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Abstract  The shallow Vrana Lake in Dalmatia, 
Croatia, is directly connected to the Adriatic Sea 
by the Prosika canal (0.85  km), constructed in the 
eighteenth century. The aim of this research was to 
examine the impacts of salinization on long-term 
changes in littoral macro-crustacean (Malacostraca) 
populations and assemblages in Vrana Lake and con-
necting canals. Benthic macroinvertebrates were 
sampled at seven sites during the period 2011–2020 
(14 months) using a hand net (25 × 25 cm, 500 µm). 
During the study period, saltwater intrusions (strong-
est in 2012) through the Prosika Canal and site V4 

caused increased salinization, resulting in a shift from 
normal oligohaline (0.5–5 PSU) to mesohaline (5–18 
PSU) salinity. Out of a total of 18 macro-crustacean 
taxa identified, five widespread species—amphipods 
Echinogammarus stocki and Gammarus aequicauda, 
isopods Lekanesphaera hookeri and Proasellus 
coxalis, and decapod Palaemon antennarius consti-
tuted 91.6% of collected specimens (26,986). The 
first three brackish/marine species were significantly 
positively correlated with the average salinity 12 and 
24 months before sampling. They disappeared or had 
very low abundance during the second low salinity 
phase (< 1–2 PSU), when freshwater/oligohaline P. 
coxalis and P. antennarius were the dominant macro-
crustaceans. Two   years of low salinity were needed 
for a strong population decline or disappearance of 
three brackish/marine species. Salinization is a major 
stressor in the Vrana Lake basin, and measures for its 
active control are urgently needed. The use of tested 
macro-crustacean metrics is recommended for future 
ecological monitoring as it could provide fast infor-
mation about the effects of water management on 
aquatic biodiversity.
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Introduction

Accelerated anthropogenic salinization, i.e. human 
caused increase of ion concentration in inland and 
coastal waters, has been reported in many parts of 
the world in the last few decades (Williams 2001; 
Dugan et al. 2017; Mastrocicco 2021). Due to unprec-
edented geographic scale at which it is occurring 
(Herbert et  al. 2015), anthropogenic salinization 
now represents a widespread threat to the biodiver-
sity, functioning, and services of fresh and brackish 
water ecosystems (Cañedo Argüelles 2020; Cunillera-
Montcusí et  al. 2022). In the Mediterranean region, 
which has been identified as one of the global climate 
change hot spots, a pronounced decrease in precipita-
tion and increase in temperature (Giorgi 2006; Giorgi 
and Lionello 2008) can lead to increased salinity 
(Jeppesen et al. 2015). Intensification of these trends 
is predicted for the future (IPCC 2014; Jiménez Cis-
neros et  al. 2014). Mediterranean coastal (tidal) and 
inland waters are especially sensitive to anthropo-
genic salinization because they are already affected by 
multiple other anthropogenic stressors such as land-
use change, reductions of freshwater flow, organic 
and chemical pollution, increases in temperature, and 
invasive species (Herbert et al. 2015; Jeppesen et al. 
2015; Martínez-Megías and Rico 2022).

In coastal systems, minimums and maximums 
of salinity occur as the result of the diurnal rhythm 
of low and high tides, after increases in freshwater 
discharge, and from strong winds and storm tides. 
Thus, coastal systems are characterized by a com-
plex combination of fresh (0–0.5  PSU), brackish 
(0.5–30  PSU), and marine (> 30  PSU) conditions 
with specific aquatic biota. Freshwater environments 
are characterized by a predominance of halosensitive 
(stenohaline) species, which tolerate small changes 
of salinity. In contrast, brackish water environments, 
depending on prevailing salinity conditions, are char-
acterized by various combinations of freshwater/
oligohaline and more halotolerant brackish/marine 
euryhaline species that can tolerate large salinity vari-
ations (Williams 2001; Herbert et al. 2015; Cunillera-
Montcusí et al. 2022). Salinization is especially prob-
lematic for freshwater and oligohaline (0.5–5  PSU) 
aquatic systems, where increasing salinity can have 
strong negative effects on the biota. As salinity 
increases, high diversity freshwater (limnic) and oli-
gohaline assemblages will disappear and are replaced 

by an assemblage of euryhaline brackish/marine spe-
cies with lower biodiversity (Williams 2001; Cañedo 
Argüelles 2020).

Benthic macro-crustaceans (class Malacostraca: 
orders Amphipoda, Decapoda, Isopoda, Mysida) are 
potentially good indicators of salinity changes since 
a wide variety of species are adapted to life in fresh, 
brackish, and marine waters. Thus, increased salin-
ity from fresh to brackish water would be expected to 
cause significant changes in benthic macro-crustacean 
assemblages. Such changes have rarely been subject 
of long-term studies in one aquatic system (Attrill and 
Power 2000; Poizat et  al. 2004; Boets et  al. 2011). 
Studies of benthic macroinvertebrates in estuaries 
have established that rising salinity leads to expansion 
of brackish water and marine fauna (mostly macro-
crustaceans), while limnic species retract toward head 
of the estuary (Attrill et  al. 1996; Attrill and Power 
2000; Little et  al. 2017). However, our understand-
ing of long-term changes of aquatic systems caused 
by salinization is limited and more such studies are 
needed (Cunillera-Montcusí et al. 2022). This is espe-
cially important for management of Mediterranean 
coastal and inland waters already heavily affected by 
multiple stressors and climate change (Jeppesen et al. 
2015; Martínez-Megías and Rico 2022).

