR “microbial” OR “microbi-
olog*” OR “archaeol*” OR “medicine” OR “agricult*” OR “paleoclimate”).

Given the broad range of topics retrieved during the preliminary searches, we sub-
sequently refined the search terms were subsequently refined to increase the specificity 
of the strategy and reduce the retrieval of records not aligned with the objectives of this 
review (Mammola et al. 2022). In this context, we incorporated the Boolean operator 
NOT into the search string to exclude unrelated subjects and improve the relevance 
of results. Without the NOT operator, the search yielded 3,518 records. After its in-
clusion, the number of retrieved records was reduced by 54.75%, resulting in 1,592 
records, which were subsequently screened for eligibility.

Most of the excluded records addressed topics outside the scope of this review, 
including studies on soil-dwelling invertebrates (e.g., ants and termites), vertebrates, 
microbiology, toxicology, hydrology, and other research areas unrelated to chemical 
ecology in cave-dwelling invertebrates.

Expansion of literature coverage

To enhance the completeness of the literature retrieval process and minimize the risk 
of omitting relevant studies, we conducted complementary searches in the Scopus and 
Google Scholar databases. We applied the same search terms used in the primary search 
strategy, adjusting them as necessary to account for differences in search syntax and in-
dexing structures among databases: TS = (“communication” OR “chemosensor*” OR 
“chemic*” OR “chemical sensor*” OR “chemodetector*” OR “chemosensory organ*” 
OR “olfact*” OR “chemotax*” OR “gustat*” OR “chemoreceptor*” OR “stimuli” OR 
“semiochemic*” OR “allelochemic*” or “sensory organ*” OR “pheromon*”) AND TS 
= (“cave*” OR “subterranean” OR “hypoge*” OR “groundwater” OR “lava tube*” OR 
“karst*”) AND TS = (“troglo*” OR “stygob*” OR “invertebrat*” OR “obligate” OR 
“facultative” OR “eutroglo*” OR “eustygo*” OR “arthropod*” OR “insect*”) NOT TS 
= (“fish*” OR “salamander” OR “bat*” OR “mole rat” OR “rat*” OR “termite” OR 
“mammal*” OR “microbial” OR “microbiolog*” OR “archaeol*” OR “medicine” OR 
“agricult*” OR “paleoclimate” OR “Hydrolog*” OR “Toxicolog*” OR “Caveolin*” OR 
“actinomycete” OR “fung*” OR “bacteria*”). In addition, we thoroughly examined the 
reference lists of all selected studies to maximize literature coverage and identify potential-
ly relevant publications that had not been retrieved through the initial database searches.

We also conducted a complementary search for grey literature not indexed in Web 
of Science; however, no relevant grey literature was identified. In addition, four rel-
evant publications previously known to the authors, but not retrieved through the 
systematic search process, were included and classified as Supplementary Studies.

Study selection and data organization

Following the literature search, we initially screened the titles, abstracts, and keywords 
of all retrieved records. We excluded studies if they did not address chemical ecology, 
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did not involve invertebrates, or focused on species not associated with subterranean 
environments. However, we retained some studies despite the absence of explicit ref-
erences to cave-dwelling or subterranean invertebrates in these fields. In such cases, 
inclusion was based on the authors’ expert knowledge of the ecology and distribution 
of species known to occur in subterranean habitats, with their relevance subsequently 
confirmed through full-text assessment.

We then reviewed the full texts of potentially eligible studies were then subjected to 
a full-text review to determine their suitability for inclusion. During this second screen-
ing stage, we excluded studies that if they did not directly investigate subterranean 
invertebrates or failed to provide information relevant to the objectives of this review.

