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Despite the close attention springs have received from a hydrologic perspective
and as biodiversity hotspots, the multiple dimensions of spring meiofaunal
assemblage diversity are still poorly investigated. Knowledge of beta diversity
patterns and drivers can inform and improve management decisions on
biodiversity conservation. Here, we analyzed beta diversity of copepod
assemblages in karst springs in Central Italy by focusing on: 1) relative
contributions of turnover and nestedness components to taxonomic and
phylogenetic beta diversity; 2) temporal variation of species richness and beta
diversity within and between the target springs in conjunction with models of the
influence of physical-chemical parameters on within-spring diversity changes; 3)
expected risk of habitat loss due to variation in groundwater recharge under
climate change. To this end, we gathered data from 168 samples collected in four
karst springs from 2004 to 2016. Overall, we found 48 copepod species, 22 of
which are obligate groundwater dwellers while the remaining 26 usually occur in
surface freshwaters. All springs showed significant changes in taxonomic and
phylogenetic beta diversity over time. Total beta diversity was high for both the
taxonomic and phylogenetic dimensions, and turnover was the main component.
Inter-site variability in dissolved oxygen explained a noticeable part of temporal
variation in beta diversity, likely reflecting the role of microhabitat heterogeneity in
shaping site-specific assemblages. However, most of the temporal variation in
species richness and beta diversity remained unexplained, suggesting a major role
of other factors, such as seasonal discharge variations. Modelling of recharge rates
for all the four springs over 2001–2020 suggested a potential >40% recharge
deficit under dry conditions. Moreover, Cellular Automata-based modelling of
rainfall over the Gran Sasso-Sirente hydrogeologic unit (feeding three of the four
springs) predicted an overall precipitation decrease in the 2081–2095 period.
Such changes could produce severe effects on springs’microhabitats and related
communities. Our results indicate that partitioning beta diversity, monitoring its
temporal changes and assessing its environmental drivers are critical to evidence-
based conservation of springs. Particularly, the high species turnover we have
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observed suggests that conservation strategies should seek to preserve as many
microhabitats as possible within and among karst springs.
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groundwater, karst springs, crustacea copepoda, climate change, conservation, beta
diversity

1 Introduction

Groundwater ecosystems have been scarcely investigated
compared to their surface counterparts (Alley et al., 2016;
Boulton, 2020; Tickner et al., 2020; Iannella et al., 2021; Visser
et al., 2022), although the two are closely interdependent and,
according to Famiglietti (2014), they should be conjunctively
managed as “one water”. This lack of attention translates into a
noticeable knowledge gap about the ecological processes shaping
biodiversity at the interfaces between groundwater and surface water
environments. Springs are groundwater-dependent ecosystems,
which provide relevant ecosystem services to human wellbeing
(e.g., provisioning of drinking water), especially in arid and
semiarid regions of the world (Khorrami and Malekmohammadi,
2021), and host a multifaceted biodiversity (Cantonati et al., 2012;
Cantonati et al., 2020; Cantonati et al., 2022). Springs represent
evolutionary refugia, hosting relics of ancient lineages, particularly
concerning obligate groundwater-dwelling organisms
(i.e., stygobites), whose existing representatives have persisted in
these habitats across geologic timescales under generally stable
conditions (Davis et al., 2013). On the other hand, springs also
act as ecological refuges for epigean freshwater species, which may
find shelter at the spring mouths in drying periods (Meyer and
Meyer, 2000; Cartwright and Johnson, 2018; Cartwright et al., 2020).
The hydrological regime of karst springs depends on aquifers whose
discharge may vary seasonally, determining temporal variations in
the arrangement of microhabitats and biological assemblages (Fiasca
et al., 2014; Galassi et al., 2014; Stoch et al., 2015; Fattorini et al.,
2017; 2018; Di Lorenzo et al., 2018). Springs are generally
characterized by a constant thermal regime, although increases in
spring water temperature due to global warming have already been
reported (Jyväsjärvi et al., 2015). The ongoing modifications of
precipitation regimes and topology due to anthropogenic climate
change may directly influence the hydrological regime of springs,
aquifers’ recharge (Eckhardt and Ulbrich, 2003), springs’ discharge
(Sivelle et al., 2021) and water resource availability (Hsu et al., 2007;
Owor et al., 2009; Taylor et al., 2013). The current climate-related
pressures, along with the excess of water abstraction for human
consumption, will likely lead not only to modifications of water
quantity and quality in springs but also to a high risk of biodiversity
loss. In this context, springs fed by small aquifers are more prone to
dramatic ecological changes than those depending on large aquifers,
characterized by a higher groundwater storage (Kløve et al., 2014;
Fattorini et al., 2016).

Since the seminal work published by Odum (1957), springs have
been considered ideal environments to analyze biodiversity patterns
and the ecological processes at their base (Kreiling et al., 2022). The
relative contributions of ecological processes and the assemblage
composition of springs are likely to be diverse because geographic
isolation is a common feature of spring environments (Davis et al.,

2013). Accordingly, springs may function as “inland islands”
(Fattorini et al., 2016) showing a high degree of endemism as
they often host species with very narrow, or even spot-like,
distributions. Moving the analysis to the intra-spring scale, the
patchiness of microhabitats allows identifying “islands within the
islands”, where each patch hosts a fauna noticeably different from
the neighboring ones, even when closely adjacent (Fiasca et al., 2014;
Stoch et al., 2015; Mori et al., 2018).

All these features make springs particularly suitable to
investigate beta diversity patterns and the role of environmental
and temporal factors in shaping them. Beta diversity, generally
defined as the degree of inter-site change in assemblages’
composition (Whittaker, 1960; Baselga, 2012), represents a key
conceptual tool in the assessment of ecosystems’ responses to
natural (e.g., catastrophic events) and/or human-induced (e.g.,
overexploitation, pollution) stressors (Mori et al., 2018).
Nonetheless, the application of beta diversity analyses to springs
has been scant so far (e.g., Youssef et al., 2010; Schweiger and
Beierkuhnlein, 2014; Cíbik et al., 2022).

In this contribution, we analyzed the beta diversity of
meiofauna assemblages within four karst springs in the Central
Apennines (Italy) and assessed the risk of losing part of this
biodiversity due to climate change. We focused on copepods
(Crustacea: Copepoda), which are among the major
components of the freshwater meiofauna (Galassi et al., 2009a).
First, we analyzed two components (turnover and nestedness-
derived diversity; Baselga, 2010) of taxonomic and phylogenetic
beta diversities. Second, we assessed the abiotic factors potentially
driving the temporal variation of the observed beta diversity.
Finally, we evaluated how the effects of climate change likely
will impact the hydrogeologic setting defining springs’ recharge
areas and the discharge regimes. The information presented in this
study could help in optimizing the cost-effect ratio in the
conservation management of karst springs.