Many examples of Mediterranean aquatic systems 
exist in which salinization was identified as one of 
the multiple stressors (Mastrocicco 2021; Martínez-
Megías and Rico 2022). The Vrana Lake in Croatia 
(Dalmatia region) is one of such examples. This shal-
low lake was artificially connected to the Adriatic 
Sea by the Prosika canal in the eighteenth century 
(Katalinić et  al. 2012). In the last two decades this 
brackish (oligohaline) lake has experienced periods 
of increased salinity caused by intrusions of saltwater 
that entered the lake through the Prosika Canal and 
through permeable rock in the karst ridge. This was 
especially pronounced during very dry years of 2003, 
2008, and 2012 (Katalinić et  al. 2012; Rubinić and 
Katalinić 2014). However, effects of changes in salin-
ity on aquatic biota of the Vrana Lake in Dalmatia are 
poorly understood.

In this study we examined long-term changes 
(2011–2020) of benthic macro-crustacean (Malacos-
traca) fauna in the Vrana Lake (littoral zone) and in 
connecting canals. During this period the Vrana Lake 
experienced the lowest and highest water levels in 
74  years of water level record, with corresponding 
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peaks of salinity and subsequent return to oligohaline 
conditions. The presence of both natural and artificial 
connections with the Adriatic Sea led to the hypoth-
esis that more halotolerant brackish water macro-
crustacean species will increase spatial distribution 
and abundance in Vrana Lake with increasing salini-
zation, while oligohaline species will experience pop-
ulation decline and decrease in distribution. In order 
to test this hypothesis, long-term changes of benthic 
macro-crustacean assemblages, as well as population 
dynamics and distribution of dominant species were 
examined. Continuous records of water level, physi-
cal–chemical parameters at all monitoring stations 
were used to examine effects of salinity on spatial 
and temporal variations of density and distribution of 
dominant macro-crustacean species. Also, changes of 
macro-crustacean assemblages in relation to salinity 
were examined, as well as effects of past salinity con-
ditions on density of dominant species and potential 
use of macro-crustacean metrics for ecological moni-
toring of salinization in the lake and its tributaries.

Materials and methods

Study area

Vrana Lake (Vransko jezero) in Dalmatia has the 
largest surface area (31  km2) of any natural lake in 
Croatia (Rubinić 2014). The lake is located in the 
region of Ravni Kotari (North Dalmatia) between the 
towns of Zadar and Šibenik in close proximity to the 
Adriatic Sea (Fig. 1). The watershed covers 515 km2 
(Stroj 2012) and land cover is predominantly agri-
culture and Mediterranean scrub. The watershed is 
underlain by Cretaceous and Eocene limestones, Cre-
taceous dolomites and Eocene flysch, and character-
ized by karst (Fritz 1984). The lake is 13.6 km long 
and 1.4–3.4 km wide with a NW–SE orientation par-
allel to the Adriatic Sea and is separated from the sea 
by a limestone ridge ranging from 0.8 to 2.5 km wide. 
Vrana Lake fills a geologic cryptodepression with the 
maximum depth of 5 m and an average water depth 
of 2 m (Šiljeg et  al. 2015). The water level has sig-
nificant seasonal variations (range 0.03–2.25 m a.s.l.) 
caused by seasonal rainfall and periodic droughts 
(Rubinić 2014). Salinity in the lake changes as the 
result of seasonal intrusion of seawater through 
permeable karst and Prosika canal (Rubinić and 

Katalinić 2014). The southern coast of Vrana Lake is 
mainly rocky and stony with sparse reed beds (Phrag-
mites communis) due to the dominant direction of 
wind and waves, while the north and east coast has a 
continuous reed bed belt. The lake is one of the most 
important wetland areas on Croatian part of eastern 
Adriatic coast and due to its high importance for bio-
diversity it was protected as Nature Park, Natura 2000 
and Ramsar site (Katalinić et al. 2012).

The Vrana Lake watershed is hydrologically com-
plex (Rubinić 2014). Water is supplied to the lake by 
a system of drainage canals and underground springs 
within the watershed. Discharge from the canals is 
strongly influenced by the seasonal precipitation, 
high in winter and low in summer months (Rubinić 
and Katalinić 2014). Two largest tributaries drain-
ing into the lake are the Kotarka Canal and Lateral 
Canal (Fig.  1). Additionally, Lake Vrana is hydro-
logically connected to the Adriatic Sea through per-
meable karst in the limestone ridge and the artificial 
Prosika Canal. The most important natural karst con-
nection with the sea is Jugovir (site V4) at the south-
west side of the lake (Fig. 1). Lake water flows to the 
Adriatic Sea through the Jugovir and Prosika Canal 
when water levels are greater than 45 cm at gauging 
station G2 and sea water flows into the lake when 
water levels are below 45 cm, depending on the tide 
(Rubinić personal communication). The 0.85 km long 
Prosika Canal was constructed in the eighteenth cen-
tury where the limestone ridge was the narrowest. 
Channelization of tributaries, water extraction from 
the canals and main springs for water supply and irri-
gated agriculture (Rubinić 2014), as well as extensive 
historical land use change in the watershed all con-
tributed to reduction of freshwater inflow to the lake, 
especially in summer months. In last few decades 
these changes were combined with climate change 
induced warming, more frequent droughts, and rela-
tive sea level rise all contributing to more intensive 
salinization of the lake (Rubinić and Katalinić 2014).

Hydrological and water quality data

Water level data were collected from three gauging 
stations operated by the Croatian Meterological and 
Hydrological Services (Fig. 1). Station G1 is located 
on the Kotarka Canal at the Pakoštanski Bridge 
(300 m upstream from the mouth) at the northern end 
of the lake and has a continuous record since 1947. 
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Station G2 is located in the lake close to Prosika 
Canal and has operated since 1948 but is lacking data 
for 2017 and part of 2018 and 2020. Station G3 is 
located in the Adriatic Sea close to the mouth of the 
Prosika Canal and has operated since 1986.

