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the total and endemic species richness in the oceanic 
islands. Compositional similarity (in contrast to spe-
cies richness) is determined by the geographic vari-
ables to only a minor extent, while space has stronger 
impact. The relationships found in Cyclopidae gen-
erally fit those observed in other predominantly ter-
restrial organisms, yet some characteristics (negative 
intercepts in the area–species and elevation–species 
relationships; large area and high elevation thresholds 
below which no endemic species occurs) are sug-
gested to be specific to fresh waters.

Keywords Freshwater biogeography · Species 
richness · Endemism · Continental · Oceanic islands

Introduction

Island biogeography has inspired a few recent arti-
cles on the determinants of the diversity patterns in 
habitat islands (spring fauna and lake plankton) and 
arctic islands in the freshwater Copepoda and Clad-
ocera (Fattorini et al., 2016; Novichkova & Azovsky, 
2017; Gooriah & Chase, 2020), yet a global overview 
of the diversity patterns of the true island fauna is 
lacking for the freshwater microcrustaceans. Fresh-
water organisms and microcrustaceans in particular 
are still poorly represented in island biogeographic 
meta-analyses. Recent papers on the island species-
area relationships analyzing more than 600 datasets 
included only few freshwater taxa and not a single 

Abstract Little is known about the insular diver-
sity and its determinants in the freshwater inverte-
brates in comparison to land animals. Our goal is to 
obtain global-scale information on the insular diver-
sity in Cyclopidae, test its relationships with the 
geographical variables in different types of islands, 
and compare the patterns to those observed in other 
organisms. In total 291 species and subspecies were 
reported in the 35 islands included in our analyses. 
The total and endemic species richness have strong 
positive correlations with surface area and maximum 
elevation of the islands; regression slopes are larger 
in the oceanic than in continental islands. Small-
island effects occur in the relationships between the 
endemic species richness and area and elevation. Dis-
tance from mainland has negative correlations with 
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one representing aquatic crustaceans (Triantis et  al., 
2012; Matthews et al., 2016). This may be due to the 
incomplete knowledge of the taxonomy and fragmen-
tary information on the geographical distribution in 
these small-sized invertebrates (< 1 or few mm). Also, 
the widespread belief of the prevalent cosmopolitan 
distribution of the freshwater zooplankton organisms 
lessened their attractiveness for the zoogeographical 
investigations. Current knowledge of the taxonomy 
and biogeography of the Copepoda and Cladocera 
indicate that species with cosmopolitan distribution 
are the exceptions rather than the rule (e.g., Reid, 
1997/1998; Boxshall & Defaye, 2008; Forró et  al., 
2008; Hołyńska, 2011; Korovchinsky, 2013). One 
of those exceptions is the cyclopine Thermocyclops 
decipiens (Kiefer, 1929), for which the term “fugitive 
species” (good disperser yet competitively inferior 
and usually rare) was coined by G. Evelyn Hutchin-
son (1951).

The Cyclopidae (~ 1100 species) are distributed 
worldwide, and occurs ovewhelmingly in continen-
tal waters, in both surface and subterranean realms 
(Hołyńska, 2011 updated by the authors). Cyclopids 
are sexually reproducing crustaceans, and storage 
of sperm in the female seminal receptacle enables 
the production of viable eggs sometimes for sev-
eral weeks or even months (Næss & Nilssen, 1991; 
Maier, 1995; Phong et al., 2008). In contrast to other 
freshwater crustaceans such as the diaptomid copep-
ods and branchiopod crustaceans which possess rest-
ing eggs (dormant embryos), cyclopids diapause in 
the larval or adult (also as ovigerous female) stages 
(Næss & Nilssen, 1991; Dahms, 1995; Bruno et  al., 
2001; Frisch & Threlkeld, 2005; Pinel-Alloul & 
Alekseev, 2019). These traits, along with the rapid 
ontogenetic development in some species facilitate 
rapid colonization of water bodies (Frisch & Green, 
2007; Frisch et  al., 2012). Little is known about the 
mode of dispersal other than via hydrological con-
nections, although indirect evidence suggests birds or 
insects acting as dispersal vectors (Frisch & Green, 
2007; Frisch et  al., 2012). On the other hand, there 
have been numerous records of cyclopids living in 
semiterrestrial environments (leaf litter, mosses, wet 
soil) (Reid, 2001; Watiroyram et  al., 2012), which 
suggest an important role of high moisture habitats in 
the dispersal of this group.

Concerning the age of the Cyclopidae, the only 
fossil (Apocyclops californicus Holynska et  al., 

2016) is known from the Miocene Barstow Forma-
tion (16 mya) in California, yet the current distribu-
tion patterns found in many genera suggest a much 
older (early Mesozoic or Paleozoic) origin of the 
family (Boxshall & Jaume, 2000; Hołyńska et  al., 
2016). Phylogenetic reconstructions applying nearly 
complete taxon sampling are still few, which hampers 
understanding of both the origin and diversity pat-
terns of the insular fauna (but see Hołyńska, 2006; 
Hołyńska & Stoch, 2012).

Although there are a few factors that make inter-
pretation of the insular diversity patterns in the 
Cyclopidae a challenging task, we believe that the 
currently available data deserve a global-scale over-
view of the cyclopid species richness on islands. 
Our principal question is whether the relationships 
between the geographic variables and species rich-
ness (with a special focus on the species-area curves) 
found in this freshwater group deviate in any aspect 
from the general trends documented mainly in land 
organisms. Based on published works on 35 islands 
occurring in the Atlantic, Indian, and Pacific Oceans 
and Mediterranean Sea, we tested the impact of the 
geographical variables on the overall and endemic 
species richness, and compared these relationships 
between different types of islands (oceanic vs con-
tinental, and tropical vs temperate). In addition, we 
analysed the compositional similarity of the insu-
lar cyclopid faunas, while noting that some clusters 
revealed here may not necessarily represent biogeo-
graphical entities, as we could only include relatively 
few islands in the analysis. We also examine the 
impact of the geographic variables and ‘space’ (geo-
graphic distance between islands) on the composi-
tional similarity.

Material and methods

Data collection

Geographical information on the 35 islands included 
in the analyses (Table  1; Fig.  1) has been collected 
from different sources: island surface—Global 
Islands Explorer of US Geological Survey https:// 
rmgsc. cr. usgs. gov/ gie/; latitude centre and maximum 
elevation—Wikipedia crosschecked by Island Direc-
tory http:// islan ds. unep. ch/; (shortest) distance from 

https://rmgsc.cr.usgs.gov/gie/
https://rmgsc.cr.usgs.gov/gie/
http://islands.unep.ch/
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continent and distance between islands were meas-
ured using Google Maps.

