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ABSTRACT

Subterranean ecosystems are among the most widespread environments on Earth, yet we still have poor knowledge of
their biodiversity. To raise awareness of subterranean ecosystems, the essential services they provide, and their unique
conservation challenges, 2021 and 2022 were designated International Years of Caves and Karst. As these ecosystems
have traditionally been overlooked in global conservation agendas and multilateral agreements, a quantitative assess-
ment of solution-based approaches to safeguard subterranean biota and associated habitats is timely. This assessment
allows researchers and practitioners to understand the progress made and research needs in subterranean ecology and
management. We conducted a systematic review of peer-reviewed and grey literature focused on subterranean ecosys-
tems globally (terrestrial, freshwater, and saltwater systems), to quantify the available evidence-base for the effectiveness
of conservation interventions. We selected 708 publications from the years 1964 to 2021 that discussed, recommended,
or implemented 1,954 conservation interventions in subterranean ecosystems. We noted a steep increase in the number
of studies from the 2000s while, surprisingly, the proportion of studies quantifying the impact of conservation interven-
tions has steadily and significantly decreased in recent years. The effectiveness of 31% of conservation interventions has
been tested statistically. We further highlight that 64% of the reported research occurred in the Palearctic and Nearctic
biogeographic regions. Assessments of the effectiveness of conservation interventions were heavily biased towards indi-
rect measures (monitoring and risk assessment), a limited sample of organisms (mostly arthropods and bats), and more
accessible systems (terrestrial caves). Our results indicate that most conservation science in the field of subterranean biol-
ogy does not apply a rigorous quantitative approach, resulting in sparse evidence for the effectiveness of interventions.
This raises the important question of how to make conservation efforts more feasible to implement, cost-effective, and
long-lasting. Although there is no single remedy, we propose a suite of potential solutions to focus our efforts better
towards increasing statistical testing and stress the importance of standardising study reporting to facilitate meta-
analytical exercises. We also provide a database summarising the available literature, which will help to build quantita-
tive knowledge about interventions likely to yield the greatest impacts depending upon the subterranean species and hab-
itats of interest. We view this as a starting point to shift away from the widespread tendency of recommending
conservation interventions based on anecdotal and expert-based information rather than scientific evidence, without
quantitatively testing their effectiveness.

Key words: biospeleology, cave, climate change, conservation biology, ecosystem management, extinction risk, ground-
water, legislation, pollution, subterranean biology
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I. INTRODUCTION traditionally overlooked in most global conservation

(1) General overview

Modern conservation science benefits from an increasing use
of data to support evidence-based conservation interventions
(Sutherland et al., 2004, 2019, 2020; Salafsky et al., 2019;
Downey et al., 2021) and recognition of biases in terms of
where these efforts are placed (Buxton et al., 2021; Fonseca
etal., 2021). First, we are collectively building upon a quanti-
tative understanding of what constitutes effective conserva-
tion interventions to ensure the protection and recovery of
biodiversity and ecosystems (Sutherland ez al., 2019). Second,
we now appreciate that, given limited resources available for
conservation, we need to maximise their effective allocation —
for example by redirecting part of the funding devoted to
monitoring and inventories towards direct and cost-effective
conservation interventions (Lindenmayer, Piggott &
Wintle, 2013; Buxton et al., 2020). Third, we have now iden-
tified how cognitive biases have permeated conservation
investments and efforts in the past — for example more atten-
tion given to charismatic organisms (Mammola ¢t al., 2020b;
Adamo et al., 2021; Delso, Fajardo & Muiioz, 2021) and vis-
ibly appealing landscapes (Watson et al., 2014). By openly dis-
cussing these issues, we are setting the stage for a more
effective allocation of conservation efforts and funding in
the years ahead (Buxton et al., 2021).

Following recent trends, it is clear there should be a sub-
stantial shift of focus towards the species and ecosystems

agendas, such as caves and other subterranean ecosystems
(Sanchez-Fernandez ¢t al., 2021; Wynne et al., 2021; see def-
inition in Section 1.2). Due to the intrinsic inaccessibility of
subterranean  ecosystems  (Ficetola, = Canedoli &
Stoch, 2019) and many impediments to research
(Mammola et al., 2021a), we currently know too little about
subterranean biota to be able to routinely implement cost-
effective conservation interventions. To date, conservation
of subterranean ecosystems has been dominated by
problem-based studies focused on identifying the main
drivers associated with subterranean biodiversity decline
(Mammola e al., 2019a; Gerovasileiou & Bianchi, 2021).
For example, we have elucidated the ecological impacts of
polluted  surface  waters percolating  underground
(D1 Lorenzo et al., 2015, 2021; Manenti ¢ al., 2021), the
long-term consequences of climate change on specialised
subterranean organisms adapted to thermally stable condi-
tions (Mammola et al., 2019c¢; Pallarés et al., 2020a,b; Colado
et al., 2022), and some of the negative impacts that patho-
gens and alien species can cause to subterranean ecosystems
(Howarth et al., 2007; Wynne et al., 2014; Howarth &
Stone, 2020; Hoyt, Kilpatrick & Langwig, 2021).