During data extraction, we categorized invertebrates according to: (i) taxonomic 
classification (Phylum, Subphylum, Class, Order, Family, and Species); (ii) ecological-
evolutionary classification based on the Schiner-Racovitza system (trogloxenes, troglo-
philes, and troglobionts); (iii) the presence of adaptive traits associated with subter-
ranean life (troglomorphisms); (iv) habitat domain, including terrestrial, freshwater, 
marine, and anchialine environments; and (v) the microhabitat occupied by each spe-
cies (e.g., pool of the cave, cave environments, lava tube).

We further organized the information relevant to the objectives of this review into 
the following categories: (i) research approaches (descriptive, functional, or molecu-
lar/neurobiological); (ii) topic, including chemosensory organs, exocrine glands, and 
chemically-mediated behavior (alarm, mate location, defense); and (iii) geographic re-
gion of the caves or localities where the studied species were collected or investigated.

Finally, studies containing insufficient or inconsistent information with respect to 
the objectives of this review, as well as records involving invertebrate species not associ-
ated with cave environments, were excluded from the analyses.

Data analysis and bias assessment

Given the relatively small number of eligible studies (n = 31), we applied no temporal 
restrictions to the analyses. However, records assigned to the year 2026 correspond 
exclusively to publications available up to the end of January 2026.

Furthermore, the substantial heterogeneity among the included studies, encom-
passing differences in experimental designs, response variables, taxonomic groups, and 
methodological approaches, precluded the calculation of standardized effect sizes and, 
consequently, the performance of a formal meta-analysis. Therefore, we conducted a 
quantitative synthesis to identify research trends, taxonomic and geographic biases, 
and knowledge gaps within the field.

We quantified the taxonomic attention received by different groups based on the 
number of studies associated with each taxonomic class, order, and species. To avoid 
overrepresentation of studies reporting multiple species, we conducted all analyses at 
the level of unique studies.

We assessed differences in the distribution of research approaches across the differ-
ent categorical variables examined (taxonomic orders, taxonomic families, categories of 
subterranean dependence according to the Schiner-Racovitza system, and the presence 
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or absence of troglomorphic traits) using Pearson’s chi-squared tests of independence. 
We calculated expected frequencies under the assumption of an even distribution of 
research approaches across categories. When the assumptions of the chi-squared test 
were violated due to low expected frequencies, we estimated p-values using Monte 
Carlo simulations based on 9,999 replicates. Following significant tests, standardized 
Pearson residuals were inspected to identify the specific category combinations con-
tributing most strongly to the observed associations.

To identify specific associations driving significant results, we inspected standard-
ized Pearson residuals. Values greater than 1.96 or lower than -1.96 were interpreted 
as indicating higher- or lower-than-expected frequencies, respectively. Graphical repre-
sentations included bar plots illustrating the taxonomic distribution of the studies and 
heatmaps displaying standardized residuals. The variables examined included research 
approaches (descriptive, functional, and molecular/neurobiological), taxonomic clas-
sification, the ecological-evolutionary classification of species according to the Schiner-
Racovitza system (trogloxenes, troglophiles, and troglobionts), and the presence or 
absence of troglomorphic traits. During data extraction, the presence or absence of 
troglomorphic traits was recorded when this information was available in the source 
studies. However, this variable was not included in the statistical analyses because of 
insufficient sample size.

We conducted all statistical analyses and produced all graphical representations in 
R version 4.5.1 software, and figures were generated using the ggplot2 package, with 
data processing performed using dplyr and tidyr.

Results

Overview of the reviewed literature

Studies could be assigned to more than one research-focus category when they addressed 
multiple aspects of chemical ecology; therefore, the frequencies reported below represent 
occurrences of research topics rather than mutually exclusive groups of studies.