Based on recent land connections (or their lack) 
and the climatic characters, the islands were a priori 
classified as continental vs oceanic and tropical vs 
temperate islands. Periodic contact of the islands 
with continents influences both species richness and 

speciation processes. Temperate/tropical categoriza-
tion of the islands is justified by the hypothesis that 
higher environmental energy and climatic stability in 
the tropics may generate processes that are different 
from those in the temperate zone (higher rate of spe-
ciation and lower extinction rate vs lower rate of spe-
ciation and higher extinction rate) (Pyron & Wiens, 

Table 1  Geographic characteristics and diversity of the cyclopid fauna of the islands compared

Abbreviation codes of the islands are used in the figures. Cont continental, ocean oceanic, temp temperate, trop tropical. For defini-
tions of the continental and oceanic islands see Material and Methods

Island Code Area  (km2) Altitude (m) Distance (km) Latitude Type Climate Overall 
species

Endemic species/
Rate of endemism

Azores, Flores Azo 141 914 1863 39.5 Ocean Temp 4 0/0.00
Big Pine Key Big 29 1 59 24.7 Cont Trop 7 0/0.00
Borneo Bor 723,154 4095 514 1.0 Cont Trop 35 5/0.14
Bornholm Bom 588 162 35 55.1 Cont Temp 25 0/0.00
Crete Cre 8296 2456 98 35.2 Ocean Temp 25 3/0.12
Cuba Cub 105,468 1974 200 22.0 Ocean Trop 41 5/0.12
Cudjoe Key Cud 17 1 65 24.7 Cont Trop 5 0/0.00
Duck Key Duc 2 1 39 24.8 Cont Trop 3 0/0.00
Easter Island Eas 164 507 3706  − 27.1 Ocean Temp 1 0/0.00
Fiji, Viti Levu Fij 10,691 1324 2631  − 17.8 Ocean Trop 10 0/0.00
Great Britain Gre 218,634 1345 32 53.8 Cont Temp 50 3/0.06
Hallands Väderö Hal 3 24 2 56.5 Cont Temp 12 0/0.00
Hispaniola His 74,366 3098 587 19.0 Ocean Trop 21 1/0.05
Hokkaido Hok 77,659 2291 292 43.0 Cont Temp 48 3/0.06
Honshu Hon 228,296 3776 178 36.0 Cont Temp 69 15/0.22
Iceland Ice 100,261 2110 978 65.0 Ocean Temp 12 0/0.00
Ireland Ire 83,721 1039 471 53.3 Cont Temp 37 0/0.00
Java Jav 127,467 3676 834  − 7.5 Cont Trop 40 7/0.18
Kyushu Kyu 36,838 1791 186 32.6 Cont Temp 35 2/0.06
Long Key Lon 6 1 35 24.8 Cont Trop 5 0/0.00
Luzon Luz 104,835 2926 648 16.0 Ocean Trop 14 1/0.07
Madagascar Mad 592,521 2876 412  − 20.0 Ocean Trop 53 14/0.26
Mindanao Min 94,469 2954 1495 8.0 Ocean Trop 11 0/0.00
Molokai Mol 679 1512 3712 21.1 Ocean Trop 4 0/0.00
New Caledonia NCa 16,368 1628 1305  − 21.3 Ocean Trop 6 2/0.33
NZ, South Island Sou 150,683 3724 1644  − 44.0 Ocean Temp 14 4/0.29
Oahu Oah 1560 1220 3778 21.5 Ocean Trop 3 0/0.00
Öland Öla 1359 55 5 56.7 Cont Temp 18 0/0.00
Puerto Rico Pue 8759 1340 745 18.3 Ocean Trop 10 1/0.10
Sardinia Sar 23,827 1834 185 40.0 Cont Temp 33 4/0.12
Sicily Sic 25,498 3329 3 37.5 Cont Temp 29 4/0.14
Socotra Soc 3619 1503 235 12.5 Ocean Trop 12 4/0.33
Sri Lanka Sri 65,916 2524 54 7.8 Cont Trop 26 1/0.04
Sumatra Sum 428,134 3805 77 0.1 Cont Trop 31 4/0.13
Wallis Wal 76 131 3490  − 13.3 Ocean Trop 2 0/0.00
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2013). “Continental” island refers to islands that 
either lie on the continental shelf (e.g., Great Britain) 
or are relatively close to the mainland (e.g., Honshu, 
Sardinia) and supposedly experienced indirect (via 
other islands) or direct connection with the continent 
during the Pleistocene (Millien-Parra & Jaeger, 1999; 
Tojo et al., 2017; Hupało et al., 2021; Schmitt et al., 
2021). All the other islands, which are either perma-
nently isolated (e.g., Hawaiian Islands) or had only 
old (Miocene or older) contact with a continent (e.g., 
Socotra, Madagascar, New Caledonia, New Zealand) 
are grouped as “oceanic” islands.

The present analysis included only those islands 
in which regional-scale faunistic studies have been 
conducted by copepod specialists, and/or a checklist 
existed. Data on the geographical distribution of the 

species were principally collected from the litera-
ture (catalogues, checklists, fauna monographs and 
ecological studies), though in a few cases the origi-
nal data have been revised by us (the species-island 
matrix, literature sources and taxonomic notes are 
provided in Online Resources 1 and 2, respectively). 
The various methods applied in those publications did 
not allow us to estimate the sampling effort on dif-
ferent islands in a quantitative manner. Nonetheless, 
we may assume that cyclopid fauna is better under-
stood in the northern temperate islands than in other 
regions. Putative alien species were not excluded from 
the analysis. There are only few taxa, the Asian Meso-
cyclops pehpeiensis Hu, 1943 in Cuba, and the Hol-
arctic A. robustus (G.O. Sars, 1863) in New Zealand 
perhaps, in which the morphological, biogeographical 

Fig. 1  Geographical location of the islands included in this 
study. 1, Iceland; 2, Ireland; 3, Great Britain; 4, Hallands Vad-
erö; 5, Bornholm; 6, Öland; 7, Sardinia; 8, Sicily; 9, Crete; 10, 
Flores (Azores); 11–14, Florida Keys (Long Key, Duck Key, 
Big Pine Key and Cudjoe Key, respectively; see Fig. 1b); 15, 
Cuba; 16, Hispaniola; 17, Puerto Rico; 18, Socotra; 19, Mada-
gascar; 20, Sri Lanka; 21, Sumatra; 22, Java; 23, Borneo; 24, 