2 Materials and methods

2.1 Study area

We analyzed four perennial karst springs in Central Apennines
(Abruzzo region, Italy) (Figure 1). The Capo Pescara-Santa Liberata
spring at 250 m a.s.l. represents the main karst spring in Central
Italy, with a mean annual discharge (hereafter mean discharge) of
7 m3 s-1. The spring is rheo-limnocrene (Di Sabatino et al., 2003;
Cantonati et al., 2022) with high habitat heterogeneity represented
by a limnocrenic sector (mainly defined by sand and gravel, and
patches of hygrophilous vegetation), and rheocrenic areas, with
patchy distribution of sediments, mosses and macrophytes (Stoch
et al., 2015). The Presciano spring is located at 330 m a.s.l. at the
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contact between the karst bedrock of the aquifer and Quaternary
alluvial deposits. It has a mean discharge of 2 m3 s-1 (Fiasca et al.,
2014; Galassi et al., 2014) and is highly heterogeneous, with lentic
sectors alternating with karst fractures with rheocrenic facies.
Hygrophilous vegetation is abundant almost everywhere in the
spring. The Cavuto spring is located at 550 m a.s.l. and
represents the headwaters of the Sagittario River, with a mean
discharge of 1.9 m3 s-1. Habitat heterogeneity is defined by
rheocrenic sectors alternating with small groundwater-fed
“ponds”. Mosses and macrophytes alternate with a sand-gravel
substrate. Finally, the Chiarino spring, located in Monte Corvo, is
a high-altitude spring (1250 m a.s.l.) with a mean discharge of
0.08 m3 s-1. Several karst fractures are present, and the
groundwater flows downstream in the deeply incised Chiarino
Valley, as a typical rheocrene spring. Habitat heterogeneity is
mainly described by the bedrocks at the spring mouths, sand and
gravel in the hypocrenon (the transitional zone between spring and
spring-fed rivulet after Cantonati et al., 2022). The submerged
vegetation is composed by mosses, which predominantly cover
the bedrocks at the spring mouths. Additional details about the
geographical setting of the analyzed springs are given in Table 1;

pictures showing some of their main environmental features are
reported in Figure 2.

Location of the studied springs in the Abruzzo region.
Coordinates are reported using the WGS84/UTM zone 33 N
projected coordinate system. CP_SL indicates the Capo Pescara-
Santa Liberata spring.

The Capo Pescara-Santa Liberata, Presciano and Chiarino
springs are fed by the Gran Sasso hydrogeologic unit, while
Cavuto spring is fed by the Montagna Grande unit. The Gran
Sasso hydrostructure is a calcareous-karst aquifer with a total
extension of approximately 1000 km2, and its mean infiltration
rate is approximately 600 mm yr-1 (Lorenzi et al., 2022). The
regional groundwater table with a mean hydraulic gradient of
0.5%–2% (Amoruso et al., 2013) feeds a total discharge ranging
from 18 m3 s-1–25 m3 s-1 from its springs, including a highway
tunnel drainage tapped for drinking water on both sides.

The Gran Sasso aquifer has no clear groundwater divides, thus
limiting the assessment of the recharge areas feeding each spring. On
the northern slope of the Gran Sasso Massif, local sub-basins are
supposed to recharge the Chiarino spring. On the southern slope of
the massif, the recharge area of Campo Imperatore (about 75% of the

FIGURE 1
Geographic setting of the studied springs.

TABLE 1 Geographic coordinates, land cover and protection status of the analyzed springs.

Spring Easting (WGS84/
UTM33N)

Northing (WGS84/
UTM33N)

Land cover (Corine 2012) Natura
2000

Protected
areas

Capo Pescara—Santa
Liberata

402652 4668723 Non-irrigated arable land SIC IT7110097 Regional Reserve

Presciano 399623 4680621 Broad-leaved forest SIC IT7110209 National Park

Cavuto 400947 4649628 Broad-leaved forest SIC IT7110099 Regional Reserve

Chiarino 372104 4705505 Broad-leaved forest SIC IT7110202 National Park
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recharge rate) is supposed to feed more than one spring. Indeed, the
south-eastern spring groups of the Tirino River Valley (including
the Presciano spring) and of Sulmona-Popoli Basin (which partly
feeds the Capo Pescara-Santa Liberata spring) have a partial
common recharge area, because of the diverging flow paths from
the core of the massif (i.e., Campo Imperatore basin) to the south-
eastern boundary of the aquifer. A peculiar hydrogeologic setting
defines the Capo Pescara-Santa Liberata spring, which is fed both by
the Gran Sasso aquifer and the Sirente Mountains aquifer (Stoch
et al., 2015).

The Montagna Grande aquifer has a similar setting, feeding
springs located at the boundary of the carbonate fractured system.
The main hydrographic basin is the Tasso-Sagittario River, which is
fed by streambed springs until the main basal spring of the Sagittario
Gorges, namely, the Cavuto spring. The spring recharge area is
clearly defined by the tectonic line which separates the northern
hydrogeologic sub-basin that feeds the Cavuto spring from the
remaining sector of the aquifer drained by other springs. The
recharge area has an extension of about 60 km2 and the
infiltration rate is about 1000 mm yr-1 (Boni and Rusi, 2005).

2.2 Sampling survey

2.2.1 Biological data
Sampling campaigns were carried out in different periods. The

Presciano spring was sampled in January 2004 (5 sites), March 2004
(5 sites), July 2004 (5 sites), September 2004 (5 sites), January 2012

(5 sites), March 2012 (5 sites), July 2012 (7 sites), and October 2014
(7 sites). The Capo Pescara-Santa Liberata (hereafter CP_SL) spring
was sampled in August 2010 (6 sites), September 2010 (3 sites),
March 2011 (7 sites), July 2011 (3 sites), November 2011 (7 sites),
May 2012 (6 sites), September 2012 (7 sites), January 2013 (11 sites),
and March 2015 (11 sites). The Cavuto spring was sampled in
October 2006 (6 sites), December 2006 (6 sites), February 2007
(4 sites), March 2007 (5 sites), October 2014 (8 sites), and March
2016 (8 sites). Finally, the Chiarino spring was sampled in July 2014
(6 sites), August 2014 (10 sites), May 2015 (10 sites).