Our review of 31 studies on chemical ecology in cave-dwelling invertebrates revealed 
a strong predominance of research focused on chemosensory organs and structures, as 
well as exocrine glands involved in chemical communication, which were investigated 
in 74% of the studies analyzed (n = 23). Because individual studies could address more 
than one research topic, the categories were not mutually exclusive. Other less fre-
quently investigated topics included olfactory chemoreceptors (n = 2), chemosensory 
structures (n = 2), chemosensory proteins (n = 1), alarm responses in conspecifics (n = 
1), chemical defense (n = 1), chemosensory genes (n = 1), chemosensory systems (n = 
1), olfactory pathways (n = 1), olfactory sensory processes (n = 1), putative uropodal 
chemoreceptors (n = 1), and sexual dimorphism (n = 1). Overall, these numbers indi-
cate a strong concentration of research effort on a limited number of topics, particularly 
sensory morphology, whereas functional, behavioral, molecular, and chemical aspects 
remain sparsely investigated and poorly integrated across the field.
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Molecular aspects were rarely investigated, with chemosensory proteins and genes 
each addressed in only one study, highlighting the limited understanding of the mo-
lecular mechanisms underlying chemoreception in subterranean invertebrates.

Which research approaches has predominated in the study of chemical ecol-
ogy in cave-dwelling invertebrates?

Our review of 31 articles revealed that the frequency of research approaches devi-
ated significantly from a uniform distribution (χ2 = 27.161, df = 2, p < 0.001). 
Research on chemical ecology in subterranean invertebrates was largely dominated 
by descriptive approaches, which accounted for 82% of the studies included in this 
review (Fig. 2). Standardized residuals indicated that descriptive studies occurred 
more often than expected, whereas functional and molecular-neurobiological stud-
ies occurred less often than expected. This pattern reveals a pronounced meth-
odological asymmetry in the field, with research efforts concentrated primarily on 
descriptive investigations.

Alarm response was the most frequently investigated chemically mediated be-
havior, accounting for approximately 70% of the studies included in this review. In 
contrast, much less attention was given to olfactory chemoreceptors (6%), chemosen-
sory structures (6%), and sexual dimorphism (3%), indicating that research has been 
strongly concentrated on defensive responses, while other aspects of chemoreception 
in subterranean invertebrates remain poorly explored.

How have these approaches changed over time?

Although the relative frequency of research approacheses varied across decades, no sig-
nificant temporal changes were detected in the types of approaches adopted in studies 
on chemical ecology of cave-dwelling invertebrates (Fig. 3A), as indicated by statistical 
analyses (chi-square test of independence: χ2 = 10.20, df = 10, p = 0.42; Fisher’s exact 
test: p = 0.55). Descriptive studies remained the predominant approach throughout 
the entire period. Functional studies were reported primarily in the earlier decades, 
whereas molecular-neurobiological studies appeared only in more recent decades, al-
though these approaches remained less frequent overall. This pattern suggests a gradual 
diversification of research approaches over time, despite the absence of a statistically 
significant temporal shift in their overall distribution.

Does research approaches vary among taxonomic orders?

The distribution of research approaches differed significantly among taxonomic orders 
(χ2 = 72.91, Monte Carlo p < 0.001). Because several cells had low expected frequencies, 
Monte Carlo simulations with 9,999 replicates were used, and standardized Pearson re-
siduals were interpreted cautiously as exploratory indicators of association (Fig. 4). Or-
thoptera showed a higher-than-expected frequency of functional studies (standardized 
residual = 3.91) and a lower-than-expected frequency of descriptive studies (-3.08). 
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Opiliones was also positively associated with functional studies (residual = 2.03). In 
contrast, Arhynchobdellida, Grylloblattodea, and Thermosbaenacea showed higher-
than-expected frequencies of molecular/neurobiological studies (standardized residuals 
= 3.99). Given the low expected frequencies for these taxa, these associations should be 
interpreted as exploratory.

Figure 2. Number of studies and species records according to research approach in studies of chem-
oreception in cave-dwelling invertebrate fauna. Green segments represent the number of unique stud-
ies, whereas purple segments represent the number of species records. The icons illustrate the three 
research approaches: descriptive, functional, and molecular/neurobiological. Values displayed on each 
bar indicate the corresponding counts. The total height of each stacked bar combines the number of 
studies and species records and therefore does not represent the total number of studies included in 
the review. The number of species records may exceed the number of studies because individual stud-
ies can include multiple species.
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How is research effort distributed geographically?