Croatian Waters, the national agency for water 
monitoring, provided physical and chemical compo-
sition data for three monitoring locations along the 

coast of the lake, which are the same as macroinver-
tebrate sampling sites K, V1, and V3 (Fig.  1). Sur-
face water parameters were measured at each loca-
tion and water samples were collected monthly or 
every two  months during the period 2002–2020. 
Croatian Waters used standard analytical methods 
to assess surface water quality (ISO norms). For the 
purposes of this study, we used five parameters: water 

Fig. 1   Vrana (Vransko) Lake Nature Park (grey borders) and 
seven sampling sites shown as red circles. Yellow triangles 
represent three coastal monitoring sites (Croatian Waters-CW, 
2002–2020), which are the same as sampling sites K, V1 and 
V3, while green triangles represent open water monitoring 
sites (Nature Park-NP, 2008–2020). Black triangles represent 

three gauging stations. Upper inset map shows the position 
of the Vrana Lake in Croatia. The lower inset map shows the 
position of four sampling and three monitoring sites near the 
Prosika canal. (Sampling sites: K-Kotarka canal, V1-Crkvine, 
V2-Drage, V3-Prosika-lake, V4-Jugovir, P1-Prosika canal-1, 
P2-Prosika canal-2)
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temperature (°C), pH, specific conductivity (μS/
cm), dissolved oxygen (mg O2/L) and oxygen satura-
tion (%). Additionally, the Vrana Lake Nature Park 
monthly measured six parameters (water tempera-
ture, oxygen concentration and saturation, specific 
conductivity, salinity and pH) using a WTW probe 
at three open water locations (V5-V7) in the period 
2008–2020. Missing values of conductivity and salin-
ity at Croatian Waters monitoring sites (K, V1 and 
V3) were replaced by measurements in corresponding 
month from our own measurements during sampling 
or from Natural Park monitoring dataset.

Specific conductivity data were used to calcu-
late practical salinity units (PSU) using the equation 
(Eq. 1) of Wagner et al. (2006).

In this equation, Kn are a set of empirically derived 
constants and R is the ratio of the specific conductiv-
ity to the reference conductivity of 53,087  μScm−1. 
Five salinity classes were distinguished, each defined 
by a range of salinity, according to the ‘Venice Sys-
tem’ (Caspers 1959): freshwater (0–0.5 PSU), oligo-
haline (0.5–5 PSU), mesohaline (5–18 PSU), polyha-
line (18–30 PSU) and euhaline (30–40 PSU).

Field sampling and sample processing

Benthic macroinvertebrate samples were collected 
using a hand net (25 × 25 cm, 500 µm) at seven sites 
(Fig. 1) from March 2011 to December 2020. There 
were 14 separate sampling events (months) at five 
sites (K, V1-V4) in the 7  years between 2011 and 
2020 as sampling was not conducted in 2012, 2013 
and 2015. At five sites, five  months were sampled 
in 2011 (3, 5, 7, 10, 12), two months (5, 10) in 2014 
and three months (3, 10, 12) in 2020, while in the rest 
4  years (2016–2019) sampling was conducted once 
per year. At site P1 sampling was conducted from 
2016 to 2020, while at site P2 from 2014 to 2020, 
seven times at both sites. At sites V1, V2, V3 and 
V4, located along south lake coast, samples were col-
lected in deeper areas of the littoral zone, at site K 
in shallow accessible parts on the right bank of the 
Kotarka Canal (200  m upstream from the mouth). 
At sites P1 (lake side) and P2 (sea side, i.e. mouth 
of the canal) the whole width of the Prosika Canal 

(1)
PSU =K1 +

(

K2 × R0.5) +
(

K3 × R1.0) +
(

K4 × R1.5)

+
(

K5 × R2.0) +
(

K6 × R2.5)

was sampled. Prior to macroinvertebrate sampling 
water temperature, dissolved oxygen concentration 
and saturation, specific conductivity, salinity and pH 
were measured using a WTW probe. In 2011, 2014, 
and 2016, three quantitative replicate samples of 
macroinvertebrates (3 × 0.0652  m−2) were collected. 
From 2017 through 2020, five quantitative replicate 
samples (5 × 0.0652  m−2), were collected at each 
site. From 2016 to 2020 additional qualitative sam-
ples (kick samples for 5 min) were collected on sub-
merged parts of the aquatic and land plants. Densities 
(ind. m−2) were calculated from quantitative samples 
by dividing number of collected individuals by sam-
ple area and averaged for replicate samples. Most 
samples were collected on stony substrate (mostly 
microlithal + mesolithal, at V3 mesolithal + macro-
lithal), except at site K where substrate was different 
and consisted of mud, fine sand, and parts of dead 
plants (mostly reed). Macroinvertebrate samples were 
fixed in the field with 96% ethanol and later processed 
in the laboratory, where all macroinvertebrates were 
separated from the samples using stereomicroscope.

Macro-crustacean specimens (class Malacostraca) 
were identified using determination keys for different 
groups: Amphipoda (Pinkster 1993; Bellan Santini 
et al. 1982, 1993), Decapoda (Froglia 1978; Tzomos 
and Koukouras 2015), Isopoda (Argano 1979; Henry 
and Magniez 1983; Jacobs 1987; Poore 2001; Kemp 
et al. 2020), and Mysida (Wittmann et al. 2016).

Statistical analyses

The relationship between salinity and average den-
sity of macro-crustacean species per site was estab-
lished with Spearman correlation. All sites were 
combined to calculate spatial–temporal correlations 
between salinity and other four physical–chemical 
parameters measured during sampling and the den-
sity of five dominant crustacean species. Tempo-
ral correlation analyses (density vs. salinity) could 
be conducted at four sample locations (K, V1, V2, 
V3), due to availability of continuous salinity data, 
whereby for site V2 salinity data from nearby moni-
toring site V6 were used. In these analyses, salinity 
in the month of sampling (0), and average salini-
ties for 6, 12, and 24 months before sampling were 
used. Due to multiple testing, Bonferroni correction 
was applied for significance of these correlations. 
Spearman correlation coefficients (rs) in correlation 
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matrix were calculated using the ‘Hmisc’ package 
(Harrell 2023) in R (R Core Team 2023).