However, problem diagnosis alone is notoriously insufficient
for implementing conservation (Williams, Balmford &
Wilcove, 2020). It is vital to start exploring solution-based
approaches, namely proposing and implementing conservation
interventions and then monitoring their efficacy. There are
examples of habitat manipulation to increase bat survivability
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under pathogenic stress (Turner et al., 2021), cave habitat resto-
ration for invertebrate populations (Humphreys, 1991; Man-
enti ¢f al., 2019), and several studies synthesising quantitative
knowledge on conservation interventions for managing bat
populations, including species roosting or hibernating in caves
(e.g. Tobin & Chambers, 2017; Berthinussen, Richardson &
Altringham, 2021; Sutherland ¢t al., 2021). More often, how-
ever, conservation interventions are indirect and/or not
assessed quantitatively. We are frequently guilty of concluding
our research papers with lofty, often abstract
recommendations such as “We should monitor the popula-

tion...”, “Management of the [habitat/species/population]
is strongly advised...”, and “It would be important to protect
the site....” Although the intentions are good, this can contrib-

ute to an information overload that may complicate, or even
misguide,  conservation and  management efforts
(Landhuis, 2016; Jeschke et al., 2019).

Two questions naturally follow concerning conservation
and management of the subterranean biome: (7)) how often
have conservation interventions been quantified and statisti-
cally tested in relation to various anthropogenic threats; and
(1) how has the frequency of the different conservation inter-
ventions, whether proposed or tested, changed over time? To
approach these questions, we undertook a systematic litera-
ture review across a breadth of publications focused on con-
servation interventions for subterranean ecosystems (Fig. 1).
Our efforts were designed to build a quantitative understand-
ing of the number of interventions that have (or have not)
been tested, as well as to target threats, organisms, systems,
and types of conservation interventions lacking research.
Finally, we build upon positive cases of successful conserva-
tion to provide examples of robust study designs that monitor
the effectiveness of conservation interventions.

(2) Definition of subterranean habitats used in this
review

We used the term ‘subterranean habitat/ecosystem’ in a
broad sense to encompass all lightless subterranean spaces,
dry or filled with water, generally representing buffered cli-
matic conditions, and where organisms do not encounter sur-
face habitats in all three dimensions. The latter condition
excludes soil habitats. For the purpose of this analysis, we
divide subterranean habitats into six artificial categories: (7)
caves — cavities of different origins [karst, volcanic, tectonic,
glacier caves, and other voids formed by solution or erosion]
that are directly accessible to humans; (i) show caves — caves
made accessible to the general public for tourism, managed
by a government or commercial organisation; (i) artificial —
all subterranean spaces of man-made origin, such as mines,
bunkers, blockhouses, and water conduits; (i) groundwater —
aquatic subterranean habitats such as aquifers, springs,
cenotes, and subterranean rivers; () fissural systems — all fis-
sures and pore spaces whose size prevents human entry, with
similar habitats occurring close to the surface usually listed
under the umbrella term shallow subterranean habitats (Culver &
Pipan, 2014); these habitats are only accessible vig indirect
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means, for example using subterranean sampling devices
(Mammola et al., 2016); and (»7) marine/anchialine — saline
groundwater habitats represented through the ecotone that
extends from the coast to fresh groundwater. Marine subterra-
nean ecosystems (e.g. submarine caves) are those subject to
direct marine influence, whereas ‘anchialine’ is generally used
for subterranean or semi-subterranean water bodies with a
marine origin that has penetrated inland and remains isolated
from the ocean (Sket, 1996).

II. MATERIALS AND METHODS

We conducted a systematic literature review to amass an
extensive list of publications that discussed and/or tested con-
servation interventions for subterranean species or habitats —
including terrestrial, freshwater, and marine/anchialine sub-
terranean systems (see Section 1.2 for definitions). The
PRISMA workflow (Moher e al., 2009; Page et al., 2021)
and a summary of this review is provided in Fig. IA.
Throughout the text, we use the term ‘intervention’ in a
broad sense, namely any direct or indirect action associated
with the conservation of the species/system (see Section 11.3
for further details).

(1) Systematic literature search

On 03 February 2021, we performed standardised literature
searches in the Web of Science. Different search terms were ini-
tially trialed by S.M. and M.B.M. in a scoping exercise to
refine the procedure, that is running a search and considering
the relevance of the first 200 references. Based upon this
exploratory trial, we refined search terms to minimise the
number of irrelevant references. We found that using overly
broad search terms (e.g. ‘subterranean habitat’, ‘groundwa-
ter’) resulted in an overwhelming number of articles. For
example, a search with the term ‘groundwater’ yielded
>37,000 papers, most of which were irrelevant because they
referred to (hydro)geological aspects. At the same time, more
specific subterranean biology terms such as ‘caves’ captured
several archaeological, palacontological, and medical papers
— for example the term ‘cave’ is used in Osteology. The final
search string that maximised both specificity and sensitivity
was (Search #1):

TS = (“cave” OR “subterranean biology”) AND
TS = (“conserv*” OR “managem™*” OR “restorat*” OR
“preserv*” OR “policy” OR “policies” OR “politic*” OR
“protect™” OR “reintroduc*” OR “regulat®*” OR “legislat*”
OR “IUCN” OR “CITES” OR “sustainabil*”) NOT
TS = (“surgery” OR “surgical” OR “medicine” OR “Nean-
derthal” OR “osteology” OR “bones” OR “anthropology”
OR “Homo” OR “therapy” OR “art” OR “cranial” OR
“paleontolog™”’).

