
26 April 2024

Alma Mater Studiorum Università di Bologna
Archivio istituzionale della ricerca

Published Version:

Overwhelming role of hydrology-related variables and river types in driving diatom species distribution and
community assemblage in streams in Cyprus

Published:
DOI: http://doi.org/10.1016/j.ecolind.2020.106690

Terms of use:

(Article begins on next page)

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

Availability:
This version is available at: https://hdl.handle.net/11585/910505 since: 2022-12-29

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

http://doi.org/10.1016/j.ecolind.2020.106690
https://hdl.handle.net/11585/910505


This item was downloaded from IRIS Università di Bologna (https://cris.unibo.it/) 

When citing, please refer to the published version. 

 

 

 

 

 

This is the final peer-reviewed accepted manuscript of:  

Marco Cantonati, Martyn G. Kelly, Daniele Demartini, Nicola Angeli, Gerald 
Dörflinger, Athina Papatheodoulou, David G. Armanini, Overwhelming role of 
hydrology-related variables and river types in driving diatom species distribution 
and community assemblage in streams in Cyprus, Ecological Indicators, Volume 117, 
2020, 106690 

The final published version is available online at: 
https://dx.doi.org/10.1016/j.ecolind.2020.106690 

Terms of use: 

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are 
specified in the publishing policy. For all terms of use and more information see the publisher's 
website.   

 

https://cris.unibo.it/
https://dx.doi.org/10.1016/j.ecolind.2020.106690


 

1 
 

Cantonati M., Kelly M.G., Demartini D., Angeli N., Dörflinger G., Papatheodoulou A. & Armanini D. 2020. 1 

Overwhelming role of hydrology-related variables and river types in driving diatom species distribution and 2 

community assemblage in streams in Cyprus. Ecological Indicators 117, 106690. DOI: 3 

10.1016/j.ecolind.2020.106690 4 

 5 

 6 

 Overwhelming role of hydrology-related variables and river types in driving 7 

diatom species distribution and community assemblage in streams in Cyprus 8 

Marco Cantonati1, Martyn G. Kelly2,3,*, Daniele Demartini4, Nicola Angeli1, Gerald Dörflinger5, Athina 9 

Papatheodoulou6 & David G. Armanini4,7 10 

 11 

 12 

1 MUSE - Museo delle Scienze, Limnology & Phycology Section, Trento, Italy 13 

2Bowburn Consultancy, 11 Monteigne Drive, Durham DH6 5QB, UK 14 

3 School of Geography, University of Nottingham, Nottingham NG7 2RD, UK 15 

4 CS Capital Srl (Formerly Prothea Srl), Via Alessandro Manzoni 41, 20121, Milano, Italy 16 

5 Water Development Department, Nicosia, Republic of Cyprus 17 

6 I.A.CO Environmental & Water Consultants, Nicosia, Republic of Cyprus 18 

7 Canadian Rivers Institute, 10 Bailey Drive, P.O. Box 4400, Fredericton, NB E3B 5A3, Canada 19 

* Corresponding author. E-mail: MGKelly@bowburn-consultancy.co.uk 20 

 21 

 22 

23 



 

2 
 

Highlights 24 

• Hydrology plays a major role in shaping diatom assemblages in Cypriot streams. 25 

• Putative “Red List” diatom species for Cyprus are proposed. 26 

• Red List species are more common in intermittent, rather than permanent, streams. 27 

• Several species from the same genus often occur together in a sample. 28 

• Numerous species per genus may enhance resilience of the system. 29 

 30 

31 
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Abstract 32 

Mediterranean streams are naturally highly-stressed environments mainly due to the wide seasonal and 33 

inter-annual fluctuations in water quantity. This natural pressure (which will be exacerbated by climate 34 

change) is a significant challenge when establishing efficient assessment methods. We studied 35 

environmental parameters (hydromorphology, hydrology, physical and chemical variables) and collected 36 

182 diatom samples from 65 stations in Cyprus (south-western part). Diatoms were found in 171 37 

samples and analyses revealed 290 taxa (273 identified to the species -or intraspecific- level) belonging 38 

to 65 genera. Even a tentative application of a Red-List approach underlined the overwhelming 39 

importance of hydrology-related variables and river types in determining diatom species distribution 40 

and community ecological attributes in the water-stressed Island of Cyprus. Somewhat unexpectedly, 41 

both species from threat categories of the diatom Red List for Central Europe (2018) and species one 42 

might predict would be included in such categories in a possible future Red List tailored for Cyprus 43 

occurred more frequently and were more relevant in assemblages from sites in intermittent streams. 44 

We found a majority of motile, medium- to small-sized, diatom species, including a low number of 45 

colony-forming species. We found several species known to be effective first colonizers (pioneer 46 

species) and, among these, there was a striking preponderance (80%) of Achnanthidium species, often 47 

with several species co-occurring, particularly at reference sites. A four-factor PERMANOVA found that 48 

all type (essentially hydrology-related) variables were significant, and there was also a significant effect 49 

of season. Agglomerative hierarchical cluster analysis revealed three end-groups, with groups being 50 

separated on ecohydro(geo)logical grounds (lentic/lotic), sediment grain size, discharge and pH. The 51 

reference sites were analysed in more detail to identify environmental determinants. 28% of the 52 

variation in diatom assemblage composition was explained by the measured variables, with those 53 

associated with stream type and hydrology explaining the greatest proportions (12 and 10%, 54 

respectively) whilst season accounted for the remainder. All in all, our study emphasised a need for 55 

detailed investigations of  ecological and distributional (including Red List status) traits of diatom 56 

species, and to acknowledge the importance of the hydrological peculiarities of Mediterranean streams, 57 

and in particular to account for the dramatic seasonal variability when developing ecological assessment 58 

protocols for the region. 59 

 60 

Key words: Red List species, phytobenthos, hydrology, intermittent streams, ecological assessment 61 

62 
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1. Introduction 63 

The Mediterranean basin is home to approximately 500 million people living in 23 countries, eight of 64 

which are members of the European Union (UNEP/MAP, 2012). The large human population coupled 65 

with naturally low rainfall (which will be exacerbated by anthropogenic climate change: Giorgi and 66 

Lionello, 2008), combine to create a pressure on both quantity and quality of water resources within the 67 

region (UNEP / MAP. 2012; Cantonati et al., 2020a). This, in turn, will affect the ability of Mediterranean 68 

water bodies to deliver ecosystem services (Terrado et al., 2014) and, thereby, have implications for 69 

sustainable growth within the region. 70 

For the countries within the EU, the legislative basis for protection of water resources is provided by 71 

the Water Framework Directive (WFD; European Commission, 2000; Dworak et al, 2007; Carvalho et al., 72 

2018). This defines the ecological criteria required for sustainable management of water bodies based 73 

on their deviation from a hypothetical “reference state” (defined as “no, or only very minor, 74 

anthropogenic alterations to the values of physic-chemical and hydromorphological quality elements”; 75 

European Union, 2000). Definition of this reference state has proved to be challenging throughout 76 

Europe (Kelly et al., 2012, this volume; Pardo et al., 2012; Bouleau and Pont, 2014) but with some 77 

particular issues arising in the Mediterranean region (Feio et al., 2014). However, if objective criteria can 78 

be established across the EU for this important benchmark then national implementations of the WFD 79 

can be harmonized (Birk et al., 2013; Kelly et al., 2008; Almeida et al. 2014). This, in turn, ensures that 80 

the legislation is implemented consistently across the EU (Poikane et al., 2015). 81 

The challenges presented by Mediterranean streams include the high level of natural stress due to 82 

seasonal fluctuations in climate, and consequently in the hydrology. While seasonality (dry summers, 83 

wet winters) is highly predictable, the marked interannual variability (dry and wet years) is not (e.g., 84 

Cantonati et al., 2020a). The extreme manifestation of this, streams that do not flow at all during the 85 

summer months, places extreme physiological stress on organisms. This notwithstanding, intermittently 86 

flowing streams and rivers are essential to the integrity of river networks as they typically have high 87 

biodiversity and support important ecosystem processes. They are a source of valuable ecosystem goods 88 

and services, as well as being critical conduits for water, organisms, energy and material even when 89 

surface water is not present (Acuña et al., 2014), or allow access to perennial upstream refugia for 90 

migratory fish such as  the eel (Anguilla anguilla) during their (short) flow periods. 91 

The extent to which this stress influences the biota is in part affected by the life cycle of the 92 

organisms under consideration. Whilst an organism with a life cycle that extends over several months or 93 
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years may need special adaptations to cope with this drought period, it is possible that organisms whose 94 

life cycle is measured in weeks will cope differently (e.g. with recolonization cycles; Chester and Robson, 95 

2014; Falasco et al., 2018), and, indeed, that the composition of the community will shift over the course 96 

of the year in response to these natural changes. Diatoms are one example of a group of organisms with 97 

a short life-cycle and which are, furthermore, an integral part of many country’s ecological assessment 98 

toolkits (Kelly, 2013; Almeida et al., 2014; Poikane et al., 2016). Falasco et al. (2018) concluded that 99 

diatom’s resistance mechanisms did not play a significant role in recovery patterns after droughts. 100 

Artigas et al. (2012) showed that colonization sequences of algae and bacteria in biofilm formation were 101 

faster in Mediterranean streams (as compared to Central European ones), and that Mediterranean 102 

streams biofilms had larger amount of early-colonizing diatom species (Ulnaria ulna, Karayevia clevei), 103 

as well as higher rates of polysaccharide production in the extracellular matrix. 104 