All the microhabitats detectable were sampled (karst fractures,
sediments devoid of vegetation, sediments with macrophytes,
submerged mosses) and, where available, running waters from
the rheocrenic sites and lentic waters from the limnocrenic sites.
The surveys concerned both inbenthic (i.e., the topmost sediments at
a maximum depth of 10 cm) and subsurface (at a depth of 40 cm)
sites for each spring. Inbenthic samples were collected with a Hess
sampler (mesh size: 60 μm; diameter: 40 cm) by washing the
sediments contained in the cylinder and moving the sediment
particles under the current generated. The finest grains and the
fauna dislodged were thus collected into the downstream net (Dole-
Olivier et al., 2014). Subsurface samples were collected by
hammering mobile steel piezometers with a 5 mm-hole-screened
tip within the sediment at a depth of about 40 cm; they were then
connected to a membrane pump according to Malard et al. (2004).
Ten liters of interstitial water were extracted, filtered with a 60-μm-
mesh net, and fixed in a 70% alcohol solution. After sorting the
invertebrates collected, the copepods were identified to the species

FIGURE 2
The four springs investigated in this study. Top-left: Capo Pescara-Santa Liberata spring; top-right: Presciano spring; bottom-left: Chiarino spring;
bottom-right: Cavuto spring.
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level and classified as stygobites or non-stygobites according to their
degree of adaption to the groundwater life (e.g., miniaturization,
depigmentation, anophthalmy, mature females with larger but fewer
eggs than their epigean counterparts, according to Galassi et al.,
2009a).

2.2.2 Environmental data
We used a multiparametric probe (WTWMulti 3430 SET G) to

measure, in the field, electrical conductivity at 25°C (µS cm-1), pH,
dissolved oxygen (mg L-1), and temperature (°C) of water collected
from each sampling site at each time and spring. To exclude the
presence of a chemical contaminant affecting the patterns of
species richness and beta diversity, we measured, for a subset of
48 sites encompassing all the four springs, the concentrations of
108 contaminants related to anthropogenic pressures
(uncontrolled municipal waste landfills, intensive agriculture
and farming, urban settlements, industries) occurring in the
recharge areas of the springs. The targeted chemicals were
sulphates, phosphates (method: APAT CNR IRSA 4020 Man
29 2003), nitrates, nitrites, ionized ammonium (method:
135 APAT CNR IRSA 4020 Man 29 2003), metals (method:
EPA 3005A 1992+ EPA 6010C/APAT CNR IRSA 3150C Man
29), pesticides (method: EPA 3510C 1996+ EPA 8270D 2007),
volatile organic compounds (method: EPA 5030C 2003+ EPA
8260C 2006; EPA 8260 C 2006), and hydrocarbons (method:
EPA 3510C 1996+ EPA 8270D 2007). Their concentration was
measured in the laboratory by retaining a 2-L sample for each
sampling site.

2.3 Analysis of assemblage dynamics

All the analyses subsequently described were performed using
the R software version 4.2.0 (R Core Team, 2022).

2.3.1 Species richness
Total, stygobite, and non-stygobite copepod species richness

were calculated for all the sampling sites and sampling dates. To
assess the potential influence of in situ physical-chemical
parameters (water temperature, electrical conductivity, pH and
dissolved oxygen) on the temporal dynamics of species richness
within the target springs, we used random intercept Generalized
Linear Mixed Models (GLMMs), setting spring identity as a
random effect, through the “lme4” package (Bates et al., 2015).
In the mixed models, the fixed effects included the explanatory
variables (and possibly their interactions) presumed to directly
affect the response variable, while the random effects accounted for
the portion of data variability deriving from inter-site relatedness
along unmeasured dimensions (e.g., geographic proximity, Zuur
et al., 2009). Different sites from a single spring were likely to be
more similar in terms of biotic assemblages than sites from
different springs; therefore, setting spring identity as random
effect allowed us to model environment-richness and
environment-beta diversity (see below) relationships taking this
autocorrelation structure into account.

Before fitting the models, we applied the data exploration
protocol according to Zuur et al. (2010). The distributions of
the explanatory (i.e., physical-chemical parameters) and

response (i.e., richness values) variables were inspected, and
possible outliers in the dataset were detected and removed
when they were likely to derive from data recording errors.
Then, a stepwise Variance Inflation Factor (VIF) analysis was
performed through the “usdm” package (Naimi et al., 2014) to
lower multicollinearity among the explanatory variables, which
could lead to incorrect estimation of the coefficients of the fixed
effects and related p-values (Zuur et al., 2010; Cerasoli et al., 2021).
Specifically, VIF = 3 was set as the threshold VIF score for
variables’ retention (Zuur et al., 2010).

Once the set of non-collinear physical-chemical parameters
was identified, an initial Poisson GLMM was fitted on these
parameters, also including the corresponding interaction terms.
To facilitate model convergence, the values of the physical-
chemical parameters were scaled (i.e., scaledXi � Xi−μ

σ ) before
model fitting. Then, model selection was performed by
sequentially dropping, in turn, one of the fixed effect terms
(starting from interactions) and testing the statistical
significance (considering p-value ≤0.05 as threshold) of the
withheld term through a χ2-based likelihood ratio test, as well
as by looking at the reduction in the corrected Akaike’s
Information Criterion (AICc) score of the corresponding model
(Zuur et al., 2009).

Successively, we performed a simulation-based model validation
on the refined GLMM (i.e., the model obtained at the end of the
variables’ selection phase). Specifically, we used the
“simulateResiduals” function from the “DHARMa” (Hartig, 2022)
package to simulate new data from the fitted model and successively
derive scaled residuals by comparing the simulated data with
observed values. This process was repeated 500 times and the
resulting Q-Q plot and scatterplot of scaled residuals versus
model predictions were examined to confirm uniformity of
residuals and the absence of overdispersion. In case of remaining
uniformity or overdispersion issues, we fitted again the GLMM on
the same set of predictors by using a negative binomial distribution
instead of Poisson distribution. The simulation-based validation was
then applied to the newly obtained model to verify the absence of
any remaining issues.

After the model selection and validation steps, we used the
“sjPlot” package (Lüdecke, 2022) to extract from the final model: (i)
estimated value, standard error, 95th percentile confidence interval
and associated p-value for each fixed effect term; (ii) variance
attributed to the random effect; (iii) Nakagawa’s pseudo-R2

(Nakagawa et al., 2017); (iv) AICc and log-Likelihood scores; (v)
marginal effect plots for the fixed effect terms resulting as
statistically significant (i.e., p-value ≤ 0.05).