This search yielded 3,269 papers. In parallel, we con-
ducted a second search for groundwater and anchialine sys-
tems (Search #2) using the search string:
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(A) Systematic literature search: PRISMA diagram

e - Articles extracted from WoS Other sources and grey
Identification (Search #1 & #2) [N = 4265] literature [N = 228]
. s Screened (abstract+ | Excluded

Screening 2 title) [N = 4265] [N = 3542] o
8 = . i

£ Excluded " .

L Sx Full-text assessed for | [N =206] : S

Eligibility % ~ || Eligibility [N = 672] > l\;\?t_ fgémd 2
o Studies included in the analysis | o ... |

Included ™| [N =438 +42 + 228 = 708]

(8) Meta-data extraction

. .

: | :

Bibliometric Study Threats Organism(s) Conservation Quantitative
data system of focus intervention  testing
Journal, doi, Location, year, Including higher Statistics (if
publication date subterranean taxonomic rank any) to test the
system, etc. measure

Not identified Direct

Proactive measures are applied even @@

if no threats have been identified. ~ Protection

P o Protected area, Ex-situ

Alien species & _Pathoggns conservation

Impacts due to alien species or

th . .

pathogens e Regulation

Climate change Gating, Legislation,

Any impact related to alteration of Regulate access

climatic conditions. .
Restoration
Eradication,
Decontamination,
Habitat creation, Habitat
restoration, Reintroduction

Overexploitation & Poaching
Collection of species or harvesting
of biological resources.

Pollution
Organic and inorganic pollution

Indirect
Assessment
Risk assessment,
< Prioritization
Education
(Educational activities to
raise awareness)

Visitors Monitoring

Any impact related to tourism, (Including
recreational caving, scientific

Surface habitat change
Surface alteration that affects
subterranean systems (e.g.
urbanization, deforestation) ﬂ

4k G

Subterranean habitat change
Any direct destruction of
subterranean habitats (e.g.
mining).

A biological inventory)
activities in caves, etc.

Fig. 1. Summary of the sampled literature and extracted metadata. (A) PRISMA diagram depicting the flow of information through
the different phases of the systematic literature review. For the list of studies extracted from the Web of Science, including excluded
studies with reasons for exclusion, see Appendix S1. (B) Summary of the metadata collected for the database. For the link to the
data repository see Section VII. Original silhouettes by Irene Frigo.

TS = (“groundwater” OR *“anchialine”) AND TS “preserv¥” OR “policy” OR “policies” OR “politic*” OR
= (“fauna” OR “stygob*” OR “organism*”) AND “protect*” OR “reintroduc*” OR “regulat®” OR “legislat™”
TS = (“conserv*” OR “managem®™” OR “restorat*” OR OR “IUCN” OR “CITES” OR “sustainabil*”).
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This search yielded an additional 998 papers, with less than
100 papers overlapping with Search #1. All papers originating
from these two searches (V= 4,265) were screened for inclu-
sion in the review based on an agreed set of criteria (Appendix
S1). We included studies that: (;) statistically tested the effec-
tiveness of conservation interventions (e.g. gating to prevent
access to caves), based on quantitative variables describing
the status of species or ecosystems (e.g. population or range
trends) (hereafter ‘testing’); (z) discussed or recommended con-
servation interventions without testing their effectiveness; (i)
discussed research priorities for conservation of subterranean
biodiversity and/or performed risk assessments; and (i)
focused on surface management/protection measures that
affect subterranean ecosystems. Studies were excluded that
either: (z) focused on non-subterranean habitats (see Section-
1.2) or () did not focus on the biological component of the tar-
get subterranean ecosystem (e.g. studies examining methods to
restore cave-wall paintings at archaeological sites).

We carried out the initial screening by making independent
selections based on titles and abstracts. To test the consistency
of selection criteria, S.M. and M.B.M. independently classified
the first 100 papers and calculated inter-rater agreement using
Cohen’s kappa. The value of kappa was 0.7, well above the
standard threshold of acceptable inter-rater agreement of 0.4
(Cohen, 1960). Given this result, we used these criteria to
screen the remaining papers based on their titles and abstracts.
If it was evident that a given study did not address our key
research questions, we discarded it. Subsequently, we exam-
ined the full text of the references taken forward from this
screening (N = 708) to determine if they addressed our
research questions (Appendix S1).

For both Web of Science searches, we set up an alert for rel-
evant references when they entered the Web of Science data-
base from February to October 2021, which generated an
additional 42 references.