Mindanao; 25, Luzon; 26, Kyushu; 27, Honshu; 28, Hokkaido; 
29, New Caledonia; 30, Viti Levu (Fiji); 31, South Island (New 
Zealand); 32–33, Hawaii (Oahu and Molokai, respectively; see 
inset map); 34, Wallis; 35, Easter Island. Equator is indicated 
by solid line. Arctic Circle, Tropic of Cancer and Tropic of 
Capricorn are indicated by dotted lines
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(widely disjunct populations; restricted occurrence 
in the new territory) and phylogenetic data support 
alien status (Karanovic, 2005; Díaz et  al., 2006). 
Concerning the validity of data in the species/islands 
matrix, seven species and subspecies recorded on 
the 35 islands may be synonymous with other taxa 
or are nomina dubia. Doubtful occurrence records 
constitute ~ 11% (83) of all (751) records (see Online 
Resources 1 and 2). Distribution of the doubtful 
records is uneven among different types of islands: 
6% (26 of 412 records) and 17% (57 of 339 records) 
in the temperate and tropical islands, respectively; and 
9% (48 of 508 records) and 14% (35 of 243 records) 
in the continental and oceanic islands, respectively.

Nearly half (38) of the doubtful records pertain to 
four species [Eucyclops serrulatus (Fischer, 1851), 
Microcyclops rubellus (Lilljeborg, 1901), Microcy-
clops varicans (G.O. Sars, 1863), and Paracyclops 
fimbriatus (Fischer, 1853)], originally described from 
Europe, and regarded as cosmopolitan during most 
of the twentieth century. Recent revisions (Karaytug, 
1999; Alekseev & Defaye, 2011; Mirabdullayev & 
Defaye, in press) found more restricted species ranges 
in these cyclopids, and we may assume that most 
(all?) tropical records in the four species refer to other 
taxa. As a consequence, the total number of species 
occurring in the islands may be underestimated rather 
than overestimated. We did not exclude the dubious 
occurrence (grey cells) records from the analyses, 
because it could not only result in loss of information, 
but might also distort the results (see uneven rate of 
the doubtful records among different types of islands 
above).

Incomplete knowledge of the geographical dis-
tribution in some species may inflate the data on 
endemic species richness. On the other hand, more 
research on the high altitude and cryptic, semiterres-
trial habitats (swamps, leaf litter, groundwater) likely 
reveal new endemic taxa, counterbalancing the for-
mer effect. Despite the uncertainties about the taxo-
nomic position and geographical distribution of some 
species, the amount of data reported here prompted 
us to explore the diversity patterns and to test the 
effects of the geographical variables on the cyclopid 
species richness and faunal similarity.

Analyses

The non-parametric Mann–Whitney U test was 
used to test the differences in the species richness 
and geographic variables between the continental 
and oceanic and between the temperate and tropi-
cal islands. Relationships between the cyclopid 
diversity and geographic variables were analysed 
by linear regression in different types (continen-
tal vs oceanic, temperate vs tropical) of islands. 
The geographic and diversity variables were  log10 
transformed. Normality was rejected by the Shap-
iro–Wilk test in some variables; therefore the non-
parametric Spearman’s rank correlation was used to 
test the relationships between the cyclopid diversity 
(overall and endemic species richness) and islands 
characteristics (surface area, highest elevation, 
latitude and distance from continent). Redundancy 
among the explanatory variables was checked with 
the variance inflation factor (VIF) (XLSTAT, Add-
insoft 2021). VIF analysis is a diagnostic tool used 
to identify uninformative constraints among the pri-
mary predictors (area, maximum elevation, latitude 
and shortest distance from continent). The VIF val-
ues were lower than 1.7 in the raw data and lower 
than 4.7 for the log10 transformed data, indicating 
that the variables in question are moderately corre-
lated (Chatterjee & Hadi, 2006).

Redundancy analysis (RDA) combining multi-
variate linear regression with principal components 
analysis was used to explore the effects of the pri-
mary predictors on the diversity variables in islands. 
Response data (species richness and endemism) had a 
gradient less than 2.5 SD units, indicating that linear 
regression, a limitation of RDA, is appropriate (ter 
Braak & Šmilauer, 2012). RDA ordination analysis 
was performed using the software package CANOCO 
v. 5. Compositional (dis)similarity of the cyclopid 
fauna was calculated using Jaccard’s, and Simpson’s 
indices, and Jaccard and Sørensen binary distance 
formulas.

Jaccard similarity(i,j) = c∕(A + B − c)

Simpson similarity(i,j) = c∕min(A,B)
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Sørensen  distance(i,j) = 
√

1 − 2c∕(A + B),

where A, and B are the number of species in the 
islands “i” and “j” compared, c equals the number of 
species shared between the two islands, and min(A,B) 
equals the number of species in the island with smaller 
fauna. Todeschini et  al. (2012) found the Simpson 
index to perform worse in the similarity analyses than 
the Jaccard index, yet the Simpson formula has some-
times been used in the regional comparisons of the 
copepod fauna (Chertoprud et al., 2011). Also, Kreft 
and Jetz (2010) recommended applying the “beta-
sim” dissimilarity index (1—Simpson similarity) in 
the biogeographical regionalization analyses. Based 
on the Jaccard and Simpson coefficients, the UPGMA 
(unweighted pair group method with arithmetic mean) 
dendrograms were generated in MVSP software. 
Apart from UPGMA, we also used non-metric multi-
dimensional scaling (NMDS) that produced an ordina-
tion of the islands, based on Jaccard’s binary distance 
of the cyclopid composition.

The correlation between the inter-island distance 
and compositional similarity was calculated using 
the Mantel test with p-values computed using 10,000 
Monte Carlo simulations in XLSTAT (Addinsoft). 
Relationships between the environmental variables 
and compositional similarity (Sørensen binary dis-
tance) of the cyclopid fauna were tested by distance-
based redundancy analysis (db-RDA). As db-RDA 
reported all environmental variables to be significant, 
we applied the principal coordinates of neighbourhood 
matrix method (PCNM) and variance partitioning to 
detect the most reliable predictors of the compositional 
similarity, taking both environmental variables and 
space (distance based on the geographic coordinates) 
into account. PCNM and dbRDA were performed 
in CANOCO v. 5 (Borcard et  al., 1992; Legendre & 
Anderson, 1999; ter Braak & Šmilauer, 2012).