Benthic macro-crustacean assemblages were ana-
lysed using different multivariate analyses. Prior to 
analyses, the abundance matrix (average per site-
month-year) was square root transformed to reduce 
effects of dominant species, followed by calcula-
tion of similarity matrix using the Bray–Curtis 
index. Analyses were done in two ways: (1) using 
only quantitative samples and (2) using all (quan-
titative + qualitative) samples. Since similar results 
were obtained by both methods, results were shown 
only for analyses with all samples. Differences 
between sites and salinity periods were visual-
ized using non-parametric multi-dimensional scal-
ing (nMDS) and tested with one or two-factorial 
PERMANOVA (factors were fixed) in PRIMER 
6 + PERMANOVA (2009 PRIMER-E Ltd.). Due 
to multiple testing for each site separately, Bonfer-
roni correction was applied for significance of one-
factorial PERMANOVA tests. Indicator species 
analysis was used to examine how the relative abun-
dance and occurrence of the five dominant species 
contribute to differences between salinity periods. 
The Indicator Value (IndVal) index was used, which 
combines a species’ relative abundance (specificity) 
with its relative frequency of occurrence in a group 
of samples (fidelity) (Dufrêne and Legendre 1997; 
Legendre and Legendre 2012).

In our case, for specificity (Akj), Nindividualskj 
represents the mean abundance of species j across 
the months within a cluster (i.e., salinity period) and 
Nindividuals+k is the sum of the mean abundances 
of species j within salinity periods. For fidelity 
(Bkj), Nmonthkj is the number of months in salinity 
period k where species j was present and Nmonthk+ 
is the total number of months in that period. Ind-
Val indices were calculated for the five dominant 
species in each group of months (salinity period), 
separately for each site, as well as for the five sites 
combined together which were sampled in all four 

IndValkj = Akj × Bkj

Akj = Nindividualskj∕Nindividuals+k

Bkj = Nmonthkj∕Nmonthk+

salinity periods (K, V1-V3). IndVal calculation 
was performed using the ’labdsv’ package (Roberts 
2023) in R (R Core Team 2023). Significance (per-
mutation) tests for the association between a spe-
cies and a salinity period were conducted using the 
’signassoc’ function from the ’indicspecies’ pack-
age (De Cáceres and Legendre 2009).

Six macro-crustacean metrics were calculated 
(EsGaLh-a, EsGaLh-d, %EsGaLh, PcPa-d, PcPa-
a, %PcPa; a-abundance, d-density, %-percentage of 
summed abundance in total abundance of all macroin-
vertebrates), for each site and month using two differ-
ent combinations of five dominant macro-crustacean 
species (see caption of Table 1 for species abbrevia-
tions). The relationship between physical–chemical 
parameters and six macro-crustacean metrics was 
established with Spearman correlation.

Results

Water level and salinity

Water level in the lake varies on an annual basis 
with maximums during the wet season (Janu-
ary–April) and minimums during the dry sea-
son (August–October) (Fig.  2a). Relative average 
monthly sea levels at gauging station G3 showed 
greater variability, with one or more peaks in dif-
ferent months, mostly increasing at the end of a 
year (often with strongest peaks in autumn). During 
the time period from 2002 through 2020, 11  years 
had minimum average monthly lake water levels 
fall below average monthly sea levels. In seven of 
these years (2002, 2003, 2010, 2015, 2017, 2019, 
2020) lake water levels were briefly (1–3  months) 
and only slightly below relative sea levels during 
the driest months of the year. However, during the 
intensive drought period in 2007/2008, lake lev-
els were a minimum of 24  cm below sea level for 
7 months. During the longest drought in 2011/2012, 
lake levels were for 12  months with a minimum 
of 33 cm below sea level. These two drought peri-
ods were associated with the most intensive and 
longest salinization of the lake. The highest maxi-
mum salinity values ever recorded at all lake sites 
(from 12.2 PSU at V1 to 18.3 PSU at V7) occurred 
in 2012 during the period from September to 
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November (Fig.  2b). Salinity in the Kotarka Canal 
never exceeded 5 PSU during drought periods.

During the 8  years when minimum average 
monthly water levels did not fall below relative sea 
levels, salinity was usually below 2 PSU at lake sites 
(V1, V3, V5-V7), with slight increase during sum-
mer/autumn months. Exceptions were 2009, 2010 
and 2013 when salinities in the lake were higher (2–5 
PSU) and decreased after previous salinity peaks in 
2008 and 2012. In the same years, the Kotarka Canal 
(K) had higher annual oscillations than the lake sites, 
lower salinity during the winter/spring months and 
higher salinity (2–4 PSU) during summer/autumn 
months. Salinity maximums for the lake sites usu-
ally followed one to 2  months after maximums for 
Kotarka (K). Statistically significant negative correla-
tions between water level at gauging station G1 and 
salinity at all monitoring sites were established, with 
stronger negative correlation at monitoring site in the 
Kotarka Canal, than those in the lake (Spearman cor-
relations, Kotarka (K): rs = − 0.86, p < 0.001; lake 
sites V1-V6: rs = − 0.4 to − 0.59, p < 0.001).

In order to relate salinity changes with population 
changes of dominant macro-crustaceans, several dif-
ferent salinity periods could be distinguished between 
2011 and 2020: 2011—increasing salinity (sampled 
in 5  months Mar–Dec), 2012—peak salinity (not 
sampled), 2013—decreasing salinity (not sampled), 
2014—first low salinity period (< 2 PSU) after peak 
salinity (sampled in May and Oct), 2015 to first half 
of 2020—second low salinity period (sampled five 
times from Sep 2016 to Mar 2020), second half of 
2020—second period of increasing salinity (sampled 
twice in Oct and Dec 2020; Fig.  3). In 2020, salin-
ity started to increase above 2 PSU at the beginning 
of August and peaks were in October/November 
(Fig. 2b).