(2) Additional literature, cross-validation, and
caveats

To ensure a better coverage of the current conservation liter-
ature (Gusenbauer & Haddaway, 2020; Sutherland
et al., 2020), we cross-checked the final database with the list
of papers focusing on subterranean ecosystems included
within the Conservation Evidence database (N = 15, of which
11 were also available in the Web of Science; online database
accessed on 03 February 2021 using the query “Habitat =
Rocky Habitats & Caves” and manually extracting relevant
entries; Sutherland et al., 2019). We further cross-checked
the final database with the lists of papers analysed in three
ongoing systematic literature surveys focusing on the environ-
mental impacts related to the exploitation of caves for tourism
(E. Piano, G. Nicolosi, S. Mammola, B. Baroni, E. Cumino,
N. Muzzulini, V. Balestra, R. Bellopede & M. Isaia, unpub-
lished), on alien species in subterranean ecosystems
(G. Nicolosi, L. Verbrugge, M. Isaia & S. Mammola, unpub-
lished), on conservation of cave-dwelling bats (M.B. Meierho-
fer, J.S. Johnson, J. Perez-Jimenez, F. Ito, P.W. Webela,
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S. Wiantoro, E. Bernard, K.C. Tanalgo, A. Hughes,
P. Cardoso, T. Lilley, S. Mammola, unpublished), plus a
recent synthesis of current knowledge regarding marine caves
(Gerovasileiou & Bianchi, 2021). These cross-checks yielded
37 additional papers that were missed from our initial
searches, which we also included. Finally, we conducted an
unstandardised search for grey literature (Haddaway
et al., 2020), including articles not in English (Nufiez &
Amano, 2021). All these additional sources (N = 228) were
labelled as ‘Others’ within the database.

Given that our analysis is based on a single literature data-
base plus unstandardised grey literature searches, we
acknowledge that it is not a fully comprehensive coverage
of the literature (Gusenbauer & Haddaway, 2020). For
example, through our initial search, we captured 9 out of
11 of the papers in Conservation Evidence focusing on bat
conservation available in the Web of Science. As a result, our
estimation of the volume of the literature should be taken
as an approximation of the real number of studies. We oper-
ated under the reasonable assumption that the biases were
homogeneously distributed across conservation interventions
and taxa, allowing us to draw meaningful inferences using
proportional data. Nevertheless, any comparison of absolute
numbers of studies should be taken with caution.

(3) Metadata extraction

For all relevant references included in the final database, we
extracted detailed metadata and information (Fig. 1B). We
recorded the geographic and taxonomic scope, type of
threat, and conservation intervention applied, as well as a list
of all tests used to analyse the conservation intervention, the
test statistic, the degrees of freedom, number of observations,
whether the measure was significant, and the direction of the
effect.

We determined the main threats to subterranean ecosys-
tems based on recent syntheses (Mammola e al,, 2019a,
2020a; Wynne et al., 2021) complemented by our expert
opinion. We grouped threats into the following eight catego-
ries: () Alien species & Pathogens (impacts due to alien spe-
cies or pathogens); (i) Climate change (impacts related to
the alteration of climatic conditions); (1) Overexploitation &
Poaching (indiscriminate collection of species or overexploi-
tation of biological resources); (i) Pollution (organic and
inorganic pollution events); (v) Surface habitat change (habi-
tat alteration at the surface that affect subterranean systems;
e.g. urbanisation); (vz) Subterranean habitat change (direct
destruction of subterranean habitat; e.g. mining); (vi7) Visitors
(disturbance related to tourism exploitation of caves, recrea-
tional caving, etc.); and (vizz) Not identified (when proactive
conservation interventions are applied or suggested even if
no threats were identified) (Fig. 1B).

Likewise, we determined the main conservation interven-
tions based on general conservation science literature
(Sutherland et al., 2019) and our knowledge and expertise
regarding subterranean ecosystems (Mammola et al., 2019a,
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2020a; Wynne et al., 2021). We classified conservation mea-
sures as ‘indirect’ or ‘direct’ (Fig. 1B).

Indirect interventions (Fig. 1B) are activities that increase
knowledge useful for implementing practical conservation.
Such interventions that indirectly enhance the protection of
subterranean ecosystems were classified into: (1) Education
(dissemination or education program to raise awareness of
the subterranean biome); (i) Monitoring (biological invento-
ries and short- or long-term monitoring programs of the
quality/status of a species, habitat or ecosystem); or (i)
Assessment [with two categories: Prioritisation (interventions
to prioritise species/habitat/ecosystem for conservation, for
example identifying hotspots of biodiversity to be protected,
identifying cost-effective interventions, or fundamental ques-
tions to be answered to achieve better protection); and Risk
assessment (assessments of the status of conservation/
extinction risk of a species/habitat/ecosystem)].

Direct interventions (Fig. 1B) have clear relevance for
practical conservation of subterranean fauna and habitats,
and are classified into: () Protection [with two categories:
Protected area (interventions to establish legal protection
for the site); and Ex-situ conservation (interventions focused
on species outside natural habitats; for example captive
breeding programs established to rear and reintroduce an
imperiled species)|, (i) Regulation [with three categories:
Gating (install and maintain gates/fences at the entrance to
or inside caves, or any other action to restrict human access);
Legislation (legal actions to protect biodiversity); and Regu-
late access (regulation of access to the site; for example
restricting recreational users in winter months and regulating
visits to show caves)]; and (z2z) Restoration [with five catego-
ries: Eradication (interventions for controlling the spread of
alien species); Decontamination (practices for removal or
hindering the spread of pathogens); Habitat creation (inter-
ventions to create new, previously non-existing habitat; for
example excavating an artificial refuge for bats); Habitat res-
toration (interventions to restore habitat; for example biore-
mediation of pollutants, removal of abandoned pitfall
traps); and Reintroduction (species reintroductions)].