Calapez et al. (2014) and Piano et al. (2017) found replacement of species sensitive to organic 105 

pollution by ones that are tolerant to be the main process in diatom benthic assemblages during 106 

droughts. Calapez et al. (2014) also observed that post-drought diatom assemblages showed no 107 

significant difference in evenness or abundance (as compared to pre-drought) whilst diatom-quality-108 

index values decreased. Falasco et al. (2018) noted that the extent of droughts in Mediterranean 109 

streams has recently intensified and, as mean annual discharge is predicted to further decrease over the 110 

coming years (e.g., Giorgi and Lionello, 2008), such effects are likely to be exacerbated. They suggested 111 

that endangered (sensu Lange-Bertalot, 1996) diatom species may be less resilient to droughts than 112 

generalist and widely-distributed taxa. Falasco et al. (2018) conclude that flow intermittency favours 113 

pseudaerial and planktic species whilst it threatens endangered diatom species in Mediterranean 114 

streams. Availability of a current velocity of at least 20 cm s-1 appears to be the main factor influencing 115 

the abundance of endangered species. Elias et al. (2015) found that Mediterranean-stream diatom 116 

assemblages, when compared to temperate ones, were characterized by larger and less motile species, 117 

and that stalked diatom species decreased after drought. 118 

Almeida et al. (2014) and Kelly et al. (2012) both showed that diatom assemblages in Mediterranean 119 

streams did not show strong differences between the stream types defined for the purpose of EU 120 

intercalibration (see Feio et al., 2014), with the exception of streams with temporary hydrological 121 

regimes. Kelly et al. (2012), furthermore, showed considerable similarity between assemblages from 122 

Mediterranean streams and those from other parts of the EU. However, these studies were, necessarily, 123 

performed at a coarse resolution, albeit one sufficient to demonstrate broad agreement amongst 124 

national approaches. Within smaller geographical areas, however, greater sensitivity in ecological 125 
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assessment might be possible. First, a key gradient that is significant over a broad geographical area 126 

might be less significant in a smaller area, particularly if that area had homogeneous geology. For 127 

example, whilst alkalinity has been shown to be a key determinant of diatom assemblage composition in 128 

several studies (e.g., Kelly et al., 2008; Cantonati et al., 2012), this is related to bedrock geology and 129 

there is scope for considerable hydromorphological and hydrological variability in an area underpinned 130 

by a single geological formation. 131 

In Cyprus, for example, most springs and surface waters in the south-western part of the island 132 

originate or are influenced by the Troodos ophiolite. The most important rivers and streams (in terms of 133 

runoff) come from the Troodos Massif (WDD, 2016). These are mainly basic/ultrabasic rocks from which 134 

waters with high alkalinity, calcium, magnesium, and sodium, and often high sulphate and chloride 135 

concentrations originate (Neal and Shand, 2002). Thus, virtually all stream waters have relatively high 136 

conductivity and alkalinity, and this means that they are less likely to influence the composition of 137 

diatom assemblages. This geological peculiarity, however, clearly emerged in the six reference (least-138 

disturbed) diatom assemblages identified by Feio et al. (2014) from seven Mediterranean countries, 139 

where group “F” was composed only of sites from Cyprus with ophiolitic geology. Moreover, in an area 140 

with pronounced climate-driven hydrological fluctuations, it is possible that there will be natural 141 

changes in the diatom assemblages which will be manifested in different values of the metrics used for 142 

ecological assessment. The possibility that the reference values from which ecological assessments are 143 

derived may vary over the course of a year is not new (e.g., Kelly et al. 2008) but has not been adopted 144 

widely for routine assessments. 145 

Whilst sensitive (to organic pollution), characteristic, endangered (Falasco et al., 2018) diatom 146 

species are found in Mediterranean-stream sites with high ecological integrity, pollution and 147 

contamination of various types typically causes a simplification, generalization and homogenization of 148 

diatom assemblages (Tornés et al., 2007), with dominance of a reduced number of pollution-tolerant 149 

species and, in some cases, accompanied by an increase in deformed specimens (Tornés et al., 2018). 150 

The effects of pollution are aggravated by hydrological stress (Tornés et al., 2018) and metal 151 

contamination, which can cause such deformities in Mediterranean streams, is strongly influenced by 152 

water-flow regimes due to dilution (Bonet et al., 2013). 153 

In this paper we explore the factors determining diatom assemblages of streams in Cyprus. This is the 154 

most easterly of the EU member states in the Mediterranean Basin. As there is a gradient of increasing 155 

aridity with distance east in Mediterranean, Cyprus has a distinctive climate characterized by particularly 156 

severe summer droughts. Consequently, Cyprus suffers the highest water stress levels in EU and is 157 
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among the top 20 water-deprived countries worldwide (Giannakopoulos et al., 2010; Sofroniou and 158 

Bishop, 2014). 159 

 160 

The objectives of this paper are to investigate the factors responsible for shaping diatom 161 

assemblages in Cypriot streams, in particular those free from known anthropogenic sources, and to 162 

identify those which are major drivers of diatom assemblage composition (including complex attributes 163 

such as occurrence of Red List species). A preponderant role of hydrology-related variables and types 164 

suggested by the analyses is investigated in detail and highlighted. 165 

 166 

2. Methods 167 

2.1. Study area 168 

 169 

Fig. 1. Location of the sampling sites. 170 

 171 

65 sites on 30 rivers in the areas under the effective control of the Republic of Cyprus were sampled 172 

on at least one occasion in three main periods: spring, summer and autumn during 2005-2006 and 2010-173 

2011. Some sites were sampled several times (up to 7) in different years (See Supplementary material 174 

Table 1). All rivers belonged to one of two main types, as defined for the purposes of the European 175 

Commission’s intercalibration exercise (Birk et al. 2013): 176 
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a) perennial; comparable in terms of flow regime and overall environmental features to intercalibration 177 

type R-M4 (Erba et al., 2009; EC, 2018); or, 178 

b) intermittent, belonging to intercalibration type R-M5 (EC, 2018). 179 

Mean catchment area and altitude of the investigated river sites were respectively 60 km2 and 405 m 180 

a.s.l. The sites’ elevation ranged between 88 and 1046 m a.s.l. The predominant catchment geology was 181 

ophiolitic formations; some sites were however located on carbonate rocks of the Circum Troodos 182 

sedimentary succession although the headwaters of all catchments were within the ophiolitic Troodos 183 

rocks. Very few catchments were located entirely on rocks conferring to the waters a high 184 

bicarbonate/carbonate content. 185 

Streams were selected to cover the entire quality range present in the region from undisturbed and 186 

nearly natural sites (reference sites) to human-impacted sites. 13 river stretches were selected as 187 

reference sites from 8 rivers, based on land use, water physico-chemical parameters and 188 

hydromorphological alteration criteria specified in Feio (2014). Of 64 sites that were sampled, 13 ( = 49 189 

samples) were designated as “reference sites” based on these criteria. 190 

 191 

2.2. Diatom analysis 192 

2.2.1. Diatom sampling and preparation of permanent slides 193 

182 diatom samples were collected and treated following the European standard CEN 13946 2003 194 

and CEN 14407 2004 (European Committee for Standardization, 2003; 2004). At least five cobbles were 195 

sampled from main flow of the river and an area of approximately 10 cm2 was scraped from each. 196 

All samples were kept in a cool dry place after collection. Most (149) were preserved with acetic 197 

Lugol’s iodine and conserved by the Water Development Department in Nicosia, Cyprus, while the rest 198 

(33) were preserved using ethanol and conserved in CNR-IRSA laboratories in Brugherio, Italy. 5 of these 199 

33 samples were not well conserved (dry) while 6 samples did not have enough material digested to be 200 

processed quantitatively, so indices were computed for a total of 171 samples. 201 

Samples were digested using 30% hydrogen peroxide, and the cleaned material was mounted in 202 

Naphrax (refractive index of 1.74) according to European Standard EN 13946: 2003 (CEN, 2003) and 203 

labelled accordingly. Each slide was labelled with the station name, station code, date of sampling and 204 

date of mounting. 205 

206 
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2.2.2. Identification of taxa 207 

Identification and enumeration of diatoms followed European Standard EN 14407 (CEN, 2004). All 208 

samples were identified to the species or lower taxonomic levels (i.e. variety) as required for the 209 

calculation of indices in OMNIDIA software, with a minimum of 400 valves identified and counted per 210 

slide. Broken valves were included in the analysis if at least three quarters of the valve was present. 211 

Girdle views were included if several valve characteristics (e.g. length, shape, types of striae, number of 212 

striae), could be unambiguously matched to valve views of similar species. Identification and 213 

nomenclature followed mainly Krammer and Lange-Bertalot (1986-1991), Krammer and Lange-Bertalot 214 

(2004), Krammer (1997a;b; 2000-2003), Lange-Bertalot (1993; 2001), Levkov (2009), Lange-Bertalot et 215 

al. (2011), Hofmann et al. (2011), Reichardt (1997, 1999), Werum and Lange-Bertalot (2004), Lange-216 

Bertalot et al. (2003), and Rumrich et al. (2000). For taxa that were only recently described or taxa for 217 

which amended taxonomic concepts and / or names were only very-recently published specific 218 

literature had to be used (e.g., Novais et al., 2009; Rimet et al., 2010; Van de Vijver et al., 2011b; 219 

Romero and Jahn, 2013; Trobajo et al., 2013; Wojtal, 2013). The taxonomic concepts of some species 220 

had to be updated using the following recently published papers: Reichardt (2018) for Nitzschia 221 

pseudalpina, Morales et al. (2020) for Nitzschia transtagensis (though we believe that our specimens 222 

belong to the taxon discovered in Sardinia and that this population should for now best be kept 223 

separated from the newly described N. transtagensis). Nomenclature and some taxonomic concepts 224 

were updated using Cantonati et al. (2017), AlgaeBase (Guiry and Guiry, 2020), Diatoms of North 225 

America (Spaulding et al., 2019), the Freshwater Diatom Flora of Britain and Ireland (Jüttner et al., 226 

2020). Moreover, several new species were identified (e.g., Cantonati et al., 2016; 2018). 227 

 228 

2.3. Environmental analysis 229 

For each river site information at different spatial scales was provided. Different land use 230 

percentages were estimated from CORINE land cover maps, considering the catchment upstream of 231 

each sampling site. Available land use data were summarized into four categories: agriculture 232 

(agricultural areas other than pasture: arable land/permanent crops/heterogeneous agricultural areas), 233 

urban, pasture (i.e., low impact agricultural areas), and forests. Hydromorphological and habitat 234 

information was collected at reach level using the CARAVAGGIO method (Buffagni and Kemp, 2002; 235 

Buffagni et al., 2005, 2013) at the same times and places as the biological data. CARAVAGGIO is a 236 

modification of the River Habitat Survey (RHS, Raven et al., 1997) optimized for Mediterranean regions. 237 
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This method required the operator to recognize channel and bank features in a 500-m length along a 238 

river. The 500-m river stretches used were selected to be representative of the water body (sensu 239 

