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Abstract: Usually, biospeleological studies focus on cave-specialist taxa showing strong adaptation to the
subterranean environment, as their unusual morphological and ecological features represent intriguing case
studies. On the other hand, species occurring in subterranean environments but without marked adaptations
have been generally overlooked, probably because they are thought to be accidental and not very important
for the ecosystem. Particularly exemplificative is the case of Tipuloidea crane flies (Diptera), which although
abundant, are rarely considered in biospeleological studies. Here, by analyzing the crane fly occupancy, we
observed that individuals occur within the shallowest areas of subterranean environments throughout the
year, with a peak of presence during hot season. Crane flies occupy dark and warm areas close to the
connection with surface and with smoother walls. Furthermore, we observed that the presence of crane flies
is positively related to the abundance and the richness of cave predators, highlighting their importance for
the sustainment of the local community. With this study we aim to stimulate future researches on these
important, but still neglected cave species.
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1. Introduction

Studies on cave adapted species have gained large interest during the last decades, a trend demonstrated
by the growing available literature [1-5]. The high interest in subterranean environments and its biota is often
related to the peculiar study-cases offered to taxonomists, ecologists, and evolutionary biologists [6]. Indeed,
subterranean environments have represented (and still represent) a source of unknown and bizarre organisms
that help understanding adaptation and evolution in extreme environments [7-9]. The appearance of
troglomorphic characters (e.g., reduction in pigmentation, anophthalmia, and elongation of appendages) is
related to the peculiar ecological conditions of subterranean environments, which are very different from those
found in any surface ones [1]. The subterranean environments show high stability and have a natural
microclimatic gradient making them an excellent natural study-system [10-12]. The most obvious difference
is the lack of light, a condition which not only contributes in reducing the fluctuation of the subterranean
microclimatic conditions, but also impedes the colonization of plants, therefore strongly limiting the
availability of food resources [1]. The lack of light also means that the sense of sight is useless and subterranean
species often rely on alternative senses to perform their natural activities [13-15]. A missing day-night cycle
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in subterranean environments promotes a prolonged stability of the inner microclimate, which is more evident
in the deepest areas not reached by incoming light [10,16].

A large number of species with different degree of adaptations can be found within subterranean
environments. The most specialised species are called troglobionts; these animals are usually found in the
deepest areas laying in complete darkness and are unable to reproduce in surface environments [17].
Troglobionts often show the well-known morphological, physiological (e.g., resistance to starvation), and
behavioral (e.g., loss of fear) adaptations occurring in cave animals [18-20]. Troglophiles can maintain stable
populations in subterranean environments, but are still able to exit and reproduce in both surface and
subterranean environment [6]. These animals can be found throughout the subterranean environment (but
generally not too far from the connection with surface) and might show specific traits suitable for subterranean
life [21-23]. Trogloxenes are species usually found within the first meters from the cave entrance, as these
animals usually do not show evident adaptations to the cave environment, and thus are unable to persist in
the deepest parts [24]; these species can successfully reproduce only outside caves or in proximity of the
entrance [6,17]. The species showing higher degree of adaptation to subterranean life (troglobionts and
troglophiles) have been intensively studied and used as model species in a large number of researches, from
macro-ecology to evolutionary studies [25-28]. On the other hand, the interest on trogloxenes has often lagged
behind, probably because these species have been thought to have little importance for the subterranean
environment [29].

This misleading idea has been proven wrong by recent research, which highlighted that some species
traditionally considered to be “occasional” actually show strong ecological relationships with the
underground environment, and play a major role in subterranean ecosystems [30-32]. Some of such neglected
species are the Tipuloidea crane flies (Diptera). Crane flies represent a large taxonomic group (>3300 described
species for Palaearctic; [33]) with at least two genera, Limonia Meigen, 1803, and Neolimonia Alexander, 1964,
widespread in Italy [34]. Generally, crane flies show similar size and habitus: the typical features are an
elongated yellow-brownish abdomen and wings with particular venation and dark pigmentation [35] (Figure
1A). Crane flies inhabit forested areas [36,37], but are also found in subterranean environments, particularly
from spring to autumn, where they shelter from external unsuitable climatic conditions (i.e., when it is too hot
and dry) [38-41]. Considering the lack of specific adaptation to cave life, crane flies are usually observed in
areas not too far from the connection with the surface, where they can form dense aggregations (Figure 1B)
[39,42]. This condition probably makes tipuloids one of the most abundant taxonomic groups in the cave-
entrance; thus, representing the most abundant prey for several cave-dwelling predators [43—46].
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Figure 1. Two photos showing crane flies in subterranean environments: (A) two individuals mating and (B)
high density aggregation. Photo credit: Enrico Lunghi.