Results

Relationships between the insular species richness 
and geographical variables

The Cyclopidae possessed a substantial diversity on 
the 35 islands included in our study, representing 27% 

Jaccard distance(i,j) =
√

1 − c∕(A + B − c)

(291 of 1083) of the species and subspecies and half 
(36 of 71) of the genera so far known in the world. 
Considering the species rich genera only (Table 2), in 
half of them the proportion of species occurring on 
islands oscillates around the value that we obtained 
for the whole insular fauna (21–30% vs 27). Merely 
9 species or subspecies (3%!) appear as cosmopoli-
tan, i.e. reported from both the eastern and western 
hemispheres and from both the temperate and tropi-
cal regions: Acanthocyclops vernalis (Fischer, 1853) 
(11 isl.), Diacyclops bisetosus (Rehberg, 1880) (9 
isl.), Ectocyclops phaleratus (Koch, 1838) (15 isl.), 
Macrocyclops albidus albidus (Jurine, 1820) (20 
isl.), Microcyclops rubellus (14 isl.), Microcyclops 
varicans varicans (21 isl.), Paracyclops chiltoni 
(G.M.Thomson, 1883) (14 isl.), Paracyclops fimbria-
tus fimbriatus (20 isl.), Tropocyclops prasinus prasi-
nus (Fischer, 1860) (15 isl.). True cosmopolitans are 
likely to be even fewer, as taxonomic revisions of 
Microcyclops varicans and Paracyclops fimbriatus 
revealed restricted geographical distribution in these 
species (Karaytug, 1999; Mirabdullayev & Defaye in 
press). The majority of the species (181 of 291) have 

Table 2  Proportion of insular species and subspecies in the 
more speciose genera of the Cyclopidae

Climatic peak refers to the diversity peak of the genera in the 
major climatic regions: cold, temperate (Temp) and tropi-
cal (Trop).  Nisl = insular species and subspecies in the genus; 
 Nglob = all species and subspecies known in the genus. For 
information on the climatic peaks we used Hołyńska (2011); 
data on global species richness are from Dussart and Defaye 
(2006) supplemented with the authors’ own data

Genus Climatic peak Nisl/Nglob;—in %

Cyclops Cold–Temp 11/32;—35
Acanthocyclops Temp 9/64;—14
Diacyclops Temp 33/136;—24
Speocyclops Temp 7/38;—18
Eucyclops Temp–Trop 30/121;—25
Paracyclops Temp–Trop 8/29;—28
Bryocyclops Trop 9/25;—36
Cryptocyclops Trop 5/29;—17
Halicyclops Trop 26/87;—30
Mesocyclops Trop 37/79;—47
Metacyclops Trop 14/68;—21
Microcyclops Trop 15/55;—27
Neocyclops Trop 4/25;—16
Thermocyclops Trop 24/57;—42
Tropocyclops Trop 12/40;—30
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been recorded in only one of the 35 islands (Fig. 2). 
Based on our current knowledge of the global distri-
bution of the species (Dussart & Defaye, 2006; sup-
plemented with our data) 29% (83 species and sub-
species) of the insular taxa are endemic to a single 
island. The Japanese island, Honshu, has the richest 
fauna (69 spp.) followed by Madagascar (53 spp.) and 
Great Britain (50 spp.); the rate of endemism is 22% 
and 26% in Honshu and Madagascar, respectively, 
while it is 6% in Great Britain.

Recent land connections to continents or their lack 
(continental vs oceanic island), and climatic charac-
teristics of the islands (tropical vs temperate) were 
hypothesized here as significant factors having large 
influences on the relationships between the geograph-
ical variables and insular diversity in the Cyclopidae.

The cyclopid species richness (total and endemic) 
and geographical features of the islands were com-
pared between the continental and oceanic and 
between the temperate and tropical islands (Online 
Resource 3). The species richness is significantly 
greater in the continental islands than in oceanic 
islands (P = 0.015), while the number of island 
endemics does not differ between continental and 
oceanic islands. On the other hand, except for the dis-
tance from continent, none of the island characteris-
tics (surface area, altitude and latitude) differ signifi-
cantly between these two groups. In the tropical vs 
temperate comparisons, except for the trivial differ-
ence in the latitude neither the island characteristics 
(surface area, elevation, shortest distance from con-
tinent) nor the cyclopid diversity (total and endemic 
species richness) differs between the tropical and 
temperate groups. These results suggest that insular 
species richness in the Cyclopidae is affected by the 

recent land connections with mainland (vs permanent 
or old isolation) rather than latitudinal positions of 
the islands.

RDA ordination plot (Fig. 3a) shows separation of 
the continental and oceanic islands on right side of 
the biplot (small islands), and lack of separation of the 
large continental and oceanic islands (left side of the 
biplot) with respect to their diversity responses to the 
geographic variables. Tropical vs temperate islands 
do not constitute distinct groups for either the large 
or small islands. The explanatory variables account 
for 71.2% of the total variation (adjusted explained 
variation is 67.3%) in the diversity variables. Based 
on simple term effects, area and maximum elevation 
explained 50.0% and 26.3% of the total variation, 
respectively (P = 0.002). Considering conditional 
(partial) effect (the effect of maximum elevation on 
the area was controlled), area and distance explain 
50.0% and 20.0% of the variation, respectively, in the 
diversity variables (P = 0.002). The total and endemic 
species richness increased with increasing area and 
maximum elevation. Distance from continent nega-
tively correlated with total species richness, while 
no correlation was indicated between the latitude and 
total species richness (see right angle between vectors 
in Fig. 3a).

According to the fitted loess model plotted on 
RDA axes (Fig.  3b), the area and maximum eleva-
tion contributed mostly to the total number of spe-
cies, whereas distance from continent was related 
to decrease of species richness (residual SE = 4.16; 
R2

loess[%] = 90.6, i.e. the variance in the loess fitted 
values is ~ 91% the size of the total variance in the 
species richness data). Geographic variables account 
for 24.4% of the variation in (non-logarithmized) spe-
cies richness (adjusted explained variation is 14.3%).

Relationships between the species richness and 
geographical variables were analysed in five classes 
of the islands (“all”, “continental”, “oceanic”, “tropi-
cal” and “temperate”) (for Spearman correlations 
and regressions see Online Resource 4a and Fig. 4a, 
respectively). Surface area significantly positively 
correlated with species richness in each class of the 
islands. Maximum elevation likewise significantly 
positively correlated with insular species richness in 
all but one group (temperate islands). Oceanic islands 
show a steeper slope than any other group of islands 
when the species richness is regressed on the surface 
area and maximum elevation (Fig. 4a). The trend lines 

Fig. 2  The number of cyclopid species (y) which occur in 
number of islands (x)
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also depict another particular feature of the oceanic 
islands: there exists a minimum surface area (~ 11 
 km2) and highest elevation (~ 157  m) below which 
there is little chance that any cyclopid would occur. 
By contrast, in a very small shelf island near Sweden, 
Hallands Vaderö (3  km2, 24 m a.s.l.) for instance, 12 
species have been recorded. As for the temperate vs 
tropical comparisons, the species richness grows with 
the island area at the same rate (slope, 0.2) in the tem-
perate and tropical groups, while the intercept value 
is slightly higher in temperate islands.