2.3.2 Taxonomic and phylogenetic beta diversity
We used the “betapart” (Baselga et al., 2022) package to

investigate within-spring temporal variation in taxonomic and
phylogenetic beta diversity. Total beta diversity and its two
components, turnover and nestedness-derived diversity (hereafter
nestedness), were first measured using the corresponding multiple-
site dissimilarity metrics as in Baselga (2012). Calculation of the beta
diversity components was performed for each spring and sampling
date through the “beta.multi” function and using the Sørensen
family of dissimilarity indices (i.e., BetaSIM for turnover,
BetaSNE for nestedness, and BetaSOR for total beta diversity).
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To assess the statistical significance (considering α = 0.05 as
threshold for Type I error) of the observed variation in beta
diversity over time, we implemented a random resampling
approach to derive a distribution of values for each of the
above-mentioned diversity metrics, computed on random
subsets of the available sites. This analysis was carried out, for
each spring, using the “beta.sample” function. Specifically,
30 iterations of the resampling procedure were run,
considering only the sampling dates for which at least
7 different sites were sampled: in this way, 35 unique
combinations of four distinct sites were extracted for each of
the considered sampling dates; 30 out of these 35 unique
combinations of sites were then randomly chosen to compute
multiple-site beta diversity metrics. Statistically significant
differences among the distributions of dissimilarity values
obtained for the different sampling dates were assessed, for
each diversity metric, using non-parametric tests because
preliminary linear models did not fulfill the normality,
homoscedasticity, and independence assumptions (Zuur et al.,
2009). For the Cavuto, Chiarino, and Presciano springs, only two
sampling dates included enough sites to perform the resampling
procedure. Therefore, for these springs we carried out two-sided
Mann-Whitney U tests to compare the distributions of resampled
beta diversity values from the two considered dates. For the CP_
SL spring we had five sampling dates (March 2011, November
2011, September 2012, January 2013, and March 2015) with at
least 7 sampled sites. Thus, we first performed a Kruskal-Wallis
Rank Sum Test for each diversity metric, to check for statistically
significant differences among the five sampling dates. Then, to
compare each pair of sampling dates, we performed post hoc two-
sided Mann-Whitney U tests with Benjamini and Hochberg
(1995) p-value correction.

The phylogenetic counterparts of the above-mentioned beta
diversity metrics were computed through the “phylo.beta.multi”
function of the “betapart” package. As a proxy of phylogenetic
information to be included in this calculation, we derived an
ultrametric phylogram of the copepod species recorded in the
studied springs, based on Linnean taxonomy (Supplementary
Figure S1), through the “ape” (Paradis and Schliep, 2019)
package. The tree was rooted in the Harpacticoida order,
following previous studies indicating the Harpacticoida as more
basal than the Cyclopoida (Eyun, 2017; Bernot et al., 2021).

To assess if, and to what extent, the physical-chemical
conditions of the springs influenced variation in the components
of taxonomic and phylogenetic beta diversity, we initially fitted
GLMMs with beta distribution (as beta diversity metrics are
bounded between 0 and 1) and logit link functions through the
“glmmTMB” (Brooks et al., 2017) package. The candidate
explanatory variables included were the maximum, minimum
and standard deviation values of temperature, pH and dissolved
oxygen computed, for each spring and sampling date, across the
sampled sites. This choice permitted contrast of the beta diversity
observed at each sampling date with the corresponding inter-site
variability and extreme values of the physical-chemical parameters.
Within the resulting set of “summary” physical-chemical
parameters, the ones not affected by multicollinearity were
selected through the same VIF-based approach used for the
species richness modelling.

As for the GLMM built for species richness, explanatory
variables were scaled before model fitting. A different model was
fitted for each possible combination of two explanatory variables
and corresponding two-way interaction term. The sample size was
relatively low (n = 26, corresponding to the spring × sampling date
combinations), so that including more than two explanatory
variables would have likely hampered model convergence.
Nonetheless, preliminary model fitting and validation runs still
showed convergence issues and unreliable estimations of model
parameters (e.g., negative residual and random effect variances).
Thus, we moved from the initial GLMMs to Linear Mixed Effect
(LME) models with normal distribution, fitted through the “lme4”
package. Among the LMEs fitted on the distinct combinations of
explanatory variables, we selected the ones leading to the lowest
AICc score. We performed model refinement through sequential
dropping of the retained explanatory variables. Then, the
simulation-based model validation as well as the extraction of
model statistics and related marginal effect plots were performed
following the same steps described for the analysis of species
richness.

2.4 Hydrogeologic modeling

To assess potential variations in groundwater recharge of the
four selected springs under a climate change scenario, we: i) assessed
the recharge areas of the springs and the corresponding distributed
recharge; ii) graphically estimated the relationship between the
distribution of precipitation and flow discharge, using the
Presciano spring as a case study; (iii) modelled future variations
in precipitation across the Gran Sasso-Sirente hydrogeologic basin
(1408 km2) based on different Regional Climate Models (RCMs).

For the Cavuto spring, we used the recharge area identified in
previous studies (Boni and Rusi, 2005). To define the recharge areas
of the springs fed by the Gran Sasso aquifer (i.e., Capo Pescara-Santa
Liberata, Chiarino and Presciano), we applied values of distributed
recharge, as modelled in Lorenzi et al. (2022) for the average year
(across the 2001–2020 period) using the Turc (1955) and
Thornthwaite (Thornthwaite and Mather, 1957) methods, to the
spring catchment defined by geo-structural setting (e.g., main fault
role). The resulting distributed recharge estimates were then
compared with the known mean discharge of the target springs.
To validate this approach, we also compared the mean elevation of
the derived recharge areas with the Computed Isotope Recharge
Elevation (CIRE) calculated on the correlation line proposed by
Barbieri et al. (2005) with the values of the δ18O measured at the
corresponding springs during several surveys in the years
2020–2022. In fact, δ18O measured at spring outlets is a clear
indicator of the mean recharge elevation of the recharge area
(Tallini et al., 2014). As usual for basal regional springs (Barbieri
et al., 2017), the recharge catchment of the Capo Pescara-Santa
Liberata spring was more difficult to assess. Indeed, two different
aquifers (Gran Sasso and Sirente) feed the spring. Moreover, its high
discharge implies long and potentially deep flow paths, with longer
renewable rate and limited fast contribution by infiltration to the
discharge. In this case, we adopted a weight-based approach,
separating the recharge catchment into five increasing elevation
ranges.
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Once we identified the recharge areas, we estimated the amount
and distribution of precipitation across the Gran Sasso-Sirente
hydrogeologic basin. The data of up to 122 rain gauges were
used as input information (Nikolopoulos et al., 2010) to feed the
Cellular Automata (CA) algorithm implemented in the CETEMPS
Hydrological Model (CHyM) (Coppola et al., 2007; Verdecchia
et al., 2009) software, which improves the assimilation and
spatialization of data from sparse gauge stations. According to
Packard and Wolfram (1985), CA is a simple mathematical
idealization of natural systems which models the behavior that
each single element of the target system may assume in
subsequent spatial-temporal steps. Through the CHyM software,
we modelled the rain field across the Gran Sasso-Sirente basin as an
Areal Precipitation Estimate (APE) (270 m cell resolution, longitude
gradient = 710 cells, latitude gradient = 470 cells, Supplementary
Figure S2) with hourly temporal resolution. Then, we carried out a
qualitative analysis by comparing the trend of maximum and
minimum monthly flow discharge values extracted from the
“Madonnina” hydrometric station of the Tirino River, located
downstream of the Presciano spring (the sole spring for which

such data were available from the Abruzzo Region Hydrological
Annals over the 2005–2019 period), with the trend resulting from
the CHyM-derived monthly cumulative rain, averaged across the
considered area.