Site Jugovir (V4) is the most important natural 
connection between Vrana Lake and the Adriatic Sea. 
In July, October, and December of 2011, and again in 
October of 2020 salinity at V4 increased to between 
30 and 40 PSU. In October of 2020, salinity also 
increased to greater than 30 PSU in the Prosika Canal 
(P1, not measured in 2011). In both years, the salinity 
increase occurred when lake levels were lower than 
sea level and that salinity was driven by saltwater 
intrusion.
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Diversity and distribution of benthic 
macro‑crustaceans

In a total of 26,986 macro-crustacean specimens 
collected, 18 taxa were identified (13 species and 5 
genus) from four orders within Class Malacostraca 
(Table  1). Amphipods were the order with the most 
taxa (10), whereas orders Isopoda, Mysida, and 
Decapoda all had less than five. The greatest num-
ber of taxa (15) were found at the connection of the 
Prosika Canal (P2) with the Adriatic Sea, whereas all 
other sites had 5–7 taxa.

Five widespread species, amphipods Echinogam-
marus stocki G. Karaman, 1970 and Gammarus 
aequicauda (Martynov 1931), isopods Lekane-
sphaera hookeri (Leach 1814) and Proasellus coxa-
lis (Dollfus 1892), and decapod Palaemon anten-
narius H. Milne Edwards, 1837 constituted 91.6% of 

collected specimens. These five species were found 
at most of the seven sampling sites. Amphipod E. 
stocki was never found at Kotarka (K) and the isopod 
P. coxalis was extremely rare, with only one recorded 
specimen at site P1, and was never found at site P2. 
Amphipods Niphargus sp. and Orchestia sp. were 
found only at lake sites (V1-V4) and at Kotarka (K). 
All other species were found infrequently only at 
site P2, except Melita palmata (Montagu 1804) also 
found at V4 in Oct and Dec 2011, and typically were 
associated with higher salinities (Table 1).

All of the five more abundant species found in 
the lake system can tolerate salinities ranging from 
the lower limit of oligohaline to marine conditions. 
The lowest median (or average) values of salinities 
(Table 1), were observed for the decapod P. antennar-
ius and the isopod P. coxalis, and the other three dom-
inant species (E. stocki, G. aequicauda, L. hookeri), 

Fig. 2   Temporal changes of water level and salinity in the 
period 2002–2020: a average monthly water levels at gauging 
stations G1 (Kotarka canal), G2 (Vrana Lake-Prosika) and G3 
(Prosika-sea); b monthly values of salinity in the Kotarka canal 

(K) and at three sites in the Vrana Lake (V1, V3, V6; sites V5 
and V7 are omitted for clarity, for site V6 data are available for 
period 2008–2020)
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Fig. 3   Average densities (a–e) or average abundance (f) of 
five dominant species of benthic macro-crustaceans in 14 sam-
pling months (March 2011–December 2020) at seven study 
sites: a Echinogammarus stocki, b Gammarus aequicauda, 

c Lekanesphaera hookeri, d Proasellus coxalis, e Palaemon 
antennarius-density, f P. antennarius-abundance. At sites P1 
and P2 sampling was conducted in seven months (May 2014–
Dec 2020) (n.s. – not sampled in 2012, 2013 and 2015)
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had medians and averages of salinity in upper oligo- 
to mesohaline class.

Benthic macro-crustaceans were found in almost 
all samples from all seven studied sites, with the 
exception of March 2011 and September 2016, when 
they were not present in the benthic samples at site 
V1. Of the five dominant macro-crustacean species, 
the decapod shrimp P. antennarius was found for the 
first time in September 2016 in the Kotarka Canal 
(Fig. 3), where it already reached the highest recorded 
density of 235 ind.  m−2. By October 2017, P. anten-
narius had appeared at three new sites (V3, V4 and 
P1), and by March 2019 it was recorded at all seven 
study sites. When found, P. antennarius was usually 
much more abundant in qualitative samples collected 
on aquatic/terrestrial plants in the littoral (average 
for all samples at all sites: 38.0), than in quantitative 
samples collected on stony substrate (avg: 7.5). Thus, 
for P. antennarius, density as well as average abun-
dance for both qualitative and quantitative samples 
were used in further analyses (Fig. 3 e, f).

Population changes of dominant macro‑crustaceans 
and salinity

The first density peaks of E. stocki, G. aequicauda 
and L. hookeri at the lake sites (V1-V4) occurred in 
May or July 2011 (Fig. 3a, b, c), during first period 
of increasing salinity and the second density peaks 
occurred in May or Oct 2014, first period of low 
salinity. During the second low salinity period from 
September 2016 to March 2020, the average total 
densities of E. stocki and L. hookeri at four lake sites 
decreased to 1.9–2.9 ind. m−2 or 27–290 times lower 
than in other three periods (2011, 2014, Oct and Dec 
2020). Amphipod G. aequicauda was found only at 
site P2 during second low salinity period. In Octo-
ber 2020, after 2  months of salinity > 2 PSU and 
similar higher salinity in 2019 (Fig.  2), densities of 
E. stocki, G. aequicauda and L. hookeri increased, 
especially at V2, V4 and P1, where their total densi-
ties were 7–140 times higher than in previous second 
low salinity period. At V1 and V3, densities of these 
three species in Oct 2020 increased from 0  to 8 and 
0 to 67 ind. m−2, respectively. Species E. stocki and L. 
hookeri survived in low abundance in the lake and in 
the Prosika Canal in the second low salinity period, 
when higher densities of these two species were 
recorded at sites V4 and P1.