Latitude had a significant (weak) negative correla-
tion with species richness in the tropical islands only 
(Online Resource 4a). Apparently large variation in 
species richness at latitudes greater than 10 degrees 
(Fig.  4a) can be explained by the large range of the 
surface area of the islands included here, which in 
turn affects the diversity data. Shortest distance of the 
islands from continent had significant inverse rela-
tionships with the species richness in “all islands” 

and “oceanic islands” groups, yet a significant though 
weak positive correlation was found in the continental 
islands (Online Resource 4a). This unexpected result 
is due to the fact that more remote continental islands 
tend to be also larger in area in our data set, and 
can sustain more species. The correlation between 
distance and surface area is positive and signifi-
cant in the continental islands (Spearman’s r = 0.59; 
P = 0.01), while no significant correlation was found 
between the distance and area in the “oceanic” and 
“all” islands groups. The partial correlation between 
the distance and species richness with the area fac-
tored out is weak and negative (r =  − 0.28) and non-
significant (t =  − 1.14; P = 0.27) in the continental 
islands. This result is consistent with our intuitive 
prediction about near-mainland systems. On the other 
hand, when the partial correlation between the area 
and species richness with distance was factored out, 
there still remained a high positive (0.91) and signifi-
cant (t = 8.44; P < 0.001) correlation, which indicates 

Fig. 3  Insular diversity of the Cyclopidae in relation to the 
geographic variables. a Ordination biplot depicting the effect 
of  log10 transformed geographic variables on the  log10 trans-
formed total and endemic species richness. Acute and obtuse 
angles of the vectors indicate positive and negative correla-
tions, respectively; right angle of vectors indicates no corre-
lation. Vector projection of each vector on the two RDA axes 
reveals how much weight they have on the RDA vectors. For 

the island codes see Table 1. Green dots—continental islands, 
brown dots—oceanic islands, blue letters—temperate islands, 
red letters—tropical islands. b Contour plot of species richness 
(non-logarithmized) within the ordination space of the first 
two axes of RDA, based on a fitted loess model. Scaling was 
added to present relation between the number of species and 
log based area values
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that distance has no effect on the species-area rela-
tionship in the continental islands.

The relationships between the number of 
endemic species and geographical variables were 
likewise analysed separately in the five groups of 
islands (Online Resource 4b, Fig. 4b). Both surface 
area and maximum elevation had significant posi-
tive correlations with the number of island endemic 
species in each group of the islands, yet the scat-
terplots (Fig.  4b) unambiguously depict non-linear 
relationships between these variables and endemic 
diversity. Islands below a threshold area (~ 3620 
 km2, Socotra) or max. elevation (~ 1340  m, Puerto 
Rico) do not support any endemic species regard-
less of their size (small-island effect). Above these 
thresholds, endemic species richness grows faster 
with increasing area and max elevation, than total 
species richness (Fig.  4a, b). Similarly, in the pat-
terns observed in overall species richness, latitude 
had a significant inverse yet weak relationship 

with endemic diversity in tropical islands (Online 
Resource 4.b). Distance from mainland had a sig-
nificant (P < 0.05) negative correlation with the 
endemic species in the oceanic island only.

Compositional similarity of the insular fauna and its 
determinants in Cyclopidae

Compositional similarity of the island faunas was 
analysed using two different similarity indices 
(Fig. 5). The Simpson similarity index, unlike the Jac-
card index, measures the nestedness of the faunas: the 
similarity between islands is 1.0, when one of the fau-
nas compared is fully nested by the other fauna. For 
example, all species occurring in Ireland are also pre-
sent in Great Britain; therefore while Jaccard (0.74) 
similarity index shows some distance between Great 
Britain (with larger fauna) and Ireland, the Simpson 
similarity is the maximum 1.0.

Fig. 4  Relationships between the cyclopid diversity (a total 
species richness; b endemic species richness) and geographical 
variables. Regression formulas and trend lines are given for the 
significant relationships, unless the variance of the residuals is 
uneven (see the relationships between total/endemic species 
richness and latitude), or the linear relationship is question-
able (relationship of distance from mainland and total species 
richness in the “continental” and “all” islands; for explanation 

see the text), or obviously non-linear (relationships between 
the area, maximum elevation and endemic species richness). 
Beige boxes show the area and maximum elevation ranges, 
within which no endemic species occurs, regardless of the area 
size and maximum elevation (small-island effect). Black—all 
islands, green—continental islands, brown—oceanic islands, 
blue—temperate islands, red—tropical islands
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Fig. 5  Similarity coefficients dendrograms using UPGMA method, and based on two different similarity indices. For the codes of 
the names of the islands see Table 1
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Relatively few islands could be included in the 
analyses, and as a consequence the relationships 

revealed by clustering may only inform us about the 
approximate biogeographic patterns. There is only 
one large cluster shared by both dendrograms: all the 
temperate islands (incl. South Island in New Zealand) 
form one group, with the exception of Flores Azores 
(4 species) and Easter Island (1 species). Also, the 
two Philippine islands (Luzon and Mindanao) and 
the Florida Keys (Duck, Long, Cudjoe and Big Pine) 
grouped together in both dendrograms. On the other 
hand, there are many groups in which the Jaccard and 
Simpson dendrograms differ from each other. The 
cluster of the Greater Sunda Islands, absent in Simp-
son, was recovered by the Jaccard dendrogram. The 
faunas of Java and Sumatra are closer to each other, 
while that of Borneo is more distant. The Simpson 
dendrogram also differs from Jaccard in the relation-
ships to the Hawaiian Islands. The association of the 
two Hawaiian islands, supporting only a few widely 
distributed species (Oahu, 3 spp.; Molokai 4 spp.), 
with disparate regions (Oahu to Borneo; Molokai to 
Hispaniola) are the results of the nestedness effect 
in the Simpson dendrogram. The NMDS ordination 
(Fig.  6), based on the Jaccard distance, confirmed 
all main clusters recovered by the Jaccard dendro-
gram. Yet, while Sri Lanka and the Philippine islands 

Fig. 6  Non-metric multidimensional scaling (NMDS) ordina-
tion plot of Jaccard’s binary distance for the cyclopid composi-
tion (stress criterion value = 0.10). For the codes of the names 
of the islands see Table 1

Fig. 7  Correlation between the compositional similarity and inter-island distance was calculated using Mantel test (P < 0.05) in three 
classes (all islands, oceanic- and continental islands) and applying different similarity indices (Jaccard and Simpson)
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constitute one cluster in the Jaccard dendrogram, Sri 
Lanka is closer to the Greater Sundas in the NMDS 
plot. The effect of the inter-island distance on the 
compositional similarity of the faunas was measured 
using the Mantel test, applying two different similar-
ity indices in three classes (“all”, “oceanic” and “con-
tinental”) of the islands (Fig. 7). A significant inverse 
relationship was found in each group of the islands 
regardless of the similarity index, yet the correla-
tion was stronger in the continental islands, than in 
the oceanic group. The correlations were apparently 
weaker if the faunas were compared by the Simpson 
index.