Finally, we investigated possible long-term variations in the
precipitation trends over the Gran Sasso-Sirente hydrogeologic
basin by simulating monthly cumulative rain over the
2081–2095 period through the CHyM software, considering
three Regional Climate Models (i.e., CNRM, IPSL, and ICHEC)
under the Representative Concentration Pathway (RCP) 8.5
(i.e., “business as usual” scenario, Rihai et al., 2017). We chose
2081 as the starting year of our future rainfall projections to match
the starting year of long-term climate projections
(i.e., 2081–2100) of the Coupled Model Intercomparison
Project Phase 6 (CMIP6) featuring the IPCC Sixth Assessment
Report (Lee et al., 2021). Moreover, the choice of the
2081–2095 period aimed at evaluating long-term precipitation
trends over the Gran Sasso-Sirente basin within a timespan of
comparable duration to that (i.e., 2005–2019) used for modelling
assimilated rainfall, as proposed in Sangelantoni et al. (2019).

FIGURE 3
Changes in copepod species richness over time. Temporal variation of total species richness (SR) (upper panel), species richness of stygobites
(middle panel) and non-stygobites (lower panel) for each analyzed spring.
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3 Results

3.1 Species richness and beta diversity

3.1.1 Temporal changes in copepod diversity
A total of 48 species, comprising 22 stygobites and 26 non-

stygobites, were recorded within the 168 sites sampled across the
four springs (Supplementary Table S1). Nine species were collected
from at least one site in all springs, while twenty-five species were
found in a single spring (Supplementary Table S2). Among these
latter, it is worth mentioning some still undescribed species, such as
a Nitocrella species sampled from a single pool in the Cavuto spring
and two new species belonging to the canthocamptid genera
Moraria and Paramorariopsis which were found in the Chiarino
spring. Bryocamptus echinatus was the most widespread species in
all the springs analyzed, with Bryocamptus zschokkei and Diacyclops
paolae being among the top-five species in terms of occurrences in
three out of the four springs (Supplementary Table S3).

Total species richness varied among the four springs, as well as
within each spring over time (Figure 3). The Presciano spring

showed the highest species richness (SR), with maximum values
in July 2012 and October 2014 (22 and 24 copepod species,
respectively). The CP_SL spring showed lower maximum SR
(15 species) than the Cavuto (18 species) and Chiarino
(20 species) springs. The Presciano spring harbored the highest
number of stygobites (hereafter Sb) among the four springs, with
9 Sb species found in July 2012 and October 2014, followed by CP_
SL (6 Sb species in March 2015), Cavuto (5 Sb species in October
2014) and Chiarino (6 Sb species in May 2015).

Total beta diversity was higher than 0.6 for almost all the
sampling dates, with species turnover generally higher than
nestedness (Figure 4). An apparent increase in overall beta
diversity over time, driven by rising turnover, emerged for the
Chiarino spring and the Presciano spring (starting from March
2012 for the latter), while the values of the three diversity
components more markedly fluctuated over time in the Cavuto
and CP_SL springs. For Capo Pescara-Santa Liberata spring,
statistically significant differences among the five compared
sampling dates emerged for all the dissimilarity metrics
(nestedness: χ2 = 99.44, p < 0.001; turnover: χ2 = 94.53, p <

FIGURE 4
Changes in taxonomic beta diversity over time. Temporal variation of turnover (orange), nestedness-derived diversity (green) and overall beta
diversity (blue), computed through the Sörensen family of indices for each analyzed spring.
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0.001; total beta diversity: χ2 = 52.99, p < 0.001). Fluctuations in
turnover, nestedness and total beta diversity values between the
compared pairs of sampling dates were statistically significant for all
the springs, with few exceptions (Supplementary Tables S4, S5).

When accounting for among-sites phylogenetic differences,
trends across springs and sampling dates were similar to those
previously observed for taxonomic diversity (Figure 5). Indeed,
phylogenetic turnover was higher than phylogenetic nestedness
for most samples, thus suggesting that several sites host unique
representatives of higher-order taxonomic groups, such as species
belonging to subfamilies and/or genera not recorded in other sites
from the same spring.

3.1.2 Environmental drivers of changes in copepod
diversity over time

All the springs showed pristine conditions, as the average
concentrations were below the LOD (Limit of Detection) for
almost all the considered contaminants (Supplementary Table
S6). Physical-chemical parameters varied considerably among the
springs, with Chiarino and Cavuto showing lower temperature and

electrical conductivity, and higher pH and dissolved oxygen
concentration than CP_SL and Presciano (Supplementary
Figure S3).

The electrical conductivity (VIF score = 5.49) determined most
of the multicollinearity among the four physical-chemical variables.
Once discarded, pairwise collinearity among the remaining variables
was lower than 0.7 and VIF scores were lower than 3.

The Poisson GLMM relating total SR to the retained physical-
chemical variables showed both overdispersion (DHARMa
dispersion = 1.63, p-value = 0.046) and non-uniformity of
residuals (one-sample two-sided Kolmogorov–Smirnov test: D =
0.15, p-value <0.001). The negative binomial GLMM fitted on the
same fixed effect terms was not affected by these issues (DHARMa
dispersion = 0.98208, p-value = 0.424; one-sample two-sided
Kolmogorov–Smirnov test: D = 0.075, p-value = 0.328). The
single physical-chemical parameters did not significantly
contribute to the model, whereas the corresponding two-way
interaction terms did (Table 2). Specifically, above average values
for dissolved oxygen led to steeply increasing predicted SR when
temperature (Figure 6A) and, more prominently, pH (Figure 6B)

FIGURE 5
Changes in phylogenetic beta diversity over time. Temporal variation of phylogenetic turnover (orange), phylogenetic nestedness (green) and overall
phylogenetic diversity (blue), computed through the Sörensen family of indices for each analyzed spring.
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showed below average values (i.e., along negative semiaxis of the
scaled gradient). Overall, the selected model did not explain much of
the observed temporal variation in species richness; indeed, the
marginal pseudo-R2 was as low as 0.06, although it noticeably
increased when considering the spring-related random effect
(i.e., conditional pseudo-R2 = 0.23).