Given the scarce quantitative ecological information on crane flies, our aim is to study the use of
subterranean environments by these species and evaluate its potential relationships with cave-dwelling
predators, as crane flies may represent an important food resource in an ecosystem characterized by constant
scarcity [1]. Although, in the literature, only the presence of Limonia nubeculosa Meigen, 1804 is generally
reported within Italian subterranean environments [30,39,47], the broad distribution of multiple species with
similar habitus makes challenging their identification without manipulation [34,35]. Therefore, to avoid
potential misidentification, we refer here to the whole superfamily Tipuloidea. We focused in assessing the
major environmental features related to the occupancy of tipuloids within subterranean environments.
Despite no specific adaptation toward the cave life, crane flies regularly frequent these environments [30,39],
and previous studies suggested that ecological relationships with the cave environment can be extremely
strong even for some species traditionally considered to be “accidental” [31,48]. Furthermore, we evaluated
relationships between the distribution of crane flies and cave predators, as crane-flies can represent a major
food resource in prey-deprived environments [30,43].



Diversity 2020, 12, 333 4o0f11

2. Methods

2.1. Study Sites and Surveys

Fifteen subterranean environments located in the north of Tuscany (Italy) have been monthly surveyed
throughout a year (2013). Three of them are semi-natural environments, one is a subterranean drainage tunnel,
while 11 are natural caves (Table 1). These sites show a specific microclimatic gradient, going from the entrance
to the deepest sectors of caves [10]. The microclimate of subterranean environments is affected by the influence
of external climatic conditions especially through the opening connecting them with the surface [1].
Consequently, the areas close to the entrance have microclimatic conditions similar to those found outside. On
the other hand, the external influences become weaker with depth and the microclimate of the deepest areas
do not experience the same variability, but rather high stability [11,12,16]. We surveyed the 15 subterranean
environments following a standardized procedure [49]. The environments were subdivided in sections of
three linear meters (hereafter, sector) from the entrance (i.e., the main connection with the surface) to the
deepest point reachable without the use of speleological equipment. At the end of each sector, multiple
environmental data on both cave morphology (height, width, and wall heterogeneity) and microclimate
(temperature, humidity, and incident light) were recorded [10]. Sector height and width were recorded using
a laser meter (Anself RZE-70, accuracy 2 mm), while the wall heterogeneity was estimated by unrolling a one-
meter length string following the vertical wall shape, then with a tape meter, we measured the linear distance
between the two string extremities [50]. A Lafayette TDP92 thermo-hygrometer (accuracy: 0.1 °C and 0.1%)
was used to record sector temperature and humidity, while a Velleman DVM1300 light meter (minimum
recordable light: 0.1 Ix) was used to record the minimum incident light. For further details on data recording
refer to Lunghi, Corti, Mulargia, Zhao, Manenti, Ficetola and Veith [49].

Table 1. List of the surveyed subterranean environments. For each Site we provide: Latitude (N), Longitude (E),
Elevation (m a.s.l.), Origin (N =nnatural; S= semi-natural; and A = artificial), and the number of surveyed Sectors.
Latitude and longitude are shown with reduced precision to increase species protection [51].

Site Latitude  Longitude  Elevation Origin  Sectors
Sitel 44.03 10.25 872 N 5
Site2 43.97 10.53 91 N 11
Site3 43.93 11.16 624 N 10
Site4 44.04 10.25 889 N 5
Site5 44.04 10.25 875 N 3
Site6 43.92 11.14 286 N 4*
Site7 43.92 11.14 319 N 17
Site8 44.00 10.82 948 S 4
Site9 44.00 10.82 853 S 5
Site10 44.00 10.82 850 S 7
Sitel1 44.04 10.86 744 A 6*
Site12 43.92 11.16 699 N 2
Site13 43.92 11.16 715 N 14
Site14 43.97 11.16 492 N 20
Sitel5 44.06 10.31 556 N 8

* During particular periods, some sectors were inaccessible due to flooding.