WFD).. Water quality was assessed at each site for almost all samples (165 out of 182 samples) by 240 

estimating oxygen saturation deficit (%), chloride (mg/L), biological oxygen demand (BOD5 O2) (mg/L), 241 

ammonium-N (mg/L), nitrate-N (mg/L), nitrite-N (mg/L), chemical oxygen demand (COD) (mg/L), 242 

Escherichia coli (CFU/100mL), ortho-phosphate (μg/L) and total phosphorus (μg/L). The water quality 243 

data were collected by the Water Development Department as part of the Department’s routine 244 

monitoring. 245 

2.3.1. Calculated environmental indices 246 

The following indices were calculated from the abiotic data: 247 

LUIc – Land Use Index at catchment level. Calculated using the scoring system outlined in Feld (2004). 248 

5 is the score for artificial, 3 for agricultural, 1 for pasture and 0 for natural land uses. The final score is 249 

obtained by multiplying the score assigned to each of the different categories of land use to the 250 

percentage of the area occupied by that land use. 251 

LUIr – Land Use Index at reach level. The LUIr index (Erba et al., 2015) allows a quantification of land 252 

use at the stretch level. For the calculation of the LUIr index, characteristics measured with the 253 

CARAVAGGIO method are taken into account.A different score is assigned to the different land uses 254 

recorded (32 different categories). The scoring system follows, in broad terms, that developed by Feld 255 

(2004). 256 

HMS, HQA, LRD. The habitat modification score (HMS), habitat quality assessment score (HQA), and 257 

lentic– lotic river descriptor (LRD) were calculated using CARAVAGGIOsoft (Di Pasquale and Buffagni, 258 

2006). The HMS index (Raven et al., 1998) is used to evaluate the morphological impact at a river stretch 259 

and consists of the sum of the scores assigned to features representing types of morphological 260 

alteration (e.g., bank modifications, channel modifications,). The index increases with increasing 261 

morphological impact. The HQA index evaluates habitat richness and the general quality of a river 262 

stretch (Raven et al., 1998; Balestrini et al., 2004). When different habitat features (e.g., flow types 263 

and/or different substrates types) are recorded, a high score is assigned to the site. The LRD descriptor 264 

(Buffagni et al., 2009, 2010) furnishes information about the lentic–lotic character of the river stretch. 265 

Positive values represent rivers with a lentic character (dominance of slow flowing or still water) while 266 

negative values represent lotic rivers (dominance of features linked with high turbulence and fast 267 

flowing water). 268 
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OPD. To describe river sites in terms of water (organic) pollution, the Organic Pollution Descriptor 269 

(OPD) (Demartini et al., 2013) was computed. The variables considered here were: Oxygen saturation 270 

deficit [%], chloride [mg/L], BOD5 [mg/L O2], ammonium-N [mg/L], nitrite-N [mg/L], nitrate-N [mg/L], 271 

ortho-phosphate-P [μ g/L], total phosphorus [μg/L], COD [mg/L], Escherichia coli [CFU/100 mL]. A score 272 

is assigned to each chemical variable available in the dataset. The scores obtained from each chemical 273 

parameter are then averaged to obtain the final index value. 274 

2.3.2. Hydrological data 275 

Hydrological descriptors were determined from mean daily flow data for all sites where a 276 

hydrometric flow gauging station was available at a reasonable distance from a sampling site. Data from 277 

flow gauging stations where no diatom data were available were also added in order to cover the entire 278 

perennial-temporary continuum gradient (Uys and O’Keeffe, 1997). Due to data limitations, variables 279 

were computed using non consistent time ranges between stations (i.e. the data were derived from 280 

different time ranges in e.g. station A and station B). Because of a lack of data on abstractions, flow data 281 

derived from sites with assumed hydrologic impacts were not corrected by natural flow estimation 282 

techniques. The descriptors Mean annual flow, Median number of zero days, Annual Coefficient of 283 

Variation (CV), flow predictability and base flow index were calculated using the Indicators of Hydrologic 284 

Alteration software (IHAs: Richter et al., 1996); the Richards-Baker Flashiness Index (RB: Baker et al., 285 

2004) was determined in separate calculations. Cluster analysis was subsequently performed with the 286 

hydrological descriptors (Statistica 8 software, tree clustering, amalgamation (joining) rule: Ward`s 287 

method), applying the parameter combination suggested by Oueslati et al. (2010). The aim of the cluster 288 

analysis was to elaborate a preliminary hydrological classification that would be more accurate than a 289 

binary split into the R-M4/R-M5 intercalibration types (perennial/temporary rivers, European 290 

Commission, 2018). The evaluation of the cluster analyses outcomes with several different combinations 291 

of hydrological descriptors led to the hydrological classification presented in Table 1. 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 
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Table 1.  Hydrological types and relative description based on the WDD hydrological analysis. 300 

Type 

Code 

Type name Type characteristics 

1a Perennial  less than 4 dry weeks 

1b Perennial Highly Predictable less than 4 dry weeks, flow predictability around 0.6 (it is 

around 0.4 for all other perennial sites) 

1c Perennial (Artificial Perennial) non-natural perennial flow (sewage outfall u/s, ...) 

2a Intermittent   Dry period 1-4 ½ months, R-B index <0.4 

2b Intermittent Flashy  Dry period 1-4 ½ months, R-B index 0.4-0.8 

3a Prolonged Intermittent   Dry period 4 ½ - 8 months, R-B index <0.4 

3b Prolonged Intermittent Flashy Dry period 4 ½ - 8 months, R-B index 0.4-0.8 

4a Harsh Intermittent   Dry period 8-11 months, R-B index <0.4 

4b Harsh Intermittent Flashy Dry period 8-11 months, R-B index 0.4-0.8 

4c Harsh Intermittent Highly Flashy Dry period 8-11 months, R-B index 0.8-1.2 

5 Ephemeral/Episodic Hyperflashy Flow period < 1 month, R-B index >1.2 

 301 

All sites of the dataset with mean daily flow data were assigned to a hydrologic type based on the 302 

type characteristics of Table 1; however, no stations belonging to types 4c and 5 were present. The 303 

types were subsequently categorized into four macrotypes: 1. Perennial, 2. Intermittent, 3. Prolonged 304 

intermittent, 4 Harsh intermittent. This categorization omits flashiness and flow predictability as criteria 305 

and allowed the assignment of hydrologic types to those sites where no hydrometric flow gauging 306 

station was available within a reasonable distance. These were classified using the length of the dry 307 

period only, based on time series of regular monthly spot flow measurements that were available. This 308 

allowed the inclusion of these sites in subsequent analyses. 309 
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Table 2. Typological and hydrological variables used to characterise the sites and their biological communities. Variables included in the 310 

discriminant function models after testing for multicollinearity between predictors, using the variance-inflation factor (VIF) as described by Fox 311 

and Monette (1992): those included in the Type model are marked with an *, while the one in the Hydrological model with **. 312 

 313 

Typological and hydrological variables 

Variables from Caravaggio Caravaggio indices Other variables 

Total Channel Width (m) * Deposition HQA Valley Slope (%) Catchment yield (L/s/km2) ** 

Total Water Width (m) * Bank slope HMS Source Distance  (Km)* Mean annual flow (m3)** 

Max Water Depth (m) * Valley form* LUIr Catchment – (Km2) Median number of zero days** 

Ratio Water Width/Channel Width Channel Form* LRD** Population in Catchments Presence of Water abstraction 

Ratio Water Width/Water Depth Characteristics of Sez. Q LUIcatc Hydrological macrotype Q.instant (m3/s)  

Substrate type Erosion - Channel* LUIbuff Season   

Erosion - Bank         

 314 

  315 



 

14 
 

Table 3. Chemical-physical and microbiological variables used to characterise the sites and their biological communities. 316 

 317 

Chemical-physical and microbiological variables 

Chemical variables Physical variables Microbiological variables 

pH N total (µg/L) Dissolved Oxygen (mg/L and %) E.coli_total (CFU/100mL) 

SO4 (mg/L) NH4-N (µg/L) Electrical conductivity (µS/cm) Enterococcus (CFU/100mL) 

Cl(mg/L) NO2-N (µg/L) Temperature (°C)   

Na(mg/L) NO3-N (µg/L)  Turbidity (NTU)   

BOD5 (mg/L) P total (µg/L)     

COD (mg/L) PO4(µg/L)     

 318 
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2.4. Data processing and statistical analyses 319 

For all diatom species collected in this study, a threat status (a measure of rarity) was assigned, 320 

according to current (Hofmann et al., 2018) and previous (Lange-Bertalot, 1996) Red List data for Central 321 

Europe (the only currently available diatom Red Lists). For the species present in both lists, a check was 322 

made to confirm whether conservation status was improving or declining. Hofmann et al. (2018) provide 323 

further ecological attributes (trophic and mineralization preferences, aerial species) used in this study 324 

(Supplementary material Table 2), along with sensitive / tolerant taxa of intermittent Mediterranean 325 

streams (sensitive = more abundant in reference sites, and tolerant = more abundant in non-reference 326 

sites impacted by pressures, typically organic and nutrient enrichments) as provided by Delgado et al. 327 

(2012), and life-form/growth-form, guild and size indications provided by Rimet and Bouchez, (2012). 328 

Some putative Red-List threat-category species in Cyprus could not be found in the Red List for 329 

Central Europe (Hofmann et al., 2018), because they are likely to be adapted to typical Mediterranean 330 

streams, and they have a Mediterranean / Middle East distribution. Based on information in the 331 

literature and our own experience, a number of such “candidate Mediterranean / Cypriot” threat-332 

category Red-List species could be identified and are listed in Table 5 in the Results. 333 

The multiple statistical comparisons to find out more about the distribution of Red List species in 334 

non-reference vs reference, perennial (R-M4) vs intermittent (R-M5) intercalibration types, and in the 335 

four categories of the hydrological macrotype (Perennial 1 - Intermittent 2 - Prolonged Intermittent 3 - 336 

Harsh intermittent 4, see Table 1), detailed in Table 6a & b in the Results, were performed using Mann-337 

Whitney U Tests and Kruskall Wallis Anova with Statistica 7.0 (StatSoft, Inc., Tulsa, OK). 338 