In contrast, the density of the isopod P. coxalis 
(Fig. 3d) decreased with increasing salinity in 2011 in 
Kotarka and at three lake sites (V2-V4). In 2014 den-
sities of P. coxalis reached highest values in Kotarka, 
but at lake sites densities remained low. In the second 
low salinity period P. coxalis was the most abundant 
macro-crustacean species at all lake sites, but, sur-
prisingly, had low density in the Kotarka canal. After 
its appearance in 2016, the densities of the predatory 
shrimp P. antennarius on the stony substrate and the 
total abundance (in both quantitative and qualitative 
samples) were mostly the highest in Kotarka. The 
most pronounced peaks of abundance and densities of 
these species were observed in March 2019 (Fig. 3e, 
f), following the second-highest water level and low 
salinity in 2018.

Spatiotemporal Spearman correlations (all sites 
combined) between average density of the five dom-
inant species and salinity measured during sam-
pling were statistically significant (p < 0.05, n = 84) 
(Table  1) for amphipods E. stocki (rs = 0.31) and G. 
aequicauda (rs = 0.23). The same correlations were 
negative and marginally significant (p < 0.10) for den-
sity of isopod P. coxalis (rs = − 0.20) and abundance 
of decapod P. antennarius (rs = − 0.19). Spearman 
correlations of densities or abundance with all other 
environmental parameters measured during sampling 
are presented in Table 1 in Appendix.

Spearman correlations between average monthly 
densities of five dominant species and average salin-
ity 0, 6, 12, and 24 months prior to sampling at four 
sites (K, V1, V2, V3) combined are shown in Fig. 4. 
As the time-lag increased positive correlations 
between E. stocki, G. aequicauda, L. hookeri and 
salinity increased. In contrast, P. coxalis and P. anten-
narius showed increased negative correlations with 
salinity as the time-lag increased. For all five species 
correlations for time-lags of 12 and 24 months were 
statistically significant (p < 0.0025 with Bonferroni 
correction), and only G. aequicauda showed a signifi-
cant positive correlation with salinity for a time-lag of 
6 months.

Spearman correlations of six tested macro-
crustacean metrics with salinity measured during 
sampling were positive and statistically signifi-
cant for three macro-crustacean metrics (EsGaLh-
a, EsGaLh-d, %EsGaLh: rs = 0.33–0.45, p < 0.05, 
n = 84) and significantly negative for two met-
rics (PcPa-a, PcPa-d: rs = -0.24 to -0.27, p < 0.05, 
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n = 84), while only %PcPa metric was not signifi-
cantly correlated with salinity (rs = 0.09, p = 0.44). 
Spearman correlations of six tested metrics with 
all environmental parameters measured during 
sampling are in Table 1.

Benthic macro‑crustacean assemblages and salinity

Non-parametric multidimensional scaling (NMDS) 
analysis of crustacean assemblages at all seven sites 
together showed a good separation of three periods 
(2011, 2014, October and December 2020) charac-
terized by higher abundance of E. stocki, G. aequi-
cauda and L. hookeri, from the second low salinity 
period (March 2016—March 2020), when P. coxalis 
and P. antennarius were more abundant (Fig.  5a). 
When all sites were analysed together, there were sig-
nificant differences between sites (PERMANOVA, 
pseudo-F = 5.38, df = 6, p = 0.0001) and periods 
(pseudo-F = 10.73, df = 3, p = 0.0001), as well as sig-
nificant site × period interaction (pseudo-F = 2.31, 
df = 15, p = 0.0001). Similar results were obtained 
for each site analysed separately, i.e. statistically 
significant differences between four periods were 
obtained for five sites (K, V1-V4, PERMANOVA, 
pseudo-F = 2.92–7.02, df = 3, p = 0.0001–0.005), 
even when Bonferroni correction was applied due 
to multiple testing (p = 0.007). At sites P1 and P2, 

only differences between the second low salinity 
period and the second period with increasing salin-
ity (2020_2: Oct and Dec 2020) could be tested, 
and these differences were not significant (PER-
MANOVA, pseudo-F = 0.81–4.54, df = 1, p > 0.05).

To explain differences in macro-crustacean 
assemblages between salinity periods, IndVal val-
ues of the five dominant species were examined, 
as this index combines relative abundance and 
occurrence of a species. Since similar pattern of 
IndVal changes across species and periods were 
obtained for each site separately, the data from 
five sites (which were sampled in all four peri-
ods) were combined in Fig.  5b. The highest Ind-
Val values for species E. stocki, G. aequicauda, L. 
hookeri were observed in 2014, while the lowest 
(barely visible in Fig. 5b) were in the second low 
salinity period (2016–2020). Permutation tests 
revealed that the lowest IndVal for those three spe-
cies in 2016–2020 period were significantly lower 
than random (p < 0.005, p-value corrected for 
multiple testing using the Sidak method). In the 
second low salinity period species P. coxalis and 
P. antennarius had much higher values of the Ind-
Val index, indicating their dominance among the 
macro-crustacean species.