(4) Data visualisation and statistical analyses

We conducted all analyses in R version 4.1.0 (R Core
Team, 2021), using the packages ‘ggplot2’ version 3.3.4
(Wickham, 2016) and  ‘circlize’ version 0.4.13
(Guetal., 2014) for data visualisation. For all analyses and fig-
ures, we record an individual mention of a conservation
intervention as the minimum measurement unit; there may
be multiple measurements/tests per study (mean + S.E.
recommended interventions per paper = 2.76 + 0.15).

We used binomial generalised linear models to predict the
annual changes in the relative proportion of conservation
interventions and threats, as well as the number of interven-
tions being tested in each year. In all models, we used the
total number of interventions or threats in each year as a
benchmark to standardise values and obtain proportional
values. Considering the limited sample size before the year

2000, we restricted all temporal analyses to the period
2000-2021 (note that data for 2021 extend only to the end
of October). We validated models with the check_model func-
tion in the R package ‘performance’ version 0.7.2 (Liidecke

et al., 2020).

(5) To meta-analyse or not to meta-analyse?

For articles that statistically tested conservation interven-
tions, we also collected associated statistical measures
(if any) to generate a data baseline for performing future
meta-analyses regarding the most effective interventions for
the long-term preservation of subterranean species and hab-
itats. However, given the low rate of statistical testing for con-
servation measures across the data set, we did not perform a
meta-analysis. We believe the field has not yet matured suffi-
ciently to support such an analysis because: (7) the number of
quantitative studies regarding most conservation interven-
tions was below a threshold of five independent studies,
which we considered to be a minimum for deriving meaning-
ful estimates; and () even for the most intensively tested
interventions (e.g. risk assessment, gating), we could not
extract basic information for several studies due to inade-
quate reporting of results (e.g. studies reporting only p-values,
not mentioning sample size, or omitting confidence inter-
vals). The number of estimates potentially usable for future
meta-analyses 1s given in Table 1.

III. OVERVIEW OF QUANTITATIVE RESULTS

(1) General summary of the literature

We identified 4,265 studies in the two initial Web of Science lit-
erature searches, of which 672 were deemed relevant for full-
text inspection based on the screening of titles and abstracts.
Of these, 438 studies satisfied our inclusion criteria. Addi-
tionally, we included a further 228 papers based on literature
known to us and through cross-referencing with other litera-
ture data sets, and 42 papers through Web of Science email
alerts. In total, 708 studies met our criteria for inclusion
(Fig. 1A; Appendix S1). These papers entailed 1,954 unique
conservation interventions.

Predictably, the majority of conservation interventions
occurred in the Palearctic (42%) and Nearctic (22%) biogeo-
graphic regions, with few studies originating in the Afrotropi-
cal and Indomalayan regions (both 5%; Fig. 2A). The
terrestrial environment — caves, show caves, and artificial sys-
tems — was the focus of most conservation interventions
(59%), followed by groundwater habitats (27 %) and marine
cave/anchialine systems (8%); difficult-to-access fissure sys-
tems were the least studied in conservation science (1%;
Fig. 2B). Arthropods (32%) and cave-roosting bats (33%)
were the most studied organisms, with plants and microor-
ganisms (bacteria, archaea, unicellular fungi, and viruses)
the least studied (both 2%; Fig. 2C). Over one-third of con-
servation interventions for arthropods and bats were tested.
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Table 1. Usable data for meta-analyses based on the sampled literature. Out of the total number of unique interventions, this table
reports the percentage (%) that have been tested, the number of quantitative estimates, and the number of studies. Potential number
of standardised estimates indicate the number of estimates that could be converted to Pearson’s r using standard conversion formulae

(Lajeunesse, 2013)

. Total number of
Intervention . o
estimates (% tested)

Number of quantitative
estimates (number of studies)

Potential number of standardised
estimates (% of total studies)

Protected area 183 (0%) 1 (1) 1 (100%)
Ex-situ conservation 0 (0%) 0 (0) -
Gating 174( 2%) 125 (16) 71 (57%)
Legislation 95 (0%) 0 (0) -
Regulate access 127 (43%) 55 (6) 44 (80%)
Eradication 5(27%) 4 (1) 0 (0%)
Decontamination 54 (35%) 19 (6) 2 (11%)
Habitat creation 3 (38%) 5(1) 4 (80%)
Habitat restoration 1 15 (14%) 16 (3) 15 (94%)
Reintroduction 5 (0%) 0 (0) -
Risk assessment 465 (63%) 295 (37) 208 (71%)
Prioritisation 213 (21%) 44 (12) 10 (23%)
Education 105 (0%) 0(0) —
Monitoring 399 (11%) 45 (14) 20 (44%)

Pollution (24%) and visitors (19%) were the most frequently
addressed, whereas climate change (2%) and overexploita-
tion & poaching (2%) were the least studied and tested
(Fig. 2D). Of all conservation interventions, protected areas
(9%) and gating (9%) were the most mentioned direct inter-
ventions, while risk assessment (24 %) and monitoring (20%)
were the most considered indirect interventions (Fig. 2E).
The frequency of different conservation interventions,
whether proposed or tested, varied among the identified
threats. For example, monitoring and education were sug-
gested more or less equally in relation to all threats, regula-
tion was mostly recommended in response to visitors,
assessments were largely proposed to target pollution, and
restoration interventions were mostly suggested in response
to alien species & pathogens and subterranean habitat
change (Fig. 3).