Distance-based redundancy analysis showed that 
geographic variables of the islands (area, maximum 
elevation, latitude and shortest distance from the con-
tinent; all variables were log transformed) account for 
24.2% of variation in the compositional dissimilarity 
(Online Resource 5). All four explanatory variables 
were significant (P = 0.002). Area, maximum eleva-
tion, latitude and shortest distance from continent 
explain 6.3%, 6.9%, 6.7% and 5.8% of the variance, 
respectively. Variation partitioning based on PCNM 
analysis revealed that these environmental variables 
alone explain 11.4% of the explained variation in the 
compositional dissimilarity, while space (geographic 
distance) is responsible for 67.5%, and the shared 
effect is 21.1% (Fig. 8, Online Resource 6). Climate 
alone is responsible for 9.2% of the explained varia-
tion in copepod composition, space explains 68.2%, 

while the shared effect is 22.6%. Considering the con-
tinental/oceanic type of islands vs space, 6.4% of the 
explained variation is related to the type of island; 
84.8% is related to space, and 8.8% is the shared 
effect.

Discussion

The cyclopid genera differ highly in their preference 
for island occurrence. Mesocyclops and Thermocy-
clops have relatively high insular diversity, while 
other genera such as Cryptocyclops, Neocyclops, 
Speocyclops and Acanthocyclops show less propen-
sity to disperse and/or diversify in islands (Table 2). 
Except for Cryptocylops, a significant portion of the 
species in these genera occur in the groundwaters, 
and as such they are considered to be poor dispersers 
(Galassi, 2001; Galassi et  al., 2009; Fattorini et  al., 
2016). Other genera (Halicyclops and Diacyclops) 
that also show large diversity in the groundwaters, 
however, are well represented on islands which sug-
gests that low diversification rate rather than low dis-
persal ability is responsible for the low insular diver-
sity in Neocyclops, Speocyclops and Acanthocyclops.

Single-island endemic species and subspecies (83) 
constitute ~ 29% of all insular cyclopids. About two-
thirds of the endemics live in special/cryptic envi-
ronments: groundwater, 43; mosses, 6; associates of 
polychaetes and crustacea other than copepods, 3; 

Fig. 8  Results of PCNM 
and variation partition-
ing. PCNM fractions of 
variation explained by the 
primary predictor variables 
versus space. “a” and “b” 
represent the variations 
in cyclopid composition 
explained by three groups 
of the primary predictors, 
and space (geographic 
distance) respectively, “c” 
indicates the shared effect. 
All tested fractions in con-
figurations a + b + c, a + c, 
and b + c were significant 
(P = or < 0.004)
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bromeliads (phytotelmata), 1 (see Online Resource 
1). Cryptic habitats are sampled perhaps at a lower 
rate than typical surface water bodies, which may 
affect our knowledge of the geographic distribution in 
some species. Nonetheless the current observations, 
i.e. dominance of the subterranean and associated 
way of life among the endemic species, suggest that 
majority of endemics are poor dispersers and/or habi-
tat specialists.

Concerning the overall species richness in particu-
lar islands, Honshu ranked first. The large species 
richness (69) and relatively high rate of endemism 
(0.22), in comparison to islands of similar or even 
larger area, may due to a few factors. First, Honshu 
is part of a 3000-km-long chain of islands extending 
in a north–south direction, and is connected to both 
the Palearctic and Oriental (subtropical) regions. Sec-
ond, the fauna of the Japanese islands (incl. Honshu) 
have a long history that is independent from main-
land Asia, beginning at Middle-Late Miocene. On 
the other hand, marine regressions could facilitate 
faunal exchange between Honshu and the Asian con-
tinent via Hokkaido and Sakhalin, or across a narrow 
sea channel between Korea and Honshu during the 
Pleistocene (Millien-Parra & Jaeger, 1999; Karanovic 
et al., 2013; Tojo et al., 2017). Third, with the excep-
tion of some high mountain ranges, Honshu remained 
non-glaciated during the Pleistocene (Sawagaki et al., 
2004). Fourth, taxonomic studies on the freshwater 
copepods have a long tradition in the Japanese islands 
(Online Resource 2), and Honshu belongs to the more 
explored islands. Comparison with the fauna of Great 
Britain (50 spp.; rate of endemism, 0.06), the best 
explored island with an area similar in size to Hon-
shu, nevertheless suggests that factors other than sam-
pling effort have had more influence on the cyclopid 
diversity in Honshu.

Geographic determinants of the insular diversity in 
Cyclopidae

Both the climate (temperate vs tropical islands) and 
recent contact with mainland vs permanent or old 
isolation (continental vs oceanic islands) have been 
hypothesized here to affect the relationships between 
the geographic variables and cyclopid species rich-
ness in islands.

Our data do not support a significant impact of 
latitude on the insular diversity in the Cyclopidae. 

The total and endemic species richness did not differ 
between the tropical and temperate islands (Online 
Resource 3b). Latitudinal position of the islands did 
not correlate significantly with the total and endemic 
species richness, with the exception of a weak inverse 
relationship in the tropical islands (Online Resource 
4). Also, the linear regressions of the species-area 
relationships have the same slope in tropical and 
temperate islands, though the intercept is somewhat 
larger in the temperate islands. It is difficult to esti-
mate the extent to which uneven sampling effort 
(likely greater in the northern temperate than in the 
tropical islands) could influence the results. Never-
theless the similar species richness here observed in 
the tropical and temperate islands is consistent with 
the global diversity pattern found in the Cyclopi-
dae (Reid, 1994; Hołyńska, 2011). The family as a 
whole has ca. 530 and 510 (sub)species in the tem-
perate (northern and southern combined) and tropical 
regions, respectively. Two (Halicyclopinae and Eucy-
clopinae) of the three subfamilies living in the conti-
nental waters have a tropical diversity peak, yet the 
largest subfamily (Cyclopinae) comprising ca. 2/3 of 
all cyclopid species is more diversified in the temper-
ate zone (Hołyńska, 2011). The lack of an apparent 
difference in the cyclopid diversity between the tropi-
cal and temperate islands cannot, however, be extrap-
olated to the polar vs temperate islands comparisons. 
Regional analyses of the freshwater copepod and cla-
doceran fauna in Canada (Pinel-Alloul et  al., 2013) 
and Norway (Hessen et al., 2007), as well as a global-
scale overview of the distribution in Cyclopidae 
(Hołyńska, 2011) show a major reduction in the spe-
cies richness towards the polar regions, and we expect 
this same trend to hold true for the insular fauna.