Fig. 4   Spearman cor-
relations (rs) between 
densities of five dominant 
macro-crustacean spe-
cies and salinities in the 
month of sampling (0) or 
average salinities 6, 12 and 
24 months before sampling 
at four sites combined (K, 
V1-V3). Triangles mark 
statistically significant cor-
relations with Bonferroni 
correction (p < 0.0025) due 
to multiple testing (see cap-
tion of Table 1 for species 
abbreviations)
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Discussion

Our results demonstrate that increasing salinity vari-
ations in the Vrana Lake ecosystem have resulted in 
shifts in crustacean species assemblages over a period 
of 10  years. Comparison of hydrology data in this 
study with the previous 74 years indicates an increase 

in the intensity and duration of droughts and conse-
quent salinization in the Vrana Lake ecosystem over 
the study period (2011–2020). Changes in the salinity 
of a lake ecosystem should result in changes in mac-
roinvertebrate assemblages. Previously, relationships 
between salinity and macroinvertebrates have been 
studied in both freshwater (Piscart et al. 2005, 2006; 
Kefford et al. 2011; Szöcs et al. 2014; Le et al. 2021; 

Fig. 5   a Non-parametric 
multidimensional scaling 
(NMDS) based on macro-
crustacean abundance 
matrix (average abundance 
per site-month, square root 
transformation, Bray–Curtis 
similarity). Sites are shown 
as different symbols, four 
salinity periods in differ-
ent colours: 2011—first 
increasing salinity period 
(sampled in five months 
Mar-Dec), 2014—first low 
salinity period (May and 
Oct), 2016–2020—second 
low salinity period (sam-
pled once per year from Sep 
2016-Mar 2019 and in Mar 
2020), 2020_2—second 
period of increasing salinity 
(Oct and Dec in 2020); b 
Indicator value (IndVal) 
index for five dominant 
macro-crustacean spe-
cies in for salinity periods 
calculated for the five sites 
combined (K, V1-V4), that 
were sampled in all four 
periods
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Vidal et  al. 2021) and brackish water ecosystems 
(Attrill et al. 1996; Boix et al. 2007; Obolewski et al. 
2018). However, most studies used space-to-time sub-
stitution to examine the effects of salinity on macroin-
vertebrates, whereas studies that examined long-term 
changes in macroinvertebrate communities caused by 
changing salinity are rare (Attrill and Power 2000; 
Poizat et al. 2004; Boets et al. 2011). Thus, this study 
fills a gap in the understanding of how changes in 
salinity drive long-term changes in macro-crustacean 
assemblages in the Mediterranean region.

Salinization of the Vrana Lake ecosystem stems 
from climate change, rising sea levels, and agri-
cultural water and land use (Katalinić et  al. 2012; 
Rubinić and Katalinić 2014). Climate change in the 
Vrana Lake basin is marked by higher air tempera-
tures, reduced precipitation (Rubinić and Katalinić 
2014), and intensified droughts and floods over the 
past two decades. Hydrologic records indicate both 
the lowest and highest water levels occurred in the 
past decade (2011–2020). Salinity increases during 
droughts, notably in 2007/2008 and 2011/2012. Ris-
ing Adriatic Sea levels (Vilibić et al. 2017), coupled 
with more frequent droughts, result in increased salt-
water intrusions into Vrana Lake. Oligohaline condi-
tions, after mesohaline peaks in 2008 and 2012, show 
delayed return in the lake. Agricultural land use con-
tributes to water abstraction, leading to salinization of 
the Kotarka Canal. High discharge after heavy rains 
causes rapid salinity fluctuations in the canal, out-
pacing those in Vrana Lake. The interplay of climate 
change, sea level rise, and agricultural water use trig-
gers more frequent transitions from normal (low olig-
ohaline, < 1–2 PSU) to higher (high oligohaline-mes-
ohaline, > 2  PSU) salinities in extremely dry years, 
impacting macro-crustacean assemblages in the lake 
and the Kotarka canal.

The macro-crustacean fauna of Vrana Lake and 
connecting canals (Table  1) was characterized by 
a combination of five dominant species during the 
study period: three brackish/marine species (Echi-
nogammarus stocki, Gammarus aequicauda, and 
Lekanesphaera hookeri) and two freshwater/oli-
gohaline species (Proasellus coxalis and Palaemon 
antennarius). The first three brackish/marine spe-
cies are widely distributed along the Croatian Adri-
atic coast, inhabiting estuaries of larger rivers and 
smaller streams (Žganec unpublished). Together 
with other brackish/marine macro-crustaceans, 

they inhabit the mouth of the Prosika Canal and 
colonized the study sites in the lake before the start 
of this study in March 2011. This likely occurred 
during some prior salinization events as in 2008. 
Before more significant salinization, the macro-
crustacean fauna of the lake and its tributaries was 
probably dominated by the species P. coxalis and 
P. antennarius, as was the case in the second low 
salinity period (2016–2020).

Increased salinity during the study period led to 
an increase in the abundance and distribution of three 
brackish/marine species, typical for Mediterranean 
brackish waters. Two of these species, G. aequi-
cauda and L. hookeri, are widespread in Mediterra-
nean coastal systems, such as lagoons and estuaries, 
and have been extensively studied (Casagranda et al. 
2006; Castaneda and Drake 2008; Kevrekidis et  al. 
2009). These two eurihaline species occur within a 
wide range of temperatures and salinities in Medi-
terranean waters (Kouwenberg and Pinkster 1985; 
Charmantier and Charmantier Daures 1994; Casa-
granda et  al. 2006; Delgado et  al. 2009; Kevrekidis 
et al. 2009). In the Vrana Lake basin, G. aequicauda 
was found in a wide range of salinity (Table 1), but 
preferred higher salinity, as suggested by the signifi-
cantly positive correlation with salinities both dur-
ing sampling and 6, 12, and 24 months prior to sam-
pling. Similar results were obtained for the isopod L. 
hookeri. This species is also widespread in the most 
sheltered habitats of European estuaries and coastal 
lagoons (Kouwenberg and Pinkster 1985; Casagranda 
et al. 2006; Castaneda and Drake 2008), where it pre-
fers lower salinity (< 15‰, Frier 1976). The amphi-
pod E. stocki, on the other hand, is much less studied. 
It is a widespread Mediterranean species found in a 
relatively wide range of salinity (0.1–18.9‰) (Pink-
ster 1993). Populations of this species in Vrana Lake 
were found within a similar range of salinity as G. 
aequicauda and L. hookeri (Table 1), but its median 
and average salinity values are between the upper oli-
gohaline and lower mesohaline salinity class.