(2) Temporal trends

Perhaps one of the clearest findings was that only 609 out of
1,954 conservation interventions (31%) were tested using sta-
tistical techniques, despite the rapid increase in the number
of publications from 2000 to October 2021 (Fig. 4A). This
result implies that most of the conservation science in subter-
ranean biology, and the resulting interventions, were not
developed using quantitative evidence — the exceptions were
gating and risk assessments, where 72 and 63% of cases were
quantified and/or tested, respectively (Fig. 2E).

Of the conservation interventions and threats, one inter-
vention and five threats exhibited notable temporal trends
(Table 2, Fig. 4B, C). Monitoring actions were increas-
ingly mentioned in the literature since the year 2000
(Fig. 4C). Studies focusing on alien species & pathogens
have increased significantly since the year 2000 (Fig. 4B),
mostly due to a recent surge in research on white-nose

syndrome in North American bat populations (Blehert
et al., 2009). Although the effects of climate change are
at the forefront of conversation regarding surface environ-
ments (Arneth et al., 2020), only a relatively shallow
increase in such studies was observed for subterranean
environments (Fig. 4B). Indeed, discussion on the impacts
of anthropogenic climate change on subterranean ecosys-
tems has begun only recently (Mammola e al., 2019b;
Howarth, 2021). Finally, the three most mentioned threats
in earlier research — visitors, pollution, and subterranean
habitat change — all displayed a significant decrease over
time. This may be due to more balanced attention applied
across multiple threats or a shift in research interest in
recent years (Fig. 4B).

IV. CURRENT KNOWLEDGE AND RESEARCH
TRAJECTORIES FOR CONSERVATION
INTERVENTIONS

As illustrated in this review, the field of subterranean conser-
vation is still in its infancy regarding the testing of conserva-
tion interventions and their practical implementation.
Despite the growing literature concerning the subterranean
biome and the breadth of potential threats, reports of conser-
vation interventions have been largely descriptive (Table 1).
In this section, we provide a qualitative assessment of past
and current conservation interventions and discuss potential
future research trajectories. We use the six broad categories
for conservation interventions defined in Section IL.3 (see
Fig. 1B). In Table 3, we provide examples of potential
research areas and study designs that can be applied to
diverse subterranean species and/or ecosystems to test con-
servation interventions effectively.

Biological Reviews (2022) 000-000 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



Trends in subterranean conservation 9

. Not tested . Tested

(A)
Palearctic
Global
Afrotropical
Neotropical Australasian
(B) (C)
800 1

300

200

Frequency
'
o
o

2001 1004

o

04

. RS
& v
«
300 400+ 354
> 300
2 200
3 182
g 2001 9
125
LC 100 95 99 105
1004 72
49) l 55 44 45
10 11, 1619 g 5 M6
04 04 ! —i 0 --_——_ °
2 X
@ & FFF S S ©
GRS N O S R U R e
S e s & & @ & S 52 <V & D
@7 @ S S & X & S
Q O 2 2 2 O 2> & GRS IS N
?«\\e @,@ oo(‘ N > & X< ‘6& rﬁ)\‘\ & P Q“\
AN S RN R R
Y /o_;\\ Qg; N » ®%
Q/+

Fig. 2. Summary of the surveyed literature. Proportion of conservation interventions tested across our data set by biogeographic
region (A), habitat (B), taxon (C), threat (D), and conservation intervention (E). Size of the circle in A indicates the number of
conservation interventions. For definitions of subterranean habitat types used in B see Section 1.2. In B and C, ‘Not specific’
means that the study did not refer to a specific subterranean species/system. In D, ‘Multiple’ means that three or more threat
groups were considered. Note that total numbers in each panel within the figure may differ slightly from the overall total number
of interventions (1,954), because: () data were missing for some entries in the database (i.e. we could not derive some information);
(12) some studies focused on multiple biogeographic regions, taxa, or habitats.