Regarding the geographical distribution of the studies, we found studies on chemical 
ecology of cave-dwelling invertebrates in five continents: Europe (Germany: 1, Italy:1, 
Serbia: 1, Spain: 2, France: 6), Americas (USA: 1, Brazil: 6, Mexico: 6), Asia (Japan: 
1, China: 2), Oceania (New Zealand: 1, Australia: 2) and Antarctica (1). Studies in 
Europe accounted for a larger proportion of the available literature compared to other 
continents (35%) (Fig. 3B). These numbers indicate an uneven global distribution of 

Figure 3. A. Number of studies included in the present review across decades, considering the three 
research approaches (descriptive, functional, and molecular/neurobiological); B. Global distribution 
of studies.
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research effort, with studies concentrated mainly in Europe and the Americas. Notably, 
no studies were recorded from the African continent, highlighting a complete absence 
of representation in this region within the dataset.

Which taxa have received the greatest attention, and which remain under-
represented?

Taxonomic attention was highly uneven across taxa, with a strong dominance of a few 
taxa (Fig. 5). The order Coleoptera (Insecta) received the greatest attention by a sub-
stantial margin, representing the largest proportion of studies in the dataset. Within 
insects, Diplura and, to a lesser extent, Blattaria, Orthoptera, Opiliones, Plecoptera, 
and Grylloblattodea were also represented. Among non-insect arthropods, Arachnida 
showed moderate representation, particularly Opiliones and Ricinulei, although at 
lower levels than the dominant insect groups. Within aquatic invertebrates, Malacos-
traca was comparatively well represented, with Decapoda contributing the highest pro-
portion, followed by Amphipoda, Isopoda, Mysida, and Thermosbaenacea. Overall, 
the results reveal a strong concentration of research effort in a limited number of insect 
orders, particularly Coleoptera, whereas most other taxonomic groups remain com-
paratively underrepresented. In terms of representativeness, studies were strongly con-
centrated in terrestrial environments (n = 27), followed by freshwater systems (n = 7), 
while anchialine environments were poorly represented (n = 2), indicating a clear bias 
toward terrestrial systems.

Figure 4. Standardized Pearson residuals for the association between research approach and taxonomic 
order and class. “m.n” represents the molecular/neurobiological approach.
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Is there a bias in research approaches associated with the degree of ecologi-
cal specialization of taxa in subterranean environment?

The results indicate a non-random distribution of research approaches across Schiner-
Racovitza categories (p = 0.047). Standardized residuals suggest a relative underrep-
resentation of functional approaches in more specialized subterranean taxa (troglo-
bionts) (only 25%), consistent with a methodological bias toward more accessible 
taxa (Fig. 6). Notably, molecular/neurobiological studies were exclusively represented 
among troglobionts, with no studies using this approach identified for troglophiles or 
trogloxenes (Fig. 6). However, this pattern should be interpreted cautiously given the 
limited number of studies available for these categories. Analyses at higher taxonomic 
levels (order and class) showed weaker and less consistent patterns, indicating that eco-
logical specialization, rather than taxonomy per se, better explains the observed bias.

Discussion

Although chemical communication is highly relevant for invertebrates in cave envi-
ronments, the chemical ecology of cave-dwelling invertebrates remains poorly under-
stood, as only 31 studies have addressed this topic, most of which were conducted in 
cave environments at scattered locations across the Americas and Europe. Although a 
comprehensive search strategy was employed, the possibility that some relevant studies 
were not identified cannot be completely excluded. The inclusion of four publications 

Figure 5. Taxonomic representativeness of studies on chemical ecology in cave-dwelling invertebrates 
included in this review based on the applied selection criteria.