By contrast, the continental and oceanic islands 
differed not only in the species richness (Online 
Resource 3a), but also in the parameters of the 
regression lines (Fig. 4a). These two types of islands 
especially are clearly separate from each other if we 
consider the overall species-maximum elevation rela-
tionship: the slope of the regression line is distinctly 
steeper in the oceanic islands (Fig.  4a). The differ-
ence in the species richness between continental and 
oceanic islands is more conspicuous at the bottom 
left end of the regression lines (small surface area or 
elevation) (Fig. 4a). The greater overall species rich-
ness in the continental islands can be explained by 
both the Pleistocene land connections with mainland 
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(source area), and the relatively small distance from 
the continent which acts as a permeable barrier in 
many taxa.

As regards the relationships of the parameters of 
the species-area curves in the continental and oceanic 
islands, our results fit the general trends observed 
in other organisms (Triantis et  al., 2012; Matthews 
et al., 2016): a higher positive slope (z value) appears 
in the oceanic islands, while the intercept (logc value) 
is larger in continental islands.

Interestingly, in some aspects the species-area 
curves obtained for the freshwater Cyclopidae devi-
ate from those observed in overwhelmingly terrestrial 
organisms (Triantis et  al., 2012). First, the slope (z) 
and intercept values (logc) found in a large meta-
analysis by Triantis et al. (2012) are distinctly larger 
than that obtained in the Cyclopidae: means (± stand-
ard error) of the z values for the continental and oce-
anic islands were 0.30 ± 0.008 (cyclopids: 0.186), and 
0.379 ± 0.017 (cyclopids: 0.326), respectively; means 
(± standard error) of the logc values for the continen-
tal and oceanic islands were 0.966 ± 0.049 (cyclopids: 
0.65) and 0.616 ± 0.058 (cyclopids: − 0.34), respec-
tively. Large area scale (area ratio of the largest and 
smallest islands larger than five orders of magnitude) 
of the data set presented here may contribute to the 
decrease in the z values in the Cyclopidae. An inverse 
relationship between the slopes of the species-area 
curves and surface area ratios of the largest and small-
est islands have been documented by Triantis et  al. 
(2012) and Matthews et  al. (2019). The relatively 
low z and logc values in the freshwater taxa might 
also be related to their lower diversification (global 
species richness) in comparison to many terrestrial 
groups, which correlates with the number of insular 
species in these taxa. Meta-analyses suggest that the 
total species richness in an archipelago positively cor-
relates with both logc and z, and especially strongly 
affects the slope of the species-area curve (Matthews 
et  al., 2019). Second, the negative logc observed in 
Cyclopidae seems to be rare in the datasets (> 600) 
analysed by Triantis et al. (2012). We speculate that 
the negative logc value is related to the highly limited 
availability or lack of permanent fresh water bodies 
in smaller oceanic islands that are still available for 
terrestrial organisms. To test this hypothesis we need 
data on various (invertebrate and vertebrate) taxa 
whose life cycle depends on freshwater environments.

The small-island effect (SIE) was apparent in 
both the endemic species-area and endemic species-
max. elevation relationships: below a threshold 
area and elevation, the surface area and max eleva-
tion had no effect on the endemic species richness 
(which remained 0). SIE was not observed when we 
regressed the total species richness on area or eleva-
tion, except for the oceanic islands in which the nega-
tive intercept values of the regression lines generated 
the area and elevation thresholds. In a similar pattern, 
SIE is absent for total species richness yet present in 
the endemic species richness—area relationship in 
the vascular plants of the Aegean archipelago (Kalli-
manis et al., 2010). As far as the total species richness 
is concerned, the size of the threshold (or breakpoint) 
area/elevation depends on the dispersal abilities of the 
organisms and isolation of the islands: the threshold 
area is smaller for the good dispersers, and larger in 
more isolated archipelagos (MacArthur & Wilson, 
2001; Schrader et al., 2020). Lack of SIE for the over-
all species-area curve in the continental islands in 
Cyclopidae (Fig. 4a) is consistent with this generali-
zation. In the small oceanic islands the lack of perma-
nent freshwater sources and isolation likely increase 
extinction and decrease colonization rates, resulting 
in the absence of cyclopids. The large threshold area 
(~ 3620  km2) and relatively high threshold elevation 
(~ 1340  m) for island endemics indicate that both 
emergence of new species and the survival of ancient 
relict lineages in Cyclopidae might be associated 
with a significant geographical heterogeneity in the 
islands. The small sample size did not allow testing if 
the threshold values differed between the continental 
and oceanic islands, yet the area diagram in Fig. 4b at 
least seems to suggest that the threshold area might 
be larger in the continental than in the oceanic islands 
(and larger than the values mentioned above for all 
islands). A greater threshold area for the endemic 
species diversity in the continental islands might be 
explained by gene flow from the mainland popula-
tions, decelerating the island speciation processes 
(Heaney, 2000; Whittaker et al., 2008). Triantis et al. 
(2008) compared the minimum area required to have 
at least one single-island endemic species among var-
ious vertebrate, invertebrate and plant taxa. In most of 
these groups the threshold areas were orders of mag-
nitude smaller than what we observed in the Cyclopi-
dae. It was only the West Indian orchids in which an 
estimate of the critical area (1961.5  km2) somewhat 
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approached the value for the Cyclopidae. The authors 
explained this relatively high value by the good dis-
persal capacity of the orchids (“dust-like and wind 
dispersed seeds”). Yet, beyond gene flow, taxon-spe-
cific speciation processes, and island age, the limited 
availability of the permanent freshwater habitats is 
assumed to be the major constraint for speciation in 
the Cyclopidae.

The biogeographic literature does not seem to sup-
port any general trend in the relationship between 
the number of endemic species and distance from 
mainland. A positive correlation was hypothesized 
by Heaney (2000) and Whittaker et al. (2008), while 
a weak negative or non-significant relationship has 
been found in vascular plants (Aegean archipelago) 
and birds (West Indies, Wallacea) (Kallimanis et al., 
2010; Dalsgaard et  al., 2014). The strong inverse 
relationship between distance from mainland and 
cyclopid endemism in the oceanic islands might 
be explained if we assume that the ancestors of the 
endemic species were similar to their extant descend-
ants in being habitat specialists with poor dispersal 
capacities. As a consequence, the gene flow from 
the source area might have only a marginal effect on 
insular speciation in the oceanic islands, while isola-
tion could act as significant constraint for coloniza-
tion of the islands and adaptive radiations in these 
crustaceans.