(1) Assessment These actions combined represented 35% of all suggested con-

Assessment of subterranean species or ecosystems comprises servation interventions (Fig. 2E), despite their effects being
two components: prioritisation and risk assessment (Fig. 1B). indirect. Prioritisation involves the identification of criteria
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Monitoring

Fig. 3. Chord diagram showing interrelationships among conservation interventions and threats across our data set. Threats are
listed in the upper portion of the diagram and conservation interventions in the lower portion. Original silhouettes by Irene Frigo.

for cost-effective conservation interventions and resource allo-
cation. Most studies developed indices to prioritise subterra-
nean sites for spatial conservation planning, although the
proposed indices have rarely been implemented. These prior-
itisation exercises are often based on criteria such as the rich-
ness of specialised subterranean species, rare species, and/or
the degree of endemism (Michel e al, 2009; Borges
et al., 2012; Nitzu et al, 2018; Rabelo, Souza-Silva &
Ferreira, 2018; Pipan, Deharveng & Culver, 2020), but can
be controversial (Moldovan & Brad, 2019; Nitzu, Meleg &

Giurginca, 2019). The effectiveness of conservation planning
has been tested indirectly in most cases, for example by com-
paring the performance of different prioritisation methods
(Rabelo, Souza-Silva & Ferreira, 2018; Cardoso, Ferreira &
Souza-Silva, 2021) or by conducting complementarity ana-
lyses (Michel et al., 2009; Borges ¢t al., 2012). Furthermore,
with a few recent exceptions (e.g. Fattorini et al., 2020; Iannella
et al., 2021; Tanalgo, Oliveira & Hughes, 2021), prioritisation
attempts have focused solely on taxonomic diversity measures.
However, it is increasingly recognised that similar exercises
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Fig. 4. Temporal trends in research on conservation measures and threats in subterranean ecosystems. (A) Proportion of
conservation interventions tested across our data set by year. Inset scatterplot is the proportion of conservation interventions tested
per year between 2000 and 2021 (partial data up to October for 2021), with the line fitted using a binomial generalised linear
model. (B, C) Annual changes in the relative proportions of studies reporting different threats (B) and conservation interventions
(C), with lines fitted using individual binomial generalised linear models. Solid lines are fitted values (slope) and shaded surfaces
indicate the associated 95% confidence intervals. Bright colours highlight significant trends. Estimated regression parameters are

given in Table 2.

should seek to achieve a delicate balance among multiple
facets of diversity [taxonomic, phylogenetic, and functional
diversity (Pollock, Thuiller & Jetz, 2017; Mazel et al., 2018;
Owen et al., 2019b)] and other features including ecosystem
services (Zhang et al., 2015; Girardello et al., 2019), natural
resources (e.g. water; Jung e al, 2021), threats (Wilson
et al., 2005), and species climatic niches (Hanson et al., 2020).
Testing multifaceted conservation planning is much needed
to expand the coverage of subterranean protected areas glob-
ally (Sanchez-Fernandez et al., 2021), although it often remains
unclear how to implement these conservation plans in practice
(see Pollock et al., 2020).

Risk assessment involves analyses aimed at identifying risks
to species and habitats due to anthropogenic threats. Most
studies in our database focused on assessing species extinction
risk against International Union for Conservation of Nature
(IUCN) Red List criteria or using other indices for assessing
species imperilment (e.g. national or regional evaluations).

Currently, the use of IUCN criteria can be problematic for
assessing the extinction risk of most invertebrates and for spe-
cific habitats such as caves (Cardoso et al., 2011). However,
TUCN assessments represent one of the best measures avail-
able to evaluate extinction risks objectively and comparably
across different subterranean taxa (Borges ¢t al., 2019), but
the effectiveness of these assessments remains largely
untested.

Finally, a large body of literature has evaluated the likeli-
hood of harmful effects to subterranean ecosystems resulting
from exposure to environmental stressors. Most assessments
were conducted in groundwater systems. The main problem
1s that guideline-based risk scenarios for groundwater are often
unrealistic because surface species (e.g. Daphnia spp.) are used
as proxies for the sensitivity of subterranean species to pollut-
ants (Kolar & Finizio, 2017). Proxies are used because of the
shortage of ecotoxicological data concerning subterranean
animals (Castafio-Sanchez, Hose & Reboleira, 2020), and
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Table 2. Regression parameters for modelled temporal trends in research on conservation interventions and threats in subterranean
biology shown in Fig. 4, estimated using binomial generalised linear models. For each model, sample size is equal to 22 (one
observation/year between 2000 and 2021). S.E. = standard error. C.I. = 95% confidence interval

Variable Estimated slope + S.E. C.L z p-value R

Conservation interventions

Assessment -9.87¢™% + 8.79¢% [—0.03, 0.01] -1.12 0.26 0.07
Education 0.02 + 0.02 [-0.01, 0.06] 1.11 0.27 0.04
Monitoring 0.02 + 0.01 [0.01, 0.05] 2.45 0.01 0.04
Protection —0.02 £ 0.01 [—0.04, 0.01] —-1.49 0.14 0.01
Regulation —0.02 + 9.73¢™% [—0.04, 0.01] -1.85 0.06 0.03
Restoration 0.03 + 0.01 [-0.01, 0.06] 1.75 0.08 0.01
Threats

None 0.01 £0.01 [-0.01, 0.04] 1.01 0.31 0.06
Alien species & Pathogens 0.15+0.03 [0.10, 0.21] 5.43 <0.001 0.29
Climate change 0.08 + 0.03 [0.02, 0.14] 2.55 0.01 0.50
Overexploitation & Poaching 0.01 +0.03 [-0.05, 0.07] 0.38 0.71 0.58
Pollution —0.03 + 0.01 [-0.05, —=0.01] —2.54 0.01 0.01
Surface habitat change 0.01 +0.01 [-0.01, 0.04] 0.95 0.34 0.10
Subterranean habitat change —0.04 + 0.01 [-0.06, —0.01] -2.92 0.004 0.07
Visitors —0.04 + 9.75¢™% [-0.05, —0.02] -3.67 <0.001 0.01

the lack of a standard protocol to perform these trials
(D1 Lorenzo et al., 2019). Although there have been numerous
pleas for adaptation of the guidelines and for fine-tuning regu-
latory limits related to pollutants in subterranean environ-
ments (Di Lorenzo et al, 2014, 2018, 2021; Di Marzio
et al., 2018), these recommendations have not been incorpo-
rated into legislation.