Bray–Curtis dissimilarity measure was selected as a robust indicator of differences among diatom 339 

samples (Reynoldson et al., 2001). The dissimilarity matrix was built using relative abundance data,after 340 

removing taxa occurring in less than 3 sites and having an abundance less than 5%. 211 taxa remained as 341 

the focus of the data analyses. 342 

A four factor Permutational ANOVA (PERMANOVA; Anderson, 2001) with 999 permutations, 343 

computed in the Vegan package in R version 3.1.0 (Oksanen et al., 2019; R Core Team, 2019),  344 

considered hydrological macrotypes (perennial, intermittent, prolonged intermittent and perennial 345 

highly predictable), season (winter, spring, and autumn), intercalibration type (“R-M4” and “R-M5”) and 346 

year (2005, 2006 , 2009, 2010, 2011, and 2012). 347 

Agglomerative hierarchical cluster analysis (Kauffman and Rousseeuw, 1990) was applied using the 348 

Agnes function in the R package Cluster (Maechler et al., 2005) using an unweighted pair group method 349 
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with arithmetic averages (UPGMA). The agglomeration coefficient was computed as it provides a 350 

measure of the average height of the mergers in a dendrogram. an internal validation approach was 351 

used to select the number of clusters to be retained (Handl et al., 2005). Further validation was provided 352 

by the metaMDS R function of the vegan package (Oksanen et al., 2019) which uses multiple analyses to 353 

assess the stress value associated to the number of groups selected. The Ordispider function in Vegan 354 

was used to plot the groups in a non dimensional space (Oksanen et al., 2019). 355 

Potential indicator taxa of the different clusters were identified using the Indicator Value (IndVal) 356 

(Dufrene and Legendre, 1997) method, using the duleg function in the labdsv package in R (Roberts, 357 

2016;). This analysis provides a qualitative insight into the composition of the different clusters; 358 

consideration of indicator value significance would be inappropriate, due to circularity (i.e. the clusters 359 

were observed within the same set of biological observations). 360 

Stepwise ordinations were conducted to identify the environmental variables responsible for the 361 

patterns in the biological data using the vegan package in R version 3.1.0 (Oksanen et al., 2019; R Core 362 

Team, 2019). The forward stepwise ordination regression ran through permutations. Only significant 363 

environmental variables were used for the subsequent variance partitioning analysis. Before variance 364 

partitioning, all variables were assessed for collinearity to ensure that the statistical outputs were 365 

accurate and stable. A variance inflation factor (VIF) >5 was used to determine if variables were collinear 366 

(VIFₓ = 1/1-Rₓ²). The procedure was performed in R using the “vif.cca” function (R Core Team, 2019) for 367 

each group of environmental variables. The variance partitioning was then conducted separately for 368 

three groups of environmental variables: river type; hydrology and season. Variance partitioning was 369 

used to determine the relative amount of variance in the diatom assemblage that each group of 370 

variables explained. The analysis was conducted using redundancy analysis (RDA: Boccard et al., 2011) in 371 

R, using the vegan package (Oksanen et al., 2019), to quantify the individual contribution that each 372 

variable group had in shaping the diatom assemblage, along with the contributions from interactions 373 

amongst the environmental variables. 374 

Based on the output of the variance partitioning, the environmental variables selected were used to 375 

build a multiple discriminant function (DF) modelling procedure using the Mass package in R version 376 

3.1.0 (R Core Team, 2019, Venables and Ripley, 2002). Group size was used as a prior probability in 377 

predicting group membership probabilities from the DF model (Clarke et al., 2003). 378 

379 
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3. Results 380 

3.1. Morphological, physical and chemical characteristics of the Cypriot streams 381 

Supplementary Material Table 1 provides a list of the sampling sites along with their main 382 

characteristics: Typological attribution; whether a reference site or not; hydromorphological 383 

characteristics (i.e. morphological descriptor calculated from CARAVAGGIO), chemical characterization 384 

(OPD) and total number of samples for each site. 385 

Table 4 summarizes the main morphological, physical, and chemical characteristics of all sites, 386 

focussing on the determinants most relevant to diatoms. Instant discharge values are relatively low, 387 

ranging from 0 to 3, with an average of 0.3 m3/s, whilst conductivity and pH values are relatively high in 388 

good agreement with the basic / ultrabasic ophiolitic rocks of most drainage basins. The main algal 389 

nutrients are mostly present in low to moderate concentrations. 390 

3.2. Diatom assemblages of Cypriot streams 391 

A total of 171 samples from 65 stream reaches in Cyprus, each sampled in different seasons, revealed 392 

an overall species richness of 290 taxa (273 identified to the species -or intraspecific- level) belonging to 393 

65 genera (Supplementary Material Table 2). 394 

The most 50 frequent and abundant species of the main genera were as follows: Achnanthidium (A. 395 

jackii, A. minutissimum s.s., A. minutissimum sp. gr., A. polonicum, A. pyrenaicum, A. straubianum, A. 396 

saprophilum, A. tepidaricola), Gomphonema (G. pumilum var. rigidum, G. rosenstockianum, G. 397 

tergestinum, G. lateripunctatum), Halamphora (H. veneta, H. submontana, H. sp. aff. oligotraphenta; 398 

less important: H. paraveneta, H. normannii), Nitzschia (important Nitzschia spp. in groups: N. soratensis 399 

/ N. inconspicua / N. frustulum, N. pseudalpina, N. fonticola / N. costei, N. dissipata / N. dissipata var. 400 

media, N. palea, N. communis / N. pusilla, N. amphibia, N. capitellata, N. linearis + Grunowia denticula & 401 

Tryblionella apiculata and T. hungarica), Navicula (N. veneta, N. tripunctata, N. cryptotenella / N. 402 

cryptotenelloides, N. caterva / N. reichardtiana, N. antonii, N. capitatoradiata), Encyonopsis (E. minuta, 403 

E. subminuta, E. microcephala, E. fonticola), Cymbella (C. vulgata, C. kolbei, C. affinis), Planothidium (P. 404 

frequentissimum -including P. victorii-, P. lanceolatum), Ulnaria (U. monodii most important species, 405 

followed by U. acuscypriacus; U. vitrea not very frequent but locally abundant), Reimeria (only R. 406 

uniseriata is frequent and abundant), Diatoma (D. moniliformis, D. polonica), Rhoicosphenia (only R. 407 

abbreviata), Diploneis (D. separanda is by far the most frequent and abundant species), Craticula (C. 408 

subminuscula most frequent and abundant). Taxa that were sporadic but which could be abundant 409 
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when they were found were: Crenotia rumrichorum, Brachysira neglectissima, Odontidium mesodon, 410 

Cavinula cocconeiformis. 411 

Table 4. Main morphological, physical, and chemical characteristics of all 65 sites studied (HQA: Habitat 412 

Quality Assesment; HMS: Habitat Modification Score. LUIcara: Land Usex Index derived from 413 

CARAVAGGIO survey; OPD: Organic Pollution Descriptor). 414 

 415 

  Average Min Max Median 

HQA 49,38 35,00 68,00 50,00 

HMS 13,42 0,00 49,00 10,00 

LUIcara 2,59 0,00 13,47 0,88 

OPD 0,82 0,13 1,00 0,83 

Instant Discharge 

(m3/s)  0,31 0,00 3,00 0,15 

pH  8,30 5,77 9,02 8,35 

EC field_ Us 

(μS/cm)  726 202 3230 611 

DO%_field (%)  97 40 191 98 

Temp (°C)  14,0 6,3 24,3 13,4 

Turb_field (NTU)  3,63 0,05 60,57 1,90 

SO4
2- (mg/L N)  123,9 3,5 1493,5 55,0 

Cl- (mg/L N)  63,1 12,9 368,0 43,3 

Na+ (mg/L N)  49,31 7,84 220,00 36,00 

BOD5 (mg/L O2)  1,4 0,5 19,0 0,5 

COD (mg/L O2)  4,6 0,5 51,0 3,0 

coli_total (/100mL)  2741 1 24190 1325 

N_total (μg/L N)  1419 100 10350 450 

NO3
--N (μg/L N)  1051 2 9671 407 

P_total (μg/L P)  41 1 3650 3 

 416 

Least-impacted sites hosted: - some Delicata species (including comparatively large-celled species); - a 417 

number of species of Epithemia (capable of N fixation via cyanobacterial endosymbionts); - Mastogloia 418 
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and Surirella species (but only with low frequency, and, especially, very low abundance); - Frustulia 419 

spicula subsp. judaica; - some Pinnularia spp. with very low frequency and abundance; and, - occasional 420 

cells of large Alpine species (Cymbella helvetica, Surirella helvetica). 421 

The species found also included some new-to-science (Ulnaria acuscypriacus Lange-Bertalot et 422 

Cantonati in Cantonati et al., 2018), and poorly-known, re-discovered species [Ulnaria monodii 423 

(Guermeur) Cantonati et Lange-Bertalot in Cantonati et al., 2018]. Navicula veronensis Lange-Bertalot et 424 

Cantonati was described from a spring in the surroundings of Verona (Italy) but it was relatively frequent 425 

in the Cyprus streams studied, and these data allowed the ecological characterization of the species 426 

(Cantonati et al., 2016). Several others are still in the process of being described (see manuscript names 427 

“MN” in the Supplementary Material Table 2, MC unpublished material). 428 

Red-List threat-category data were available for 240 of the 273 taxa identified at least to species level 429 

(Hofmann et al., 2018). More than a quarter (27.5% = 66 taxa) of the species for which Red List 430 

information was available were found to belong to one of the threat categories (1, 2, 3, G, R, V, D 431 

oligotraphentic). These are listed in Table 5 with threat categories in decreasing order of severity, and 432 

are also available in Supplementary Material Table 2, which allows a comparison with the threat status 433 

published in the previous Red List for Central Europe (Lange-Bertalot 1996), along with 18 “candidate 434 

Mediterranean / Cypriot” Red List species.  No species with threat category 1 (“threatened with 435 

extinction”) were present in the dataset. 436 
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Table 5. Red List, and putative “Mediterranean / Cypriot”, Red List species in threat categories (2 = strongly threatened, 3 = threatened, G = 437 

threat of unknown extent, R = extremely rare, V = on the way to be threatened, D = data insufficient). RL 2018 = Red List of Central Europe (and 438 