Priscila Emanuela de Souza et al.  /  Subterranean Biology 58: 93–114 (2026)106

previously known to the authors but not retrieved through the systematic search high-
lights this potential limitation and suggests that the current literature may be slightly 
underestimated. This pattern supports our hypothesis that descriptive approaches 
dominate the literature, while refuting our expectation that functional, neurobiologi-
cal, and molecular approaches would have increased over time. Taxonomic coverage 
reflects a clear bias, with a strong focus on a few groups, such as Coleoptera, whereas 
many subterranean invertebrate taxa are not represented in the reviewed literature at 
all. Functional, neurobiological, and molecular investigations were comparatively un-
common among the reviewed studies and were identified only for troglobionts, high-
lighting a gap in the application of these approaches across the other subterranean 
categories. In contrast, most descriptive studies were conducted with troglobites.

Predominance of descriptive approaches

The predominance of descriptive studies (19 papers) reflects both the historical develop-
ment of biospeleology and the inherent challenges associated with functionally investi-
gating chemical communication in subterranean organisms. Early research efforts were 
largely focused on describing sensory structures and inferring their potential functions 
based on morphological traits (Accordi and Sbordoni 1978; Lucarelli and Sbordoni 
1978; Juberthie-Jupeau and Bareth 1980; Crouau 1990). This pattern is also evident in 
the strong emphasis on sensory organs, particularly antennae, which were the most fre-
quently reported structures in this review. In cave environments, these appendages play a 
central role in chemical signal perception, housing a diversity of sensilla and other recep-
tors involved in the detection of odors, gustatory compounds, and environmental cues 
(Crouau 1990; Cooper et al. 2001; Fea et al. 2019; Balart-García et al. 2021; Kor et al. 

Figure 6. Proportional distribution of research approaches (descriptive, functional, and molecular/neu-
robiological) across Schiner-Racovitza ecological-evolutionary categories most frequently studied. “m.n” 
represents the molecular/neurobiological approach.
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2025). Moreover, antennae may also be involved in intraspecific recognition and mate 
location, and sexual dimorphism in antennal morphology has been reported in some 
cave-dwelling species, with males exhibiting a larger antennal surface area that may ac-
commodate a greater number of sensilla (Juberthie and Massoud 1977; Fea et al. 2019).

Interestingly, descriptive studies have revealed specialized chemosensory structures 
in cave-dwelling invertebrates, such as the Hamann’s organ in cave-dwelling Leiodidae. 
This putative chemosensory organ is located on specific antennal segments and has 
been interpreted as an adaptation to sensory perception in subterranean environments. 
This organ has been reported across species from different families and phylogenetic 
lineages occupying a wide range of ecological niches and exhibiting distinct behavioral 
repertoires. Such heterogeneity has contributed to fragmented interpretations of its 
sensory role, and its precise function remains poorly understood (Accordi and Sbor-
doni 1978; Lucarelli and Sbordoni 1978).

Although descriptive studies on the chemical ecology of cave-dwelling inverte-
brates are scarce overall, molecular and neurobiological aspects of chemosensory sys-
tems remain particularly underexplored. This bias likely stems from the taxonomic 
and morphological tradition that has historically characterized subterranean research, 
as well as from the experimental challenges associated with directly assessing chemical 
perception in rare organisms that are difficult to collect and maintain in laboratory 
conditions (Culver and Pipan 2023; Kor et al. 2025). Nevertheless, the gradual in-
crease in molecular and neurobiological studies since the 2010s (Stemme et al. 2016; 
Fea et al. 2019; Zhou et al. 2023; Wen et al. 2025) suggests an initial shift toward more 
mechanistic approaches to subterranean chemoreception.

In addition, methodological tools more commonly used in neurobiology and 
sensory ecology of epigean organisms appear to have been incorporated more slowly 
into hypogean research, contributing to the persistence of a predominantly descrip-
tive framework. This delay may be further associated with difficulties in specimen ac-
cess, small sample sizes, and the challenges of standardizing experiments across the few 
available model systems (Mammola et al. 2021).