We surveyed each sector to assess the presence of crane flies through Visual Encounter Survey (VES) [52];
sectors were surveyed with similar effort to limit bias due to imperfect species detection [53]. Adopting the
same methodology, we also recorded the presence and the abundance of five predators (traditionally
considered to be troglophiles or trogloxenes) usually occurring on cave walls: the cave salamander
Hydromantes italicus (Dunn, 1923), and four spider species, Meta menardi (Latreille, 1804), Metellina merianae
(Scopoli, 1763), spiders of the family Agelenidae C. L. Koch, 1837, and Amaurobius ferox (Walckenaer, 1830)
[10,48,54].
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2.2. Statistical Analyses

We first estimated the detection probability of crane flies; the detectability of small cave species usually
is <1 [53,55]. We calculated the species detection probability on the base of 35 pairs of survey performed within
14 days; this ensures to meet the assumption of population closure [55]. We built a model including the linear
distance from the entrance (hereafter, depth) as potential variable affecting the species occupancy suitability.
Starting from this, we built a second model adding the wall heterogeneity as potential variable affecting
species detection. Models were compared following the Akaike Information Criterion (AIC) [56] and the best
one (with lowest AIC value) used to estimate the detection probability of crane flies.

We then used a binomial generalized linear mixed model to assess which environmental factors influence
the occupancy of crane flies in subterranean environments [57]. Their presence/absence was used as dependent
variable, while the morphological and microclimatic features of cave sectors, along with depth, as independent
variables; site and sector identity were used as random variables. We included as further independent
variables the interaction between month of survey and microclimatic features. Considering the imperfect
detection of tipuloids (see Results), we weighted their absence with the estimated detection probability [58].
The values of AIC corrected for small samples (AICc) were used to estimate a set of positive Akaike weights
wi summing to 1, and used to rank the models; the one with the highest weight was the best [59]. The
significance of variables included in the best AICc model was tested using the likelihood ratio test [60].

Moreover, to assess the relationships between the occurrence of crane flies and cave predators we also
built two linear mixed models [61]. We used predators’ abundance (total N of individuals) and richness (total
N of species), respectively, as dependent variables, the presence/absence of crane flies as independent variable,
cave, and sector identity as random factors.

3. Results

We performed a total of 1417 cave sector surveys (Table 1) and we detected crane flies in 709 of them;
both the number of occupied sectors and their average depth increased during the hot season (Figure 2). The
microclimatic features at which Diptera occurred were: air temperature, average = 12.18 + 3.08 (SD), max =
25.7, min = 2.5; humidity, average = 89.16 = 4.95, max = 96.5, min = 47.2; and minimum illuminance, average =
0.53 +3.22, max =58.2, min = 0.
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Figure 2. Number and distribution of occupied cave sectors. The plot shows the monthly number of cave sectors
occupied by crane flies and their average depth (linear meters from the connection with surface).

The best model estimating detection probability of crane flies did not include the covariate wall
heterogeneity (AIC = 625.49 vs. 626.63); the model suggested that crane flies have a detection probability of
0.58 (SE =0.05).
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The best-AIC model suggested that the occurrence of crane flies within caves was significantly related to
temperature, illuminance, sector depth, wall heterogeneity, to the month of survey and its interaction with
temperature (Tables 2 and 3). Crane flies occupied sectors close to the cave entrance, showing low illuminance,
relatively high temperature and smooth walls; during the hot season, the species occupied colder sectors.

Finally, we found a strong, positive relationship between the presence of crane flies and both predator
species’ abundance (F1,1205 = 4.71, P = 0.03) and richness (F1,1295 = 12.95, P <(0.001).

Table 2. Five best corrected Akaike Information Criterion (AICc) models relating crane flies presence within
cave sectors. We considered as dependent variable the presence of the species. We used as independent
variables: sector Width, Height, Depth, wall heterogeneity (Het), sector humidity (Humid), illuminance (Lux)
and temperature (Temp), Month of survey and its interaction between microclimatic features (). For each
continuous variable, the regression coefficient is reported if the variable is included into a given model. For
categorical variables and interactions, + indicates that the variable or the interaction is included into the model.
If not shown in table, the variables were not included in the first five best AICc models. The best model is

highlighted in bold.
Independent Variables Included in the Model df  AICc A-AICc ~ Weight

Depth Het Humid Lux Temp Month Width Height Temp*M

-0.085 0.07 -0.62  0.18 + + 29 5899 0 0.164
-0.084 -0.62 018 + 0.07 + 29 590.4 0.44 0.131
-0.079 0 2)7 -1.98 064 020 + + 30 5909 0.99 0.100
-0.084 -0.59  0.18 + -0.06 + 29 5913 1.39 0.082
-0.078 -2.03 062 02 + 0.06 + 30 5913 1.40 0.081

Table 3. Parameters related to the presence of crane flies within cave sectors. The significance of variables
included in the best AICc model are shown; significant variables are in bold.