The Linear Mixed Effect (LME) model fitted with total beta
diversity (BetaSOR) as response variable showed non-negligible
explanatory power even without considering the spring-related
random effect (marginal pseudo-R2 = 0.26). In particular, among-
sites standard deviation in dissolved oxygen (hereafter O2 sd) was
positively related to predicted beta diversity (Table 3; Supplementary
Figure S4).

The interaction between O2 sd and maximum within-spring
dissolved oxygen values (hereafter O2 max) emerged as a
statistically significant term in the LMEs fitted with turnover
(BetaSIM) and nestedness (BetaSNE) as response variables
(Table 4). Predictions from these LMEs showed a good fit to
observed values of nestedness and turnover, particularly at the
extremes (either low or high) of the O2 max gradient, which is also
confirmed by the relatively high marginal pseudo-R2 (Table 4). In
particular, when maximum O2 values within the springs were
below average (i.e., negative scaled O2 max), high inter-site O2

variability (i.e., positive scaled O2 sd) produced an increase in
predicted turnover (Figure 7A) with a corresponding decrease in
predicted nestedness (Figure 7B); the opposite occurred, with
steeper variations, when O2 variability was low (i.e., when O2 sd
was below average).

None of the LMEs fitted on the taxonomic beta diversity
components showed residual overdispersion or uniformity issues
(p-value >0.05 in all the validation tests).

Outcomes of the LMEs fitted for the different components of
phylogenetic beta diversity resembled those obtained for taxonomic
diversity in terms of significant fixed effect terms and associated
estimated coefficients (Supplementary Tables S7, S8). Particularly,
the predicted positive effect of O2 sd on total phylogenetic diversity
(Supplementary Figure S5) as well as the synergistic influence of O2

sd and O2 max on phylogenetic turnover and nestedness
(Supplementary Figure S6) recalled the patterns emerging from
the LMEs fitted on taxonomic beta diversity.

3.2 Hydrogeologic assessment

Capo Pescara-Santa Liberata was by far the spring with the
widest estimated recharge area (Figure 8; Supplementary Table S9).
For the Chiarino spring, the mean elevation of the estimated
recharge area closely approached the CIRE (about 1700–1750 m
a.s.l.). For the Presciano spring, the inclusion of Campo Imperatore
as preferential recharge area resulted in relatively tight
correspondence between mean recharge elevation and CIRE,
respectively calculated in 1450 m a.s.l. and 1500 m a.s.l. As
shown in Supplementary Table S10, the contribution of the areas
located below 600 m a.s.l. to the recharge of the Gran Sasso aquifer
can be considered negligible (about 1%–2% of the total), while areas
between 600 m a.s.l. and 1000 m a.s.l. contributed about half of the
higher areas (>1000 m a.s.l.). Thus, by applying a different
infiltration rate with increasing elevation to model the recharge
area of the CP_SL spring, we obtained a sufficient agreement among
the infiltration in the assigned recharge area, spring discharge and
CIRE (Supplementary Table S9).

The cumulative monthly precipitation over the Gran Sasso-
Sirente hydrogeologic basin, modelled through the CHyM software,
showed a slightly increasing trend over the 2005–2019 period,
despite clear seasonal fluctuations (Figure 9). A similar overall
positive trend emerged for maximum and minimum monthly
discharge measured downstream of the Presciano spring (Figure 9).

Two out of the three Regional Climate Models used to simulate
precipitation over the Gran Sasso-Sirente basin in the
2081–2095 period predicted an overall reduction in rainfall
(Supplementary material Fig. S7)

Additionally, by simulating extreme recharge rates from the
Gran Sasso aquifer, considering the recharge of the driest year and
that of the rainiest year in the 2001–2020 period (Supplementary
Table S10), we found that the Chiarino spring could undergo a
decrease in recharge equaling 11% during the driest year while an
increase of 50% may occur during the rainiest period, compared to
the average recharge value. Wider potential variations in recharge
were estimated for the Presciano spring (reduction of up to 42%
during the driest year, balanced by a possible increase of 46% during
the rainiest period) and the CP_SL spring (40% recharge reduction
during the driest year, up to 56% recharge increment during the
rainiest year). However, such wide variations in the recharge rate of
the Gran Sasso aquifer cannot directly translate into similar changes
in discharge for the Presciano and CP_SL springs. This decoupling
was related to the overlapping of their recharge areas (Figure 8),

TABLE 2 Results from the negative binomial Generalized Linear Mixed Model
fitted to relate observed species richness to temperature, pH and dissolved
oxygen, with spring set as random effect. Estimate = estimated coefficients;
Std. err. = standard error of coefficients; C.I. 95th = 95th percentile confidence
interval for the coefficient values; τSpring = spring-related variance (random
effect); σ2 = residual variance; AICc = Akaike’s Information Criterion corrected
for small samples; R2 = Nakagawa pseudo-R2.

Fixed effects

Predictors Estimate Std. err C.I. 95th p-value

Intercept 5.34 0.77 4.03—7.09 <0.001

Temperature 0.94 0.08 0.79—1.11 0.461

pH 0.91 0.07 0.79—1.05 0.184

O2 1.02 0.08 0.88—1.18 0.791

Temperature ×O2 0.84 0.07 0.70—0.99 0.040

pH ×O2 0.78 0.07 0.65—0.93 0.006

Random effects

σ2 0.285

ΤSpring 0.065

Observations 160

Marginal R2/
Conditional R2

0.06/0.23

AICc 808.484

log-Likelihood −395.765
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which alsowould involve other springs located in the upstream sectors of
the Tirino and Pescara rivers, so that the surplus or the deficit in recharge
could be differently distributed between the two target springs. Thus,
negligible influence of seasonal and yearly oscillations could be expected
for basal springs as CP_SL, while moderate decrease in discharge would
be likely to affect the Presciano spring. Finally, the preliminary
assessment performed for the Cavuto spring led to an estimated
decrease in recharge of up to 55% for the driest year and an increase
of up to 150% for the rainiest year, compared to the mean recharge rate.

4 Discussion

Springs are known to be hotspots of biodiversity for plants and
vertebrates, but little specific information is available about their
unique aquatic invertebrate fauna (Cantonati et al., 2022). This
trend could be further accentuated when focusing on a single
meiofaunal target group, even when it is as widespread and
greatly diversified as the Crustacea Copepoda. In this study, we
found high diversity, both within and between springs, at the
taxonomic and phylogenetic levels. Both species richness and
beta diversity varied over time in the four target springs. Further,
inter-site turnover exceeded the nestedness-derived diversity
component for most of the springs and sampling dates.