Global sampling bias

Research effort on subterranean chemoreception shows a markedly uneven geographic 
distribution, with a strong predominance of studies conducted in Europe and the Ameri-
cas and a complete absence of contributions from the African continent. This pattern is 
consistent with previous findings on the geographic biases in subterranean biological re-
search (Oliveira et al. 2025), and likely reflects historical and structural factors associated 
with the development of biospeleology as a scientific field. Europe, in particular, played 
a central role in the consolidation of subterranean biology, hosting some of the earliest 
studies on morphological and sensory adaptations in cave-dwelling organisms (Juberthie 
and Massoud 1977; Accordi and Sbordoni 1978; Lucarelli and Sbordoni 1978; Crouau 
1990). This historical precedence contributed to the establishment of long-term research 
traditions, specialized expertise, and the accumulation of taxonomic knowledge over time.
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Regions with more intensive research activity may also benefit from stronger scien-
tific infrastructure, well-curated biological collections, and greater accessibility to taxo-
nomic resources, factors that can facilitate the continuation and expansion of research ef-
forts (Mammola et al. 2020, 2021). Conversely, the lack of studies in Africa contributes 
to the under-sampling of regions that may harbor substantial subterranean biodiversity, 
suggesting that observed patterns in chemoreception research may reflect both true bio-
logical variation and pronounced geographic sampling bias (Mammola et al. 2020).

Taxonomic bias

The taxonomic bias observed in studies of chemosensory systems in cave-dwelling in-
vertebrates reflects a strong dependence on a restricted set of “model taxa,” which has 
disproportionately shaped generalizations about evolutionary and functional processes 
in hypogean environments. Coleoptera, particularly troglobitic carabids and leiodids 
(Crouau 1990; Crouau and Crouau-Roy 1991; Pellegrini and Ferreira 2011a; Balart-
García et al. 2021), represent classical model systems in biospeleology due to their 
relative ease of collection, well-established taxonomy, and broad distribution in tem-
perate karst systems. These factors have contributed to their establishment as model 
organisms for studying adaptations to permanent darkness (Howarth 2009; Culver 
and Pipan 2009). This historical centrality has generated a self-reinforcing feedback 
loop, whereby already well-studied taxa receive disproportionate additional attention, 
strengthening their role as general proxies for subterranean processes, while other 
groups remain underrepresented (Mammola et al. 2020).

In contrast, subterranean aquatic fauna, particularly crustaceans such as Amphi-
poda, Mysida, and Thermosbaenacea, remain poorly represented in the reviewed litera-
ture despite their ecological importance in aquifers and anchialine systems. The factors 
underlying this taxonomic bias remain unclear and warrant further investigation (Hols-
inger 1993). Cave-dwelling crayfish orientation, for instance, relies heavily on their 
antennae, which continuously sweep the environment during locomotion. This behav-
ior may enhance the chemosensory reception by increasing the delivery of dissolved 
chemical cues to the sensilla, thereby improving cue detection in subterranean aquatic 
environments (Cooper et al. 2001). Nevertheless, detailed morphological descriptions 
of these structures remain scarce, and functional studies linking them to sensory perfor-
mance and ecological success in subterranean systems are even more limited (Lucarelli 
and Sbordoni 1978; Machado et al. 2002; Machado et al. 2005; Fea et al. 2019).