‘Ecology’: ae = aerial, o = oligotraphentic, oc = oligotraphentic carbonate, od = oligotraphentic distrophic, eu = eutraphentic to tolerant, hal = 439 

halophilic, ? = unknown) according to Hofmann et al. (2018). % mean = average relative abundance (%) and N.O. = Number of Occurrences in this 440 

dataset. Size class 1 to 5 as reported in Rimet and Bouchez (2012). 441 
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Brachysira vitrea 2 oc 
 

3 2 
 

Diploneis elliptica V o 
 

4 5 

Cymbella tumidula 2 ? 2 30 3 
 

Diploneis krammeri V oc 
 

1 5 

Cymbellonitzschia diluviana 2 
 

3 1 
  

Encyonopsis cesatii V o 1 19 4 

Eunotia intermedia 2 od 
 

2 2 
 

Eucocconeis laevis V o 
 

1 3 

Nitzschia alpinobacillum 2 oc 
 

3 
  

Gomphonema lateripunctatum V oc 2 15 4 

Sellaphora stroemii 2 oc 2 11 1 
 

Gomphonema sarcophagus V ? 0 4 3 

Cymbella helvetica 3 oc 0 4 5 
 

Grunowia denticula V ? 12 19 2 

Cymbella vulgata 3 ? 1 61 3 
 

Halamphora normanii V ae 2 13 5 

Diploneis petersenii 3 o 0 5 2 
 

Hannaea arcus V o 
 

2 4 

Eunotia arcubus 3 oc 
 

1 5 
 

Navicula veronensis V 
 

0 10 
 

Fragilaria amphicephaloides 3 oc 
 

1 
  

Nitzschia acidoclinata V ? 1 4 2 

Gomphonema auritum 3 o 0 6 
  

Nitzschia dissipata var. media V ? 2 19 4 

Gomphonema vibrio 3 oc 1 1 
  

Psammothidium grischunum V ? 
 

1 2 

Navicula subalpina 3 oc 2 6 3 
 

Achnanthidium deflexum D ? 7 20 1 

Achnanthidium lineare G eu 6 10 1 
 

Amphora lange-bertalotii D o 3 15 
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Cavinula cocconeiformis G o 11 6 3 
 

Brachysira neglectissima D oc 16 5 
 

Cymbopleura frequens G o 0 18 4 
 

Crenotia rumrichorum D ? 20 4 
 

Delicata delicatula var. 

angusta G oc 2 1 
  

Cymbella hantzschiana D oc 0 3 
 

Encyonopsis falaisensis G o 0 1 2 
 

Cymbella subcistula D o 0 4 5 

Encyonopsis krammeri G oc 4 14 1 
 

Diploneis calcilacustris D ? 
 

1 
 

Encyonopsis lanceola G o 0 3 
  

Diploneis separanda D oc 5 36 2 

Encyonopsis subminuta G o 2 30 1 
 

Humidophila contenta D ae 0 4 2 

Epithemia goeppertiana  G oc 0 18 5 
 

Surirella terricola D ae 0 5 3 

Eunotia soleirolii G od 
 

2 
  

Ulnaria lanceolata D ? 6 17 
 

Fragilaria austriaca G oc 
 

1 2 
 

Ulnaria vitrea D ? 13 13 
 

Gomphonema pseudotenellum G o 5 16 1 
       

Mastogloia grevillei G oc 
 

1 
  

Candidate "Mediterranean / Cypriot" Red List species 
  

Mastogloia lacustris G oc 0 6 4 
 

Achnanthidium tepidaricola 
 

35 3 1 

Navicula cariocincta G ? 1 8 3 
 

Caloneis sp. aff. pseudoclevei sp. nov. 
 

0 13 
 

Navicula oblonga G ? 
 

3 
  

Craticula mediterranea sp. nov. MN 
 

1 3 
 

Navicula wygaschii G oc 0 9 
  

Cymbella kolbei 
 

1 55 5 

Neidiomorpha binodiformis G oc 
 

1 
  

Cymbella vulgata var. plitvicensis ? 1 23 
 

Nitzschia lacuum G ? 1 6 1 
 

Delicata judaica 
 

2 3 
 

Nitzschia oligotraphenta G oc 0 2 
  

Delicata verena 
 

1 9 
 

Pinnularia irrorata G ? 
 

8 
  

Delicata verena var. sandrae  
 

2 7 
 

Rhopalodia parallela G oc 
 

7 
  

Encyonema alpiniforme 
 

0 14 
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Surirella helvetica G o 
 

2 5 
 

Encyonopsis fonticola 
 

1 15 
 

Cymbella kolbei var. angusta R oc 0 7 
  

Gomphonema rosenstockianum 
 

6 77 4 

Frustulia spicula subsp. judaica R ae 1 5 4 
 

Halamphora sp. aff. oligotraphenta sp. nov.  
 

2 24 
 

Pinnularia kneuckeri R ae 0 5 
  

Halamphora sp. aff. subcapitata small sp. nov. 
 

1 4 
 

       
Mastogloia cyprica sp. nov. MN hal 0 1 

 

       
Navicula cyprica sp. nov. 

 
0 2 

 

       
"Nitzschia aff. ebroicensis" (N. transtagensis?) 

  
1 

 

       
Nitzschia pseudalpina 

 
5 69 

 

       
Ulnaria ungeriana 

 
1 11 
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Only 14 species were classified as “aerial” (Supplementary Material Table 2): Fallacia insociabilis, 443 

Frustulia spicula subsp. judaica, Halamphora normanii, Hantzschia abundans, H. amphioxys, 444 

Humidophila contenta, Luticola mutica, L. nivalis, L. ventriconfusa, Pinnularia borealis, P. kneuckeri, 445 

Simonsenia delognei, Surirella terricola, Tryblionella debilis. 17 species were classified as halophilic (e.g., 446 

Craticula buderi, Entomoneis paludosa var. subsalina, Fallacia pygmaea, Nitzschia dubia, N. frustulum, 447 

Surirella ovalis). Analyses, similar to those carried out for Red List species (see following section), were 448 

performed also to find out more about the distribution of aerial species in non-reference vs reference, 449 

perennial (R-M4) vs intermittent (R-M5) intercalibration types, and in the four categories of the 450 

hydrological macrotype (not shown) but were mostly not significant and could only show a higher 451 

number of aerial species in non-reference sites as compared to reference (U = 2507, Z = 2.319560, p = 452 

0.020, Zadjust. = 3.029223, p = 0.002). 70 species were classified as ‘eutraphentic to tolerant’ 453 

(Supplementary Material Table 2, Table 9). 454 

We found 29 of the 42 sensitive and 31 of the 55 tolerant diatom taxa listed in Delgado et al. (2012) 455 

for temporary Mediterranean island streams (Supplementary Material Table 2). 456 

Size-class values (Rimet and Bouchez, 2012) were available for 209 taxa (Supplementary Material 457 

Table 2): 32 taxa (16%) were in size class 1 (biovolume between 0-99 µm3), 54 taxa (27%) in size class 2 458 

(100-299 µm3), 42 taxa (21%) in size class 3 (300-599 µm3), 42 taxa (21%) in size class 4 (600-1499 µm3), 459 

32 taxa (16%) in size class 5 (>1500 µm3). 460 

Information on motility, pioneer character and life/growth form of taxa (Rimet and Bouchez, 2012) 461 

was available for 209 taxa (Supplementary Material Table 2), with 184 taxa (88%) classified as motile, 462 

and 10 taxa (4.8%) known as typical pioneer species (e.g., Achnanthidium druartii, A. jackii, A. 463 

minutissimum, A. polonicum, A. tepidaricola, Amphora pediculus). 19 taxa (9%) were classified as adnate, 464 

69 taxa (33%) as pedunculate (stalk or pad attached to substrate), 28 taxa (13%) as ‘pad’ (attached to 465 

substrate), 41 taxa (20%) as ‘stalk’ (attached to substrate). 34 taxa (16%) were classified as colonial 466 

whilst 175 taxa (84%) as non-colonial. Six different types of colonies were found, in decreasing order: 467 

Ribbon colony 16, Mucous tubule colony 6, Zig-zag colony 4, Arbuscular colony 3, Filament colony 2, 468 

Rosette colony 2. Information on guild type (Rimet and Bouchez, 2012) was available for 209 taxa 469 

(Supplementary Material Table 2), with the four guilds represented as follows in decreasing order: 470 

Motile 108, Low profile guild 48, High profile guild 47, Planktonic 6. 471 

 472 

3.3. Exploring the distribution of Red-List and candidate Red-List diatom species 473 
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Whilst species that are on the Central European Red List showed no preference for reference over 474 

non-reference sites, more taxa from the putative Mediterranean / Cypriot Red List were found in non-475 

reference sites than in reference sites, though the overall relative abundance of these two groups 476 

showed no significant difference (Table 6a). Similarly, there were no differences in either number of taxa 477 

or relative abundance of Central European Red List taxa between the two intercalibration types, R-M4 478 

and R-M5, but the latter (intermittent streams) did have a greater overall relative abundance of putative 479 

Mediterranean / Cypriot Red List taxa than the former (Table 6a). A more refined analysis of the 480 

influence of hydrology on these Red List taxa showed significant trends for both Central European and 481 

Mediterranean / Cypriot Red List taxa to prefer intermittent streams (Table 6b, Fig. 2) 482 

 483 

 484 

485 
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Table 6 Results of the statistical comparisons (Mann-Whitney U Tests [6a] e Kruskall-Wallis Anova [6b] 486 

performed to detail the distribution of Red List. Close-to-significant probabilities are italics, significant (p 487 

< 0.05) probabilities are bold, and highly significant (p < 0.01) probabilities are bold and highlighted in 488 

light grey. 489 

a 490 

Comparison: U Z p Zadjust. p 

- species belonging to all threat categories of the 

diatom Red List for Central Europe: 
     

* Number of taxa: 
     

** non-reference vs reference 3225 -0.029 0.977 -0.029 0.977 

** R-M4 vs R-M5 3225 -1.465 0.143 -1.475 0.14 

* Σ relative abundances (%): 
     

** non-reference vs reference 2974 -0.83 0.406 -0.831 0.406 

** R-M4 vs R-M5 3109 -1.811 0.07 -1.812 0.07 

- candidate "Mediterranean / Cypriot" Red List 

species: 
     

* Number of taxa: 
     

** non-reference vs reference 2638 1.903 0.057 1.972 0.049 

** R-M4 vs R-M5 3108 -1.814 0.07 -1.88 0.06 

* Σ relative abundances (%): 
     