The pristine water conditions of the studied springs likely
positively contributed to the diversity of recorded copepod
species. Indeed, Särkkä et al. (1997) showed that undisturbed
Finnish springs host more copepod and cladoceran species than
springs affected by direct anthropogenic pressures. The high inter-
site beta diversity we found in these four karst springs extends to the
within-spring scale previous evidence for high inter-spring
taxonomic turnover in aquatic invertebrate metacommunities
(e.g., Bottazzi et al., 2011; Cíbik et al., 2022). Our results also
recall recent findings about high variability in invertebrate
assemblages between sites located along a short (about 50 m)
rheocrenic-hypocrenic gradient in a spring-springbrook system
from Central Italy (Di Sabatino et al., 2021). Thus, the
composition of invertebrate assemblages populating karst springs
appears to widely vary along multiple spatial, temporal, and
environmental axes.

From a conservation perspective, high within-spring taxonomic
and phylogenetic turnover suggests the importance of preserving all
the microhabitats of each spring because each of them harbors
unique assemblages. Thus, the alteration of even one spring site may
determine the local extinction of species or higher-order taxonomic
groups. For instance, the genus Simplicaris, with the species
Simplicaris lethaea, has been described from one site of the
Presciano spring (Galassi and De Laurentiis, 2004). The species

FIGURE 6
Relationships between species richness and water physical-chemical parameters. (A) Observed species richness values (empty triangles) along the
scaled temperature gradient (left plot), andmarginal effect plot showing how predicted species richness resulting from the negative binomial Generalized
Linear Mixed Model (fitted including spring as random effect) varied along the combined gradients of scaled temperature and scaled dissolved oxygen
values (right plot). (B) Observed species richness values (empty triangles) along the scaled values of pH (left plot) and marginal effect plot showing
how predicted species richness resulting from the same negative binomial GLMM varied along the combined gradients of scaled pH and scaled dissolved
oxygen (right plot). In the marginal effect plots, solid lines represent estimated values and shaded colored areas the corresponding 95th percentile
confidence intervals.
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was found in a site with sediments represented by sand and gravel,
and it has never been collected from other sites of the same spring
with hygrophilous vegetation, or close to the main karst fractures.

The genus is known with another species only, Simplicaris veneris
(Cottarelli and Maiolini, 1980) from the interstitial habitat of Lake
Vico (Central Italy) (Cottarelli and Maiolini, 1980). Based on
present knowledge, the parastenocarid genus Simplicaris is at
high risk of extinction. Further, the record of the genus
Paramorariopsis from the Chiarino spring is the first one for the
Apennine ridge in Central Italy, and the southernmost one: indeed,
Paramorariopsis is known worldwide with three species from the
karst groundwaters of Slovenia, and an undescribed species collected
from the Lessinian unsaturated karst (Galassi et al., 2009b; Vaccarelli
et al., 2023). This disjunct distribution also suggests an ancient
origin of the genus. Another phylogenetic relic is Pseudectinosoma
reductum, described from one site only of the Presciano spring
(Galassi et al., 1999; Fiasca et al., 2014).

In this context, the identification of the environmental drivers
behind variation in species richness and beta diversity in spring habitats
is critical to monitoring and preserving their biodiversity. In the springs
analyzed in the present study, the hydrochemistry did not drive a
substantial portion of temporal variability in species richness, while
within-spring between-sites variability in oxygen concentrations had a
prominent effect on overall beta diversity and on the ratio between
turnover and nestedness, as also observed in previous studies (Stevens
et al., 2021). We hypothesize that the positive relationship between
dissolved oxygen variability and copepod beta diversity comes from the
fact that variation in O2 concentrations (Becher et al., 2022) is
expression of diversified microhabitat conditions (e.g., macrophyte
coverage, microbial activity on organic matter); diversified
microhabitats, in turn, provide shelter to copepod species with
different ecological requirements. Further studies investigating the
variability in functional invertebrate diversity along physical-
chemical and habitat gradients would help in clarifying this point.

TABLE 3 Results from the Linear Mixed Effect model relating total beta
diversity (BetaSOR) to maximum dissolved oxygen value (O2 max) across the
sites sampled for each spring × sampling date combination, and to standard
deviation in dissolved oxygen (O2 sd) among the same sites, with spring set as
random effect. Estimate = estimated coefficients; Std. err. = standard error of
coefficients; C.I. 95th = 95th percentile confidence interval for the coefficient
values; τSpring = spring-related variance (random effect); σ2 = residual variance;
AICc = Akaike’s Information Criterion corrected for small samples; R2 =
Nakagawa pseudo- R2.

BetaSOR

Fixed effects

Predictors Estimate Std. err C.I. 95th p-value

Intercept 0.75 0.02 0.71—0.80 <0.001

O2 max −0.03 0.02 −0.08—0.01 0.093

O2 sd 0.03 0.02 0.00—0.06 0.043

Random effects

σ2 0.005

ΤSpring 0.001

Observations 26

Marginal R2/
Conditional R2

0.26/0.40

AICc −32.858

log-Likelihood 22.929

TABLE 4 Results from the Linear Mixed Effect models relating turnover (BetaSIM) and nestedness (BetaSNE) to maximum dissolved oxygen value (O2 max) across
the sites sampled for each spring × sampling date combination, and to standard deviation in dissolved oxygen (O2 sd) among the same sites, with spring set as
random effect. Estimate = estimated coefficients; Std. err. = standard error of coefficients; C.I. 95th = 95th percentile confidence interval for the coefficient values;
τSpring = spring-related variance (random effect); σ2 = residual variance; AICc = Akaike’s Information Criterion corrected for small samples; R2 = Nakagawa pseudo-
R2. The “−” symbol for conditional R2 of BetaSNE indicates that conditional R2 could not be computed for this model due to null variance associated to the spring-
related random effect.