Similarly, arachnids and myriapods, although diverse and often highly specialized 
in cave environments, remain poorly studied into mechanistic frameworks of sensory 
ecology and behavior. This results in a fragmented understanding of the functional 
diversity of major subterranean arthropod groups. Collectively, this pattern highlights 
a structural “model system bias” in subterranean biology, where unequal distribution 
of research effort across taxa and regions may influence-and potentially distort-broad 
inferences about the evolution of chemosensory systems in darkness (Bolker 1995; 
Mammola et al. 2020).
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Despite their diversity and specialization in cave environments, arachnids and myri-
apods are less frequently incorporated into mechanistic research than coleopterans, lim-
iting our understanding of the diversity of adaptations to subterranean life (Culver and 
Pipan 2009; Romero 2009; Sombke and Edgecombe 2014; Liu et al. 2017; Deharveng 
and Bedos 2018; Mammola et al. 2020). This pattern reflects a broader model-system 
bias in subterranean biology, in which a small number of taxa dominate knowledge pro-
duction, while other groups remain comparatively understudied (Mammola et al. 2020).

Schiner-Racovitza ecological-evolutionary bias

We observed that most investigations focus on troglophilic and, especially, troglobitic 
species exhibiting conspicuous morphological adaptations (e.g., depigmentation, en-
larged antennae, anophthalmy, elongated body shape, and reduced wings), whereas 
less specialized or transitional forms receive comparatively less attention, particularly 
in functional and mechanistic approaches (Bland et al. 1998a; Fea et al. 2019; Gentes 
and Scholtz 2019; Machado et al. 2005; Wittmann and Chevaldonné 2021).

Paradoxically, even among troglobites, descriptive studies still predominate, with a 
low proportion of functional investigations and an even smaller representation of recent 
mechanistic approaches (e.g., scent gland secretion pathways, humidity responses medi-
ated by sensory organs, olfactory neuropils, and genes related to environmental adapta-
tion). This pattern suggests that increasing degrees of troglomorphism are not accom-
panied by a proportional increase in methodological sophistication or functional depth, 
reinforcing an ecological-evolutionary bias in which highly specialized organisms are fre-
quently documented but not necessarily understood in mechanistic terms (Culver and 
Pipan 2009; Romero 2009; Makarov et al. 2017; Vranic et al. 2023; Wen et al. 2025).

For instance, the chemical defense systems of troglobites have been elucidated for 
only a few species, mainly some polydesmid millipedes, one cave-dwelling harvestman, 
and two carabid beetles (Shear et al. 2010; Makarov et al. 2012; Vesović et al. 2015). 
A potential “cave effect” on chemical defense-referring to modifications in chemical 
composition compared with non-cave-dwelling relatives within the same taxonomic 
groups, has been proposed but remains poorly explored (Makarov et al. 2017).

Antennal elongation in troglobitic organisms represents an adaptation that en-
hances sensory capacity, enabling more efficient navigation in dark subterranean 
environments where visual information is absent or extremely limited (Culver and 
Pipan 2009; Romero 2009). Accordingly, chemoreception is likely a key mechanism 
in aphotic environments, playing a central role in detecting resources, mates, and en-
vironmental cues (Juberthie-Jupeau and Bareth 1980). However, these structures are 
often compared across species or across different appendages, which may limit more 
direct inferences about their function and evolution under equivalent anatomical and 
ecological contexts (Crouau 1990).

In this context, future studies on chemical communication in cave invertebrates 
should prioritize integrated and comparative experimental approaches at the intraspe-
cific and functional levels, including assessments of adaptive advantages in foraging, 
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predator avoidance, intraspecific communication, and mate selection. Such approach-
es are essential to more robustly elucidate how morphological variation translates into 
sensory performance and, consequently, into ecological adaptation in subterranean en-
vironments. This direction becomes even more relevant considering that the ecological 
structure of cave systems may impose selective pressures favoring increased chemical 
sensitivity in cave-dwelling organisms (Ziemba et al. 2003).

In addition, mechanistic approaches integrating chemical characterization of rel-
evant cues with physiological, neurobiological, and biochemical investigations are 
needed to establish the sensory function of putative chemosensory structures and to 
elucidate how chemical information is detected, processed, and translated into behav-
ioural and ecological responses.
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