Compositional similarity of the insular fauna and its 
determinants in the Cyclopidae

Based on the available geographic occurrence data, 
the Jaccard dendrogram fits the currently used bio-
geographic regionalisation systems (e.g., Boxshall & 
Defaye, 2008) better than the Simpson dendrogram: 
the Greater Sundas, Hawaiian islands and Caribbean 
islands forming separate clusters in the Jaccard den-
drogram, have not been recovered by the Simpson 
dendrogram. The cluster of the temperate islands, 
including all European (except for the Flores Island 
in the Azores) and Japanese islands, plus South Island 
in New Zealand, was the single large group shared by 
the Jaccard and Simpson dendrograms. In a biogeo-
graphic regionalization based mainly on the freshwa-
ter fishes (Bănărescu, 1991), all the Japanese islands 
as well as Sakhalin are parts of the East Asian sub-
region of the Sino-Indian region, including also the 
South Asian (Indian subcontinent, Indochina except 

for Vietnam, Malay Peninsula, and Greater Sundas) 
and High Asian (Tibet, western China and part of 
Central Asia) subregions. A higher faunal similar-
ity between the Japanese and European islands than 
between the Japanese and Sino-Indian islands (e.g., 
Sri Lanka and Greater Sundas), however, is in line 
with the classic Sclater-Huxley-Udvardy region-
alization (Udvardy, 1983; Boxshall & Defaye 2008), 
which considers Kyushu, Honshu and Hokkaido as 
parts of the Palearctic region. The closer relationship 
of the Sri Lankan fauna to the Greater Sundas rather 
than to the Philippines (Fig. 5 cf. Fig. 6), is consist-
ent with that both Sri Lanka and the Greater Sundas 
lying on the Asian shelf had land connection with 
continental Asia during the Pleistocene, while Mind-
anao and Luzon remained isolated from the conti-
nent (Voris, 2000; Sathiamurthy & Voris, 2006). As 
to the relatedness of the South Island (New Zealand) 
fauna to the Palearctic islands, such a grouping may 
be an artefact, rather than a natural biogeographic 
entity. Nine of the 14 species reported from South 
Island are shared with Great Britain: some of these 
taxa can be genuine cosmopolitan (Paracyclops chil-
toni and perhaps Diacyclops bisetosus), while others 
[Acanthocyclops robustus (G.O. Sars, 1863), Acan-
thocyclops vernalis, Diacyclops bicuspidatus (Claus, 
1857), Eucyclops serrulatus s. str., Halicyclops mag-
niceps (Lilljeborg, 1853), Macrocyclops albidus 
s. str. Microcyclops varicans s. str.] might either be 
introduced by the European settlers to the island, or 
in fact refer to other species. A taxonomic revision of 
the New Zealand Cyclopidae is still not available, yet 
some studies on the copepods of cryptic environments 
(subterranean waters, Nothofagus litter) revealed a 
considerable potential of these habitats to harbour a 
unique native fauna (Karanovic, 2005). Five of the 
14 species occurring on South Island are known as 
endemic to New Zealand: two of them [Metacyclops 
monacanthus (Kiefer, 1928), Goniocyclops silvestris 
Harding, 1958] have the closest relatives in Australia 
(Karanovic et  al., 2011), while two other species 
(Zealandcyclops) seem to show morphological affini-
ties to some Diacyclops in Lake Bajkal and Itocy-
clops in Eastern Asia and North America (Karanovic, 
2005). More research, especially on the groundwa-
ter fauna, is needed to better understand the biogeo-
graphic history of Cyclopidae in New Zealand, an old 
Gondwanan microcontinent with major extinction of 
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the biota occurring during Oligocene submergence of 
the islands (Goldberg et al., 2008).

We found significant inverse relationships between 
the compositional similarity and inter-island distance 
in both the continental and oceanic islands, with a 
stronger correlation in the continental islands (Fig. 7). 
Different strengths of the relationships can be 
explained by greater “connectedness” of the continen-
tal islands sampled here, in comparison to the oceanic 
islands. With the exception of the four Florida Keys 
islands, all the continental islands are located on or 
near the Eurasian shelves, and were directly (or indi-
rectly) connected to the mainland during the Pleisto-
cene. Also, East Asia extending from the Russian Far 
East to Vietnam served as a wide dispersal corridor 
for both temperate-Palearctic and tropical-Oriental 
organisms during Late Neogene and Quaternary cli-
matic oscillations (Corlett, 2014; Qian et  al., 2017). 
The geographic variables major determinants of the 
total and endemic species richness on islands explain 
only minor portion of the variance in faunal dissimi-
larity, relative to ‘space’ (distance between islands) 
(Fig. 8). Yet even including both the geographic and 
space variables, a significant part (~ 90%) of the vari-
ation in cyclopid composition remains unexplained 
(Online Resource 6), which suggests that historical 
factors (island age and origin, land connections, cata-
strophic events such as glaciation or submergence of 
island) may have much stronger impact on the species 
composition.

Conclusions

The relationships between the geographic variables 
and the cyclopid species richness and faunal simi-
larity greatly differ in the continental and oceanic 
islands. In several aspects these patterns are similar 
to those richly documented in the terrestrial organ-
isms. On the other hand, the relatively large size of 
the islands (in terms of both surface area and max. 
elevation) supporting at least one endemic species, 
and the negative intercept values of the species–area 
and species–elevation regression lines in the oce-
anic islands, might be a characteristic of freshwa-
ter organisms. To verify this hypothesis data on the 
insular diversity in a wide range of the freshwater 
taxa are needed. Area and maximum elevation were 

considered here as the proxies for habitat heterogene-
ity, yet future studies on the determinants of insular 
species richness could consider the diversity of land 
cover and “active surface” of lake and rivers on the 
islands. Species composition, in contrast to species 
richness, has been affected by the geographic vari-
ables to only a minor extent, while space (distance 
between islands) is a more important determinant of 
the faunal (dis)similarity. Nevertheless, the most seri-
ous limitation in interpreting island biogeography 
in the freshwater copepods is our still fragmentary 
knowledge about the insular fauna. Dominant habitat 
types of the endemic cyclopid species indicate that 
cryptic environments (subterranean waters, semiter-
restrial biotopes) harbour a significant portion of the 
native fauna and may provide clue to the history of 
the islands.
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