Factor B X2 P
Temperature 018 3798 <0.001
Month 267.57 <0.001
Sector -0.09  0.01 0.001
Wall heterogeneity ~ -0.07 13.83  <0.001
Lux -0.6 22.04 <0.001
Month x Temperature 27.79  0.003

4. Discussion

Crane flies occurred within the subterranean environments throughout the year, although there was a
clear peak during the hot season (Figure 2). These species, as many other taxa without specific adaptations,
probably seek refuge in subterranean environments when outdoor climatic conditions become too dry and hot
[10,30,39]. Indeed, when species are strongly dependent on fine scale environmental conditions [62], they need
to track suitable microclimate when the local conditions become too harsh [63]. Occupancy was the highest in
areas not far from the connection with the surface, where microclimatic conditions are more influenced by
external climate [10]. Dipterans, as many other trogloxenes, usually actively seek habitats closely connected to
cave entrances, likely because they are phototactic and lack specific adaptations to cope with the peculiar
environmental conditions found in the deepest areas (e.g., darkness and food scarcity) [64]. Considering the
wide range of microclimatic variables at which Diptera occurred, it is likely that multiple species of Diptera
occurred within the studied subterranean environments, but detailed studies are required to ascertain this
hypothesis. Furthermore, the buffered microclimatic conditions found in the shallowest areas are probably
suitable enough for crane flies; indeed, individuals mate and occur in large numbers (Figure 1). Tipuloids
seems to be less linked to the subterranean environments if compared with Trichoceridea, as these Diptera
have been usually found in areas distant from the connection with surface [65,66]. Cave walls having less
irregularities seem to promote the occupancy of crane flies. A smooth wall may facilitate the attachment of
individuals, so they probably choose this feature to facilitate their resting. On the other hand, a wall with
pronounced irregularities may shield their presence from surveyor view, and reduce the overall species
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detection [53]. However, this hypothesis was not confirmed by the analysis of detection probability, as we did
not find relationships between crane-fly detectability and wall heterogeneity.

Both richness and abundance of cave predators were positively related to the occurrence of crane flies.
Subterranean environments in temperate areas are often food deprived [1], and cave predators have to develop
specific adaptations to cope with that. Indeed, some species are able to reduce their metabolism to save
energies and withstand prolonged starvation periods [67], others develop specific morphologies to store
energy [68], while some others exit and forage on the surface [63]. Crane flies in subterranean environments
can represent a large proportion of local biomass [69], thus being an important food resource for the local
community; sure enough, dipterans represent one of the main food resources for multiple species [44,45]
(Figure 3), as we often saw live and dead ones on different spiders’ webs.

Figure 3. Oxychilus draparnaudi (Beck, 1837), a facultative cave-dwelling snail, feeding on a dead crane fly. In

caves, crane flies are not only important for species directly preying on them, but also for the many scavengers.
Photo credit: Simone Giachello.

Crane flies can be highly suitable prey for many cave predators. First, individuals show a particular
aggregative behavior, and during the harsher months, they can form dense “clouds” on the cave walls (Figure
1B). The reason of such behavior is still unknown, but it provides to predators an easy way to catch multiple
prey with minimum effort. For example the cave salamanders of the genus Hydromantes Gistel, 1848, catch
their prey darting their protrusible tongue [70,71]; therefore, if they target a dense aggregation of dipterans
they could even catch multiple individuals with one “shot”. In fact, crane flies are the most abundant prey of
European cave salamanders [72]. A second advantage is given by location. Compared to the surface,
subterranean environments represent a safer place for many species, not only because the suitable
microclimatic conditions, but also because the lower presence of potential predators [73-75]. Some predators
mostly living in subterranean environments can exit caves for foraging, but this exposes them to several risks
(e.g., predation or unsuitable climatic conditions), while hunting inside caves is likely safer [43,63].

This was the first study only focusing on the ecology of crane flies within subterranean environments of
Italy. Even though many open questions remain, our study highlighted the importance of expanding
ecological analyses toward often neglected cave-dwellers. Indeed, there are still so many gaps in the
knowledge of the ecology and distribution of crane flies for both their surface and subterranean phase. For



Diversity 2020, 12, 333 8of 11

examples, we still have no information about species richness of crane flies within subterranean environments,
their phenology and whether spatial segregation occurs. Indeed, in this study we attributed all Diptera
observed within subterranean environments to the superfamily Tipuloidea, while similar species of the
superfamily Trichoceridea can also occur in caves [66]; thus, further refinements are required to better
comprehend the occurrence of the different Diptera in subterranean environments and their habitat
preference. Nonetheless, we only analysed the main determinants of their occurrence, leaving unexplored all
the causes affecting their abundance and aggregation. It would be also interesting to evaluate the energetic
contribution provided by crane flies assessing their role in the food web, and evaluating how the flow of
individuals between outdoor and subterranean environments affects the functioning of these ecosystems [76].
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