BetaSIM BetaSNE

Fixed effects

Predictors Estimate Std. err C.I. 95th p-value Estimate Std. err C.I. 95th p-value

Intercept 0.57 0.04 0.49—0.65 <0.001 0.19 0.02 0.15—0.23 <0.001

O2 max 0.01 0.03 −0.06—0.08 0.806 −0.04 0.02 −0.07—0.00 0.057

O2 sd 0.05 0.03 −0.01—0.10 0.083 −0.02 0.02 −0.05—0.02 0.393

O2 max × O2 sd −0.06 0.03 −0.12—−0.01 0.032 0.07 0.02 0.03—0.11 0.003

Random effects

σ2 0.014 0.008

ΤSpring 0.004 0.000

Observations 26 26

Marginal R2/Conditional R2 0.27/0.42 0.42/−

AICc −0.789 −15.609

log-Likelihood 8.605 16.015
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Since springs’ hydrochemistry did not comprehensively explain
temporal patterns of species richness and beta diversity, other
factors may be involved. For instance, regional climate,
topography, and land cover were shown to complement water
hydrochemistry in shaping the composition of the aquatic
vegetation communities in helocrene subarctic springs (Miller
et al., 2021) and in Central Europe (Strohbach et al., 2009). As
mentioned above, composite aquatic vegetation may sustain high
microhabitat heterogeneity, in turn affecting invertebrate diversity.
Other studies specifically targeting invertebrate communities of
spring habitats suggested that substratum type (Dumnicka et al.,
2007) and discharge timing of the feeding aquifers (Hoffsten and
Malmqvist, 2000) have a strong influence on diversity patterns. We
speculate that the marked difference in discharge during the
hydrologic year characterizing the four karst springs of this study

might have strong effects on the composition of their meiofauna
assemblages, as also observed by Di Lorenzo et al. (2018) in the
Mazzoccolo karst spring (Central Italy). Thus, aquifer discharge
dynamics may be the primary factor behind the unexplained portion
of the observed temporal variation in species richness and beta
diversity. For instance, the higher number of stygobite species
recorded in the most recent sampling campaigns in the Presciano
spring may be related to the L’Aquila earthquake (Mw 6.3) which
happened on 6 April 2009, and dramatically changed the
groundwater flow of the Gran Sasso aquifer (Galassi et al., 2014).
Indeed, the 2009 earthquake induced an aquifer strain, triggering a
massive flushing of groundwater, containing the obligate
groundwater dwellers living in the aquifer, towards the spring
outflows. The obligate groundwater copepod species were flushed
out and remained trapped in the interstices of the springbed

FIGURE 7
Relationships between taxonomic beta diversity components and dissolved oxygen. (A)Observed Sörensen-based turnover (BetaSIM) values (empty
triangles) along the gradient of scaled maximum dissolved oxygen concentration (O2 max) among the sites sampled for each spring × replicate
combination (left plot), and marginal effect plot showing how predicted turnover resulting from the Linear Mixed Effect model fitted including spring as
random effect varied along the combined gradients of scaled O2max and scaled standard deviation in dissolved oxygen concentration (O2 sd) (right
plot). (B) Analogous plots than those in (A) but with Sörensen-based nestedness (BetaSNE) as response variable. In the marginal effect plots, solid lines
correspond to estimated values and shaded colored areas to the corresponding 95th percentile confidence intervals.
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sediments, which somewhat mirror the true groundwater habitats
where they live and complete their whole life cycle. The long lifespan
of several stygobite copepod species (Galassi et al., 2009a; Hose et al.,
2022), and the ability of some of them to reproduce in
“transitional habitats”, such as the hyporheic zone of streams
and groundwater-fed springs, likely allowed the survival of their
populations in the interstitial microhabitats of the Presciano
spring and thus the retrieval of individuals in the subsequent
sampling sessions. In contrast, the Capo Pescara-Santa Liberata
spring, despite being fed at least in part by the same Gran Sasso
aquifer, did not show a similar trend in the variation of obligate
groundwater species richness after the L’Aquila earthquake,
likely due to the large distance of this spring from the
epicenter. The Cavuto spring is fed by an aquifer with fast
infiltration flow, which does not favor the survival of the
stygobite species in the less developed annex capacitive
subsystems of the aquifer, where most of them live. Autumn
corresponds to the high-discharge period for this spring, and the
peak in the richness of stygobite species was observed in October
2014. Consequently, the stygobite species richness of the Cavuto
spring, which was noticeably lower than that of Presciano, despite
the two springs having comparable mean annual discharge,
mirrored the hydrogeologic setting of the feeding aquifer. In
the Chiarino spring, whose stygobite species richness is relatively
low and comparable to that of the Cavuto spring, the peak of
recorded stygobites observed in May 2015 may be due to a fast
response in discharge related to snowmelt. In summary, we
hypothesize that the “piston effect” (Aquilina et al., 2006),
namely, a pressure transfer due to pushing freshly infiltrated
waters and mobilizing resident groundwater together with its
fauna, may be one of the main drivers of the observed ratio of

stygobite versus non-stygobite species richness variation over
time. Hence, potential discharge deficit in drying climate
scenarios could profoundly affect springs’ assemblages
(Cartwright et al., 2020). This effect may be particularly
strong for sites close to the spring banks or distant from the
main karst fractures, because these are the sites more vulnerable
to a collapse in discharge and the first ones at risk of going dry.

The similarity of trends between precipitation over the Gran Sasso-
Sirente hydrogeologic unit and flow discharge downstream of the
Presciano spring would be particularly important in a climate change
scenario. As future CHyM-based rainfall projections over this area
depicted an overall decrease in precipitation by the end of the century,
careful discharge monitoring at the spring outlets would be required to
manage possible water deficits and related effects on the spring’s
community. Moreover, modelling of recharge rates over the last
2 decades (under average and extremely dry or wet conditions) for
the recharge areas feeding the four springs suggested possible decreases
in the groundwater recharge of up to 40%–50%, depending on the
considered springs. This trend further warns that severe changes in the
timing and amount of groundwater discharge at the target springs may
occur in the near future, which might produce more or less severe
effects on the corresponding communities, depending on the aquifers’
resilience (Kløve et al., 2014).

Overall, the results of this study reinforce the significant role of
springs as islands of biodiversity. Moreover, each spring may be
thought as a sort of archipelago, every single site representing an
island, where only the hydrological continuity ensured by the aquifer
will guarantee that they can remain ecological, hydrologic and
evolutionary refugia (Davis et al., 2013; Cartwright, 2019;
Cartwright et al., 2020). Our work assumes that, from a
conservation perspective, the four karst springs analyzed in this

FIGURE 8
Recharge areas of the studied springs. Recharge areas within the Gran Sasso aquifer (left map), feeding Chiarino, Capo Pescara-Santa Liberata, and
Presciano springs, and within the Montagna Grande aquifer (right map) feeding the Cavuto spring. Coordinates are reported using theWGS84/UTM zone
33 N projected coordinate system.
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study, which showed high inter-site species turnover, should be
targeted with management measures aiming at preserving most of
their microhabitat diversity to avoid population declines, or even local
extinctions (Tuomisto et al., 2003; Socolar et al., 2016). In springs
where the inter-site nestedness is higher than turnover, or both have
approximately the same weight, conservation efforts could be focused
on sites hosting most of the springs’ alpha diversity. The paradigmatic
role of springs as biodiversity hotspots calls for a huge effort to preserve
them from human-induced environmental alterations.
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