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Abstract
Aim: Latitudinal clines of species diversity are widely documented in terrestrial and 
marine ecosystems. However, the processes governing species diversity gradients 
in riverine ecosystems have not been well-studied. We addressed this issue by com-
paring species diversity between riverine aquatic and terrestrial earthworm groups 
(genus Sparganophilus and Diplocardia, respectively).
Location: North American temperate zone.
Taxon: Sparganophilus and Diplocardia.
Methods: We collected 556 Sparganophilus earthworms from 64 sites spanning 27 
degrees of latitude (18.77°–45.90°N), and 165 Diplocardia earthworms from 23 sites 
(21 degrees, 19.77°–41.20°N). We split potential species from the phylogenetic trees 
based on four genes and compared the latitudinal pattern of species diversity be-
tween these two groups.
Results: We estimated the number of potential species to be 10 for Sparganophilus 
and 8 for Diplocardia, respectively, from 526 haplotypes (403 in Sparganophilus and 
123 in Diplocardia). Sparganophilus species diversity was higher at mid-latitudes (32° 
to 40°) due to a preponderance of species with limited geographical distributions, 
whereas all specimens collected north of 40° belonged to broadly distributed spe-
cies. Species with limited geographical distributions were more often collected at 
higher elevations than broadly distributed species in Sparganophilus. For Diplocardia, 
species diversity was higher at lower latitudes (28° to 32°).
Main Conclusions: These results suggest that, in Sparganophilus, species composition 
at higher latitudes above 40° is derived from range expansion by broadly distributed 
species from lower latitudes. The high elevation area in the native distribution range 
of Sparganophilus is limited to the Appalachian Mountains, which ranges above 33° 
in latitude. The high species diversity of Sparganophilus with limited distributions 
at mid-latitude (32°–40°) suggests that the headwater regions at the Appalachian 
Mountains are sites for more frequent speciation.
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1  | INTRODUC TION

Latitudinal clines of species diversity are one of a few generalized 
patterns in biogeography. Although the pattern has been widely 
characterized, the processes driving the latitudinal pattern are still 
a matter of debate (e.g. Allen, Gillooly, Savage, & Brown, 2006; 
Jablonski, Roy, & Valentine, 2006; Weir & Schluter, 2007). This lati-
tudinal pattern is mainly thought to be due to more speciation events 
in a lower latitudinal area and due to a distribution range expansion 
of each species from lower to higher latitudes (Jablonski et al., 2006). 
Allen et al. (2006) indicate that a higher individual metabolic rate in 
a warmer area is a primary determinant of a higher speciation rate 
at lower latitudes. On the other hand, Weir and Schluter (2007) sug-
gest that a faster turnover (higher speciation and extinction rates) at 
higher latitudes contributes to the latitudinal diversity gradient. In 
addition, the major factors affecting the latitudinal pattern can vary 
at different latitudes, and the evolutionary time hypothesis holds 
for temperate areas affected by extremely cold climate during past 
glacial periods (Gaston & Blackburn, 2000; Mittelbach et al., 2007; 
Wallace, 1878; Wiens, Pyron, & Moen, 2011). The evolutionary time 
hypothesis suggests that the species richness in an area is related to 
the length of time available for speciation to occur.

Riverine ecosystems are characterized globally by a range of 
diverse and unique species. Although there have been many stud-
ies concerning the latitudinal pattern of species diversity in ter-
restrial and marine ecosystems (e.g. Allen et al., 2006; Jablonski 
et al., 2006; Weir & Schluter, 2007), the findings from these stud-
ies might not be appropriate for interpreting species diversity 
patterns in riverine systems. The processes governing species di-
versity in fish and invertebrates in riverine ecosystems have not 
been well-studied. One meta-analysis reported that latitudinal 
gradients of species diversity are much weaker in freshwater than 
in terrestrial and marine habitats (Hillebrand, 2004), while another 
showed that species diversity of rheophilic insects was higher 
in tropical streams compared to mid-latitude streams (Stout & 
Vandermeer, 1975). However, these studies only compared species 
diversity, and thus did not reveal the processes causing a species 
diversity gradient such as speciation and genetic differentiation 
patterns. Although several researchers have examined the genetic 
differentiation of fish along rivers in North America (e.g. Avise, 
2000; Soltis, Morris, McLachlan, Manos, & Soltis, 2006), specia