Observed spatiotemporal variations in macro-
crustacean density and abundance were the direct 
consequence of both spatial gradients and tempo-
ral changes in salinity. Brackish/marine species (E. 
stocki, G. aequicauda, and L. hookeri) were more 
abundant at sites with higher salinity, during periods 
of increased salinity (second half of 2011 and 2020) 
and in the first low salinity period in 2014. During the 
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oligohaline phase in the second low salinity period 
(Sep 2016–Mar 2020), their populations declined pre-
cipitously. Their spatiotemporal variations were sig-
nificantly positively correlated with salinity 12 and 
24  months before sampling (Fig.  4). Slower salinity 
changes in the lake and euryhaline ecophysiology 
of these three species are responsible for observed 
time-delays in their population changes with respect 
to salinity. The inertia of the large volume of water 
in Vrana Lake delayed salinity decreases and enabled 
a longer period with more favourable higher salin-
ity for these species, relative to the Kotarka Canal. 
After the strongest salinization of the lake in 2011 
and 2012, and with recovery to lower salinities in 
2013 and 2014, their population sizes remained high 
in 2014, due to higher salinities one and two  years 
before. However, during the prolonged second low 
salinity period (September 2016–March 2020), the 
populations of these species strongly declined. Thus, 
two years of low salinity (1–2 PSU) were needed for 
a strong population decline (E. stocki and L. hook-
eri) or the disappearance of G. aequicauda. Previ-
ous research indicated that prolonged low salinities 
are limiting factors for the survival of embryos and 
juveniles of the amphipod G. aequicauda (Delgado 
et al. 2011). Thus, prolonged low salinity (< 2 PSU) 
seems to be the main limiting factor for those three 
brackish/marine species, due to the low survival of 
juveniles in such conditions. Density increases of 
E. stocki, G. aequicauda, and L. hookeri in October 
2020, followed salinity increases above 2 PSU for two 
and four months in the lake and in the Kotarka Canal, 
respectively. Also, salinity was above 2 PSU in 2019. 
Thus, the sudden population increase in October 2020 
of these three species was due to increased salinity 
(> 2  PSU) in both 2019 and 2020. The time lag in 
population increases of 1 year for these species also 
contributed to the strong positive correlations with 
salinity one and two years prior to sampling (Fig. 4).

While unfavourable for the previous three spe-
cies, the prolonged oligohaline phase provided time 
for population increase of the isopod P. coxalis and 
the shrimp P. antennarius, making them the domi-
nant species in the lake after the population declines 
of the three more halotolerant species. The isopod P. 
coxalis is frequently found in Mediterranean fresh 
and brackish waters (Koprnická 2013; Kemp et  al. 
2020), and it can tolerate higher salinity (range: 
0.05–5.60 ppt in Boets et al. 2011). Here, we showed 

that it can survive very high salinity (31.8 PSU at site 
V4), but it prefers lower salinity, with the optimum 
probably in oligohaline conditions. Higher salinity 
12 and 24 months prior to sampling were associated 
with decreased abundance of this species in the lake. 
The decapod shrimp P. antennarius is also a fresh-
water/oligohaline species, widely distributed in riv-
ers, lakes, and coastal systems of the Apennine and 
Balkan peninsulas (Tzomos and Koukouras 2015). 
Its optimal salinity is between 3—11‰, and 20‰ 
is indicated as the physiological limit for this spe-
cies (Dalla Via 1987a;  1987b). In Croatia, it inhab-
its freshwater/oligohaline waters in the Neretva River 
Delta at salinities between 0–5‰ (Gottstein Matočec 
and Kerovec 2002; Gottstein Matočec et al. 2006). In 
the Vrana Lake basin, it was found once at site P2 at 
euhaline salinity (Table 1), but its median and average 
values align well with its optimal conditions in oligo-
haline to mesohaline salinity from the literature men-
tioned above. Spatiotemporal correlations with salin-
ity were negative for this species, and higher salinities 
12 and 24 months prior to sampling were associated 
with its lower abundance.

Three tested macro-crustacean metrics were sig-
nificantly positively correlated with salinity, and two 
metrics had a significant negative correlation with 
salinity (Table  1). Although individual species had 
the strongest significant positive or negative correla-
tions with average salinity one and two  years prior 
to sampling, the tested metrics, which combined the 
abundance of three or two species, could be used as 
indicators of past and present salinity on benthic mac-
roinvertebrates and aquatic biota. Furthermore, since 
the five dominant macro-crustacean species can be 
easily distinguished in the field, their use is highly 
recommended for future ecological monitoring of 
salinization in the lake and connecting canals.

Salinization is a major stressor in the Vrana Lake 
basin, and the combination of sea-level rise, increased 
frequency of drought, and agricultural withdraw-
als of water will increase the frequency and duration 
of high salinity events. Thus, measures for its active 
control are urgently needed. Plans for the adaptive 
management of the lake salinization by controlling 
the water level with a movable gate at the Prosika 
Canal have been postponed for too long. If saltwater 
intrusion increases in the future, and salinity rises 
to upper oligohaline and lower mesohaline condi-
tions, the macro-crustacean fauna could permanently 
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shift to halotolerant species. As a result, E. stocki, G. 
aequicauda, and L. hookeri, as well as other halotol-
erant species like Melita palmata, could become the 
dominant species in the littoral macroinvertebrate 
assemblages of Vrana Lake. In contrast, P. coxalis 
and P. antennarius are expected to decline as salin-
ity increases, with refuges in the northeastern parts of 
the lake and in the lake tributaries. This could have 
positive impact on detritus processing by the mac-
roinvertebrate community in the littoral zone of the 
lake. Overall, the increase in salinity and shift to the 
dominance of halotolerant species will have strong 
negative impacts on the species richness and diver-
sity of benthic macroinvertebrates in the Vrana Lake 
basin.
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