** non-reference vs reference 3048.5 -0.592 0.554 -0.595 0.552 

** R-M4 vs R-M5 3020 -2.074 0.038 -2.084 0.037 

b 491 

Comparison: H p 

- species belonging to all threat categories of the diatom Red List for Central Europe: 
  

* Number of taxa: 
  

** Hydrological macrotype (1,2,3,4) 8.939 0.03 

* Σ relative abundances (%): 
  

** Hydrological macrotype (1,2,3,4) 10.77 0.013 

- candidate "Mediterranean / Cypriot" Red List species: 
  

* presence / absence: 
  

** Hydrological macrotype (1,2,3,4) 19.178 < 0.001 

* Σ relative abundances (%): 
  

** Hydrological macrotype (1,2,3,4) 16.75 < 0.001 

 492 

 493 



 

26 
 

 494 

 495 

 496 

Fig. 2. Selected diagrams showing the results of statistically significant analyses (Table 6) confirming 497 

higher numbers / cumulative relative abundance (%) for candidate “Mediterranean / Cypriot” Red List 498 

species in non-reference, intercalibration type intermittent (R-M5), and hydrological macrotype 4 499 

(“harshly intermittent”) streams. 500 

 501 

3.4. Environmental determinants of the diatom assemblages in reference streams 502 

Twelve Thirteen sites fulfilled all the reference criteria and were used for to determine the abiotic, 503 

non-pressure, and pressure-related factors which shaped diatom assemblages in Cyprus (Table 7). The 504 

final dataset of reference samples consisted of 43 samples, from which a total of 211 species were 505 

identified. 61 of these were present in less than 5% of samples and so were removed from the dataset 506 

(McCune and Grace, 2002)., leaving 150 species in the final data matrix. The 61 species removed had an 507 

abundance less than 1%.  508 
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 509 

Table 7. Main morphological, physical, and chemical characteristics of the reference sites (Abbreviations as in table 4). 510 

Monitoring code 

r1
-3

-5
-0

5
 

r1
-3

-6
-5

3
 

r1
-4

-3
-2

2
 

r1
-4

-3
-3

5
 

r2
-2

-5
-0

2
 

r2
-3

-8
-4

8
 

r2
-4

-6
-6

5
 

r2
-7

-2
-7

5
 

r2
-8

-3
-1

0
 

r3
-1

-2
-3

0
 

r3
-1

-2
-3

0
_u

/s
 

r3
-3

-1
-6

0
 

r3
-3

-1
-6

3
 

R-M4_5 RM4 RM4 RM5 RM5 RM5 RM4 RM5 RM5 RM5 RM5 RM5 RM4 RM4 

Hydrological macrotype 1a   2a 3a 3a  1b 3a 2a 2a 3a 3a 1b 1b 

Reference (Y/N) Y Y Y Y Y Y Y Y Y Y Y Y Y 

HQA 4 3 4 4 3 3 4 4 4 4 4 4 4 

HMS 1 1 1 1 1 1 2 2 1 1 1 1 1 

LUIcara 1 1 1 1 1 1 1 0 1 1 1 1 1 

OPD Mean 0,88 0,89 0,94 0,89 0,90 0,93 0,90 0,89 1,00 1,00 0,95 0,90 0,91 

Instant Discharge (m3/s)  0.2825 N/A 0.06 0.18067 0.02 0.022 0.016 0.38625 0.48056 0.3175 0.1 0.2748 N/A 

pH  8,34 8,04 8,50 8,32 8,42 8,28 8,56 8,10 7,98 8,11 8,22 8,83  N/A 

EC field_ Us (μS/cm)  423 629 556 532 690 677 752 501 519 444 448 496 512 

DO%_field (%)  107 86 105 114 95 112 83 89 92 88 99 90 65 

Temp (°C)  13,7 17,7 16,5 13,6 19,4 14,1 18,3 15,9 15,3 14,6 15,6 12,5 11,3 

Turb_field (NTU)  0,97 N/A 2,25 1,24 0,27 3,54 0,05 0,76 1,70 1,10 0,57 1,57  N/A 

SO4
2- (mg/L N)  50,0 86,0 39,7 75,0 59,6 48,9 60,5 54,1 54,5 N/A 29,9 10,7  N/A 

Cl- (mg/L N)  41,6 47,2 44,2 102,2 52,4 65,2 66,0 53,0 34,4 N/A 27,1 23,9 38,0 

Na+ (mg/L N)  30,2 50,6 35,7 65,0 37,0 59,2 54,9 37,8 28,3 N/A 24,8 12,1  N/A 

BOD5 (mg/L O2)  1,00 1,65 0,50 1,17 3,00 1,17 1,50 1,00 0,83 0,50 0,50 1,00 0,50 
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Monitoring code 

r1
-3

-5
-0

5
 

r1
-3

-6
-5

3
 

r1
-4

-3
-2

2
 

r1
-4

-3
-3

5
 

r2
-2

-5
-0

2
 

r2
-3

-8
-4

8
 

r2
-4

-6
-6

5
 

r2
-7

-2
-7

5
 

r2
-8

-3
-1

0
 

r3
-1

-2
-3

0
 

r3
-1

-2
-3

0
_u

/s
 

r3
-3

-1
-6

0
 

r3
-3

-1
-6

3
 

COD (mg/L O2)  2,88 2,68 10,00 3,00 3,50 2,00 3,50 3,75 3,00 3,00 10,00 3,10 0,50 

coli_total (/100mL)  348,3 26,1  N/A 301,3 0,5 100,0 0,5 331,0 495,3 236,0 276,0 80,7  N/A 

N_total (μg/L N)  725 338 100 250 100 100 100 450 475 525 100 250  N/A 

NO3
--N (μg/L N)  56 24 2 256 2 100 2 57 30 93 2 150 119 

P_total (μg/L P)  6 3 1 5 1 3 1 3 12 3 1 4 10 

 511 
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 512 

Reference sites were also characterized by the co-occurrence of several species from the same 513 

pollution-sensitive genera such as Achnanthidium and Gomphonema (Fig. 3a,c). In the case of 514 

Achnanthidium, the number of taxa recorded was significantly higher (P < 0.001) in reference compared 515 

to non-reference sites whilst the total percentage of valves did not show a significant difference (Fig. 516 

3a,b). For Gomphonema, on the other hand, both number of taxa and the percent of valves were higher 517 

in reference sites (Fig. 3c,d).  The opposite tendency was seen for genera which are typically associated 518 

with enriched sites: species of both Navicula and Nitzschia were more numerous, and their overall 519 

percentage greater, in non-reference sites (Fig. 3e,f,g,h). 520 

A four-factor PERMANOVA analysis, comparing taxa composition based on year, season, hydrological 521 

macrotype and intercalibration type showed no significant effect was detected for year, whilst season 522 

was significant (partial R2=0.09, P=0.003). Both type variables were significant: hydrological macrotype 523 

(partial R2=0.15, P=0.001) and intercalibration type (partial R2=0.09, P=0.001) (Table 8). No significant 524 

interactions were observed between factors. 525 

 526 

Table 8. Results of the Permanova performed on reference sites, using 999 permutations, with: i) Inter-527 

calibration type (ICT); ii) hydrological macrotype (HMn); iii) year and iv) season. Significant codes:  0 528 

‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 529 

  Df 

Sums of 

squares Mean squares F.Model R2 Pr(>F) 

Season 2 1.053 0.526 2.466 0.092 0.003** 

ICT 1 1.012 1.012 4.739 0.089 0.001*** 

HMn 3 1.685 0.562 2.632 0.148 0.001*** 

Year 1 0.354 0.354 1.656 0.031 0.094 

Season:ICT 2 0.343 0.171 0.803 0.030 0.711 

Season:HMn 5 1.065 0.213 0.998 0.094 0.473 

Season:Year 1 0.225 0.225 1.053 0.020 0.401 

ICT:Year 1 0.163 0.163 0.764 0.014 0.674 

HMn:Year 3 0.666 0.222 1.040 0.058 0.425 

Season:HMn:Year 2 0.347 0.173 0.812 0.030 0.722 

Residuals 21 4.483 0.214 
 

0.39339   

Total 42 11.395     1   
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 530 

Fig. 3. Differences in the number of species and percent of Achnanthidium, Gomphonema, Navicula 531 

and Nitzschia recorded at reference and non-reference sites in Cypriot streams. 532 
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 533 

 534 

Agglomerative hierarchical cluster analysis of the reference samples revealed three end-groups, 535 

consisting of 13, 12, and 18 samples (Fig. 4). The median Bray-Curtis dissimilarity was 0.72 (mean value: 536 

0.70) with an inter-quartile range from 0.61 to 0.83. Visual assessment of the dendrogram and breaks in 537 

slope of the agglomeration function indicated the selection of three groups as an optimal clustering and 538 

an adonis analysis confirmed that there were significant differences among diatom assemblages in these 539 

groups (adonis, F = 7.69, R2 = 0.27, p = 0.001). The final stress value in the 3-dimensional NMDS 540 

ordination was 13.5. End-groups 1 and 2 from the cluster analysis had low scores on axis 2, but were 541 

separated along axis 1. End group 3, by contrast, was differentiated from groups 1 and 2 by a higher 542 

score on axis 2 (Fig. 5). 543 

 544 

 545 

 546 

Fig. 4. Dendrogram showing the agglomerative structure of the diatom matrix (Reference sites). 547 

 548 
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 549 

Fig. 5. Nonmetric multidimensional scaling (NMDS) ordination of the diatom data from the reference 550 

sites showing that the stress values and samples were clustered by the group identified with the 551 

agglomerative hierarchical clustering using the function ordispider of the R package vegan. 552 

 553 

Achnanthidium minutissimum, A. minutissimum spp. gr., Cocconeis euglypta, Gomphonema pumilum 554 

var. rigidum. were common in all reference sites. Group 1 was further characterized by: Amphora micra, 555 

Reimeria uniseriata, Navicula cryptotenelloides, Navicula tripunctata, Rhoicosphenia abbreviata. Group 556 

2 was further dominated by Ulnaria monodii, Gomphonema rosenstockianum, Diatoma moniliformis, A. 557 

straubianum, A. saprophilum, A. polonicum. Further common species in Group 3 were Ulnaria monodii, 558 