(2) Education

Environmental education encompasses all programs aimed
at fostering environmentally related attitudes and developing
awareness of biological conservation (Ardoin, Bowers &
Gaillard, 2020). Moreover, education increases the success
of other actions, such as citizen science-aided data collection
in groundwater systems (Alther e al., 2021) and reporting of
poaching events in caves (Simicevi¢, 2017). While studies
have emphasised the importance of these activities to
enhance the long-term preservation of subterranean biota
and associated habitats, discussions on educational activities
were often vague and lacked plans for practical implementa-
tion. Importantly, the effectiveness of subterranean environ-
mental education remains untested in all cases (Fig. 2E).
Examples of concrete interventions proposed include pro-
moting awareness through artistic representations of caves
and their biota (Danielopol, 1998), the use of simple narra-
tives to engage children in the conservation of subterranean
fauna (Mammola, Frigo & Cardoso, 2022), briefings to
increase visitors’ awareness about sensitive taxa [e.g. for
divers in marine caves (Di Franco et al., 2009b; Guarnieri
et al., 2012)], personal contact with target audiences (Alther
et al., 2021), and the use of guided tours of caves to deliver
(North & van
Beynen, 2016). The latter example has received the most
attention insofar as show caves represent unique windows

an environmental education message

for the general public to experience an inaccessible secluded
world. Given that cave tourism can have significant ecologi-
cal impacts, there remains debate as to whether we should
maintain active show caves or establish new ones to achieve
broad-ranging educational goals (e.g. Ticar et al., 2018).
The most objective way to address this sensitive topic would
be to test the effectiveness of educational interventions and
their long-term benefits (Table 3).

(3) Monitoring

Monitoring subterranean ecosystems entails the acquisition
of knowledge used in the protection of subterranean biota
(e.g. new species descriptions, cryptic species identification,
natural history studies, and biological inventories) or asses-
sing populations and ecosystems across space and time. Mon-
itoring is often based on simple survey methods (e.g. visual
census, emergence count, mark-recapture studies, trapping),
the use of indirect monitoring technologies (e.g. environmental
DNA, acoustic monitoring, trail cameras with infrared sensors)
(Mammola e al., 2021a; Sacco et al., 2022), and, most recently,
subterranean citizen science (Alther et al., 2021). Monitoring
was by far the most recommended intervention in our database
(Figs 2E, 4C) despite its effects being indirect — a pattern that is
not exclusive to subterranean conservation (Buxton e al., 2020,
2021). This likely relates to a deficit of knowledge about subter-
ranean ecosystems, which are notoriously difficult to explore,
study, understand, and ultimately to protect (Ficetola,
Canedoli & Stoch, 2019; Mammola ¢ al., 2019a, 2021a;
Gerovasileiou & Bianchi, 2021). Despite their perceived impor-
tance, only 11% of the proposed monitoring plans and methods
were tested. Examples include comparing the effectiveness of
different sampling methods in cave systems (Wynne e
al., 2018, 2019) or assessing the detection probability of a given
method across diverse environmental conditions (Dole-Olivier

Biological Reviews (2022) 000-000 © 2022 The Authors. Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.



Trends in subterranean conservation

13

Table 3. Examples of potential research areas and study designs that could be applied to diverse subterranean species and/or
ecosystems to test conservation interventions effectively. We report examples of study designs for the effective testing of conservation
interventions and anticipated timing for such tests. An expected spatial and temporal scale of the impact of the conservation
intervention is also provided. We provide example references from the subterranean ecosystems literature; when not available, we
provide references from the general conservation science literature

Intervention Example of study design Timing of testing Expccted Reference
impact
Protected areas (1) Compare outcomes of (1) Instantaneous Local to (1) Measey, Armstrong &
subterranean species/ecosystems in  (2) Years to decades regional Hanekom (2009)
protected sites over time versus (3) Years to decades scale. (2) Moldovan ¢t al. (2020a)
control areas. Decades. (3) Pacheco et al. (2021)

Ex-situ
conservation

Gating

Legislation

Regulate access

Eradication

Decontamination

(2) Monitor habitat degradation in
protected versus non-protected areas
over time.

(3) Compare the status of populations
of affected species in protected versus
non-protected areas.

(1) Check the health status of target
species In captivity.

(2) Test effectiveness of protocols for
treating symptomatic individuals
kept in captivity against controls.

(1) Compare abundance/behaviour
of animals before/after gate
mstallation.

(2) Compare community-level
indicators or other abiotic
parameters when installing
different types of gates and fences.

(3) Compare community composition
of caves w