G. tergestinum, Cymbella vulgata, Diatoma moniliformis, Gomphonema rosenstockianum (Table 9). 559 

IndVal analysis confirmed the presence of significant indicators for each group, and these are listed in 560 

Table 10. 561 

 562 

Table 9. Characteristics of the diatom indicator species identified by IndVal (in bold) and of the species 563 

most abundant in the three main groups obtained with the agglomerative clustering for reference sites. 564 

Size class 1 to 5 as reported in Rimet and Bouchez (2012). 565 
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Achnanthidium minutissimum ? 28 

12

8 X   1 X X 
 

X 
 

X   
 

X 
 

Achnanthidium minutissimum 

spp. gr.   13 44 
 

  1 X X 
 

X 
 

X   
 

X 
 

Achnanthidium polonicum   12 32 
 

  1 X X 
 

X 
 

X   
 

X 
 

Achnanthidium saprophilum eu 11 13 
 

  1 X X 
 

X 
 

X   
 

X 
 

Achnanthidium straubianum ? 4 20 
 

X 1 X 1 
 

X 
 

X   
 

X 
 

Adlafia bryophila ? 1 5 
 

  2 X   
   

    
  

X 

Amphora micra   7 77 
 

  
  

  
   

    
   

Cocconeis euglypta ? 27 

13

7 
 

X 5 X   X 
  

    
 

X 
 

Cymbella vulgata ? 1 61 X   3 X   
 

X 
 

X   
 

X 
 

Diatoma moniliformis eu 4 73 X   3 
 

  
 

X X   1 X 
  

 Gomphonema pumilum var. 

rigidum ? 8 99 X   2 X   
 

X 
 

X   X 
  

Gomphonema rosenstockianum   6 77 X   4 X   
 

X 
 

X   X 
  

Gomphonema tergestinum ? 6 55 
 

  4 X   
 

X 
 

X   X 
  

Navicula antonii eu 1 30 
 

  3 X   
   

    
  

X 

Navicula cryptotenelloides ? 1 62 X   2 X   
   

    
  

X 

Navicula simulata eu 0 19 
 

  4 X   
   

    
  

X 

Navicula tripunctata eu 1 74 
 

X 4 X   
   

    
  

X 

Reimeria uniseriata ? 1 81 X   3 X   X X 
 

X   
 

X 
 

Rhoicosphenia abbreviata eu 2 55 
 

X 3 
 

  
 

X 
 

X X 
 

X 
 

Ulnaria monodii   9 

12

6     5       X X   X X     

 566 

 567 
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Table 10. IndVal results for key indicator species for the different biological groups identified with the 568 

agglomerative analysis of the diatom matrix for reference sites. Significant (p) codes:  0 ‘***’ 0.001 ‘**’ 569 

0.01 ‘*’ 0.05 ‘.’ 0.1 ‘. ‘A’ is the specificity of the species as an indicator of the site group whilst ‘B’ is the 570 

fidelity, or sensitivity of the species as an indicator of the group. 571 

 572 

Group 1     

Species name A B Stat P value     

Navicula tripunctata 1 0.462 0.679 *** 

Reimeria uniseriata 0.847 0.538 0.675 *** 

Rhoicosphenia abbreviata 0.987 0.385 0.616 ** 

Adlafia bryophila 1 0.231 0.48 * 

Navicula simulata 1 0.231 0.48 * 

Group 2     

Species name A B Stat P value     

Achnanthidium polonicum 0.842 0.833 0.838 *** 

Achnanthidium minutissimum spp. gr. 0.761 0.75 0.756 *** 

Achnanthidium straubianum 0.858 0.5 0.655 ** 

Achnanthidium saprophilum 0.823 0.417 0.586 * 

Navicula antonii 0.783 0.333 0.511 * 

Group 3 #sps.  1      

Species name A B Stat P value     

Cymbella vulgata  1 0.222 0.471 * 

 573 

The groups identified with the agglomerative hierarchical cluster analysis were also significantly 574 

different in terms of a number of key environmental variables: lentic-lotic character of the streams 575 

(LRDall, Kruskal-Wallis Test=9.6, P=0.008, Fig. 6A), granulometry and substrate type found at the 576 

stream’s sites (Substrate, Kruskal–Wallis Test=11.5, P=0.008, Fig. 6B); pH (Kruskal–Wallis Test=12.6, 577 

P=0.002, Fig. 6C) and instant discharge (m3/s, Kruskal–Wallis Test=13.5, P=0.001, Fig. 6D). No significant 578 

effect was detected with respect to Valley Slope (%), distance from the source (km), and catchment size 579 

(km2). 580 

 581 
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A B 

C D 

Fig. 6. Box plot and Kruskal–Wallis Test for a selection of environmental variables for the groups 582 

identified with the agglomerative hierarchical cluster analysis (reference sites) 583 

 584 

 585 

Factors responsible for driving the composition of these three groups were then investigated by 586 

discriminant analysis following preliminary stepwise ordinations to select potential drivers from the 587 

categories stream type and hydrology. A series of individual stepwise ordination regressions enabled a 588 

set of Type and Hydrological variables to be selected: i) variables related to river type were included in 589 

the first RDA: total channel width (m), maximum water depth (m), valley form and source distance (Km); 590 

ii) variables related to river hydrology were included in the second RDA: LRD, catchment yield (L/s/km2), 591 

mean annual flow (m3) and median number of zero days. Both models were significant when tested 592 

using an ANOVA with 999 permutations (p < 0.001: Table 11) as were the single variables included in the 593 

analysis, with the exception of median number of zero days in the hydrological model (p = 0.076). 594 

Source distance and channel form were the most important type variables for shaping the diatom 595 

assemblage, whilst catchment yield and mean annual flow were the key hydrological ones. 596 

 597 
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Table 11.  Output of an ANOVA performed on reference sites, using 999 permutations, for the Type and 598 

Hydrological RDA models, including details on the relative contribution of each selected variables. 599 

Significant (p) codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘. 600 

 601 

Variables Df Variance F Pr(>F) 
Ty

p
e 

Model 4 0.138 2.715 *** 

Source Distance 1 0.039 3.079 ** 

Erosion - Bank 1 0.030 2.393 * 

Valley form 1 0.027 2.119 * 

Channel Form 1 0.040 2.393 *** 

Residual 38 0.482     

          

H
yd

ro
lo

gi
ca

l 

Model 3 0.111 2.847 *** 

Catchment yield 1 0.050 3.877 *** 

Mean annual flow 1 0.031 2.380 * 

Median number of zero days 1 0.023 1.791 . 

Residual 39 0.508     

 602 

Overall, 28% of the total variance in the diatom dataset was explained by these abiotic variables, 603 

with type (10%) and hydrology (12%) explaining the largest proportions (Fig. 7). Although season 604 

explained a smaller proportion of the total variation, group 2 was composed entirely of samples 605 

collected during the winter. The level of interaction between the three classes of variables was relatively 606 

low (no more than 1% of the total variation). 607 

 608 

 609 
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 610 

Fig. 7. Outcome of the variance partitioning (reference sites) for the diatom assemblage considering 611 

type, hydrological and season as drivers. 612 

 613 

 614 

4. Discussion 615 

This is the first paper describing the diatom assemblages of Cypriot streams, providing a robust 616 

ecological, as well as taxonomic, characterization of the assemblages, as a benchmark for future work. 617 

Our results highlight the overwhelming importance of hydro(geo)logy in shaping the diatom 618 

assemblages of stream sites (the least-impacted ones, in particular) on the island of Cyprus. Almost all 619 

explained variance was due to hydrological factors and to stream type, which, again, is mainly identified 620 

on hydrogeological grounds. Hydromorphological impacts, including water-level and discharge 621 

fluctuations in lakes, rivers, and streams are increasingly recognized as one of the main and insufficiently 622 

addressed impacts in the EU (Poikane et al., 2019). 623 

4.1 The importance of hydrology 624 

Even a tentative analysis of our diatom dataset using Red-List criteria underlined the overwhelming 625 

importance of hydrology-related variables and river types in determining diatom species distribution 626 

and community ecological attributes in the water-stressed Island of Cyprus.  Species that fulfil the 627 

descriptions of Red List threat categories, and which might be included in a future Cypriot / eastern 628 
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Mediterranean Red List, occurred more frequently and were more relevant in assemblages from 629 

intermittent (RM5) as compared to perennial (RM4) streams (Table 6a, Fig. 2), and in the harshly 630 

intermittent hydrological macrotype (Table 6b, Fig. 2).  A similar trend was seen when the threat 631 

categories of the diatom Red List for Central Europe (2018) were used, although differences were only 632 

significant between stream hydrotypes (Table 6b). 633 

This contradicts the idea of higher diversity and percentages of endangered Red List species in 634 

groundwater-fed, permanent (stable) streams. Falasco et al. (2016), for example, reported that 635 

Mediterranean streams with more stable discharge (as compared to intermittent ones) had higher 636 

numbers of endangered species, and even proposed a current-velocity threshold (0.2 m/s) to maintain 637 

abundant occurrence of endangered species. However, to identify Red List species in threat categories 638 

they used the only diatom Red List available at that time (Diatom Red List for Germany: Lange-Bertalot, 639 

1996). It is reasonable to assume that sensitive Red-List species with a relatively wide distribution (i.e. 640 

occurring both in Germany and in Mediterranean streams) may be adapted to streams retaining some 641 

discharge and current velocity across the seasons. On the contrary, characteristic species of 642 

Mediterranean streams are likely to be adapted to the marked, often extreme, seasonal and inter-643 

annual discharge fluctuations of these environments. 644 

Many diatom taxa recorded in this study could be found in the recently published Red List for Central 645 

Europe (Hofmann et al., 2018). The amount of diatom diversity at the landscape level found in these 65 646 

stream sites (290 taxa, 273 identified to the species -or intraspecific- level, belonging to 65 genera), and 647 

the percentage of species belonging to threat categories of the Central European Red List (27.5%) is 648 

about half that found in high-ecological integrity environments of the Alps. As an indirect comparison, 649 

15 springs (unique and highly diverse habitats) of a mainland Mediterranean region(Emilia-Romagna: 650 

northern Apennines and Po floodplain: Cantonati et al., 2020b) had an overall species richness of 285 651 

taxa (272 identified to the species -or intraspecific- level) belonging to 63 genera, with a high proportion 652 

(60%) of the species for which Central European Red List information was available found to belong to 653 

one of the threat categories. This indicates that streams, not all of which are in pristine condition, still 654 

retain the potential to host diatom assemblages which are relatively rich in threatened Red List species 655 

(both widely-distributed Central European Red List species and putative Mediterranean Red List species, 656 

see below). 657 

However, several taxa found during our Cyprus study were not included in the most recent Red List 658 

available (Hofmann et al., 2018), and, most important, these taxa include sensitive species which are 659 

likely to be highly characteristic of the Mediterranean and/or Middle East region (e.g., Delicata judaica, 660 
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D. verena, U. ungeriana). This reinforces the need to apply Red Lists outside the biogeographical areas 661 

where they have been developed with caution. A much refined and effective approach would be the 662 

development of a diatom Red List for Cyprus based on revised and harmonized project databases, 663 

ideally with an associated iconography. This could also serve as an excellent basis on which to anchor 664 

new knowledge that will be produced by the application of molecular approaches to typical 665 

Mediterranean and local taxa.  666 

Among the diatom species we found, there is a preponderance of motile, medium- to small-sized, 667 

species. A low number of species has the capability to form colonies, with ribbon and mucous-tubule 668 

colony type being the most common. 669 

We found several species known to be effective first colonizers (pioneer species) and, among these, 670 

there is a striking preponderance (80%) of Achnanthidium species. Achnanthidium tepidaricola deserves 671 

a special mention as it was described from the wet stonewall situated in the Evolutionary Greenhouse in 672 

the National Botanic Garden of Belgium where it formed an almost pure monoculture (Van de Vijver et 673 

al., 2011a). The stones used to build the wet stonewall were imported from the southern Anatolian 674 

peninsula (Bart Van de Vijver, personal com.). In this study in Cyprus, A. tepidaricola was found in three 675 

samples only, being very abundant only at one site. However, in a follow up project in Cyprus in 2019,  676 

A. tepidaricola was found 16 times with a maximum abundance of 391 valves out of 400 (MC 677 

unpublished data).  It is possible, therefore, that A. tepidaricola is a species indigenous to the eastern 678 

Mediterranean that has been largely overlooked until now. 679 

The frequent and abundant occurrence of Achnanthidium pioneer species in our dataset could be an 680 

adaptation to extreme flow reduction and the consequent need to quickly recolonize stream stretches. 681 

This could explain the striking co-occurrence of several, apparently similar, Achnanthidium species. As 682 

an application of the redundant species hypothesis (e.g., Lawton and Brown, 1994; Ehrlich and Walker, 683 

1998) to benthic diatom communities in Mediterranean streams, we hypothesize that the abundant 684 

occurrence of species within genera (Fig. 3) might serve to improve the resilience capability of 685 

ecosystems. 686 

The number of aerial species found in our study was lower than expected for Mediterranean streams 687 

with strongly fluctuating hydrological regimes. This may in part be explained by the fact the autecology 688 

of several species is still not known in detail, and some pseudaerial and euaerial species can thus occur 689 

unnoticed. For instance, Eunotia arcubus was noted in our study in Cyprus as a Red List species of 690 

oligotrophic carbonate streams (Table 5) but studies on springs of the Alps (Cantonati et al., 2012) show 691 
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it to be also typical of unstable, low-discharge carbonate environments. E. arcubus, along with the well-692 

known and widespread aerial species Humidophila contenta (e.g., Cantonati et al., 2017), can be found 693 

among the tolerant species in the lists of species sensitive and tolerant to organic pollution provided by 694 

Delgado et al. (2012) for insular Mediterranean temporary streams, suggesting that there still is some 695 

confusion on the major environmental determinant for these species. It is possible that occurrence of 696 

multiple aerial species in a single sample might be more significant than that of any single species (Kelly, 697 

2019). 698 

Hydrology was a dominant factor also in the outcomes of the other analyses carried out. The four-699 

factor PERMANOVA analysis found that all type (essentially hydrology-related) variables were 700 

significant. No significant effect was detected for the year, whilst season was significant. However, our 701 

follow up projects on Cyprus streams’ diatoms (MC unpublished observations) showed that the 702 

(unpredictable) inter-annual differences can be even more dramatic than the (predictable) seasonal 703 

changes (e.g., Cantonati et al., 2020a). The most important differences between years and season are, 704 

again, primarily related to hydrological regimes. Agglomerative hierarchical cluster analysis revealed 705 

three end-groups, with groups being separated on ecohydro(geo)logical (in the sense of Cantonati et al., 706 

2020c) grounds: - Group 1 was lentic, with fine sediments, and dominated by motile species; - Group 2, 707 

composed of samples collected during winter, had the highest discharge, coarse lithic substrata and was 708 

dominated by low-profile, pedunculate or adnate, pioneer species; - Group 3 had average discharge and 709 

substrate grain size and high pH, with oligotraphentic, sensitive, Red-List species (Table 9-10, 710 

Supplementary Material Table 2). 711 

The stepwise ordinations to select potential drivers of these three groups from the categories stream 712 

type and hydrology by discriminant analysis confirmed the statistical significance of almost all selected 713 

variables. It should be note that also the river-type variables (channel width, water depth, valley form, 714 

and source distance) were evidently hydro(geo)logy-related. Overall, 28% of the total variance in the 715 

diatom dataset was explained by the selected abiotic variables, with (hydrology-related) type (10%) and 716 

hydrology (12%) explaining the largest proportions. 717 

4.2 Opportunities for improved ecological assessment 718 

These results all suggest an opportunity for more refined ecological assessment of Mediterranean 719 

streams using phytobenthos.  In contrast to the relatively conservative approaches both to use of 720 

metrics and definition of stream types used at present (Almeida et al., 2014).   We see potential for 721 

using information about hydrological regime both define stream types in a more meaningful manner.  At 722 
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the same time, this could start a move away from the current reliance on metrics such as the Indice de 723 

Polluosensibilité Specifique (IPS: Coste, in CEMAGREF, 1982) and Indice Biologique Diatomées (Coste et 724 

al., 2009) that assume that chemical pressures predominate. Given the urgency of the climate crisis, the 725 

new generation of metrics for the Mediterranean region needs to also be sensitive to hydrological 726 

stresses. However, rather than focus on individual stresses per se this study suggests opportunities for 727 

using fundamental ecosystem properties that should, in theory, be responsive to a wide range of 728 

pressures.   729 

The first opportunity suggested by our data is the refinement of “expected” values, which form the 730 

denominator in calculations of Ecological Quality Ratio.  Currently, these are typically average values for 731 

a metric for all sites in least disturbed condition for a particular stream “type” (Feio et al., 2014).  This 732 

typology used for WFD assessments in the Mediterranean region is, however, not particularly sensitive 733 

discriminating only between permanent and intermittent streams (Almeida et al., 2014).  Our study 734 

suggests a number of additional variables that could be used to refine this typology, one of which is 735 

season.   There are precedents (Kelly et al., 2008) and, also, a strong theoretical case in the 736 

Mediterranean Basin, given the strong seasonal hydrological patterns, combined with the short life 737 

cycles of diatoms.   One problem with using hydrology to refine the typology is that changes may be 738 

expected due to global warming.  It is important, under such circumstances, to use a fixed point in time 739 

as a benchmark against which future changes may be measured (Kelly et al., 2019). 740 

The second opportunity is for the development of a set of metrics that can complement IPS for 741 

stream assessments in Cyprus and elsewhere in the Mediterranean Basin.   The first of these would be 742 

the use of Red List species which, we have already shown, are capable of discriminating between 743 

reference and non-reference sites (Table 6a).  Whilst the focus of most ecological assessment has been 744 

the definition of “good ecological status”, as this should be consistent with sustainable use of aquatic 745 

resources (Kelly, 2013), detailed knowledge of Red List species specific to a region could provide criteria 746 

for objective discrimination of high ecological status (in a similar way as done to designate tier 1 sites, 747 

representing “natural, or undisturbed”, in the Biological Condition Gradient; see e.g. Paul et al. 2020).   748 

Another possibility is to make more use of diversity within genera.   Whilst traditional measures of 749 

diversity are problematic when applied just to diatoms (Denicola & Kelly, 2014) and are rarely insightful 750 

(e.g. Blanco et al., 2012), the greater diversity of Achnanthidium and Gomphonema at reference sites 751 

(Fig. 3a,c) suggests that the time might be ripe for revisiting this.  We hypothesise that the co-existence 752 

of several species from a single genus imparts resilience to the biofilm community and, therefore, high 753 

diversity within the reference assemblage could complement metrics such as the IPS in future 754 
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assessments.   Furthermore, the opposite trend shown by genera such as Navicula and Nitzschia (Fig. 755 

3e,g), generally associated with more enriched conditions, is both a reminder that resilience is a two-756 

tailed phenomena, with the scope for several taxa to exploit niches within a degraded or enriched 757 

community, and a clue to the poor performance of diversity metrics in earlier studies.  As the diversity 758 

associated with the expected community decreases, so increased diversity of genera which are adapted 759 

to these conditions dampens any signal that traditional diversity metrics impart.  Within the wide suite 760 

of methods currently used for assessments for the WFD (Birk et al., 2012), those using freshwater 761 

phytobenthos are relatively unusual in the absence of diversity metrics and the time is ripe for a re-762 

examination of the role of this measure. 763 

4.3 Conclusion 764 

This study has demonstrated the major role played by hydrology in determining diatom assemblages 765 

in a eastern Mediterranean streams and highlighted the need for greater recognition of this in ecological 766 

assessment protocols.   As for the terrestrial flora of Cyprus (Christofides, 2017), diatom assemblages 767 

show a degree of endemism, with several new species being recorded (Cantonati et al., 2016, 2018) 768 

described, with others recognised but yet to be formally described.  This combination of harsh climate 769 

and geographical isolation means that assessment concepts developed elsewhere in Europe should be 770 

transferred to Cyprus with caution.   Whilst it has been possible to adapt the IPS to produce assessments 771 

of ecological status that are harmonised with those from elsewhere in the Mediterranean Basin 772 

(Almeida et al., 2014), there is potential for developing a new suite of metrics that will better reflect 773 

ecological conditions here and ensure responsible management of the Cypriot environment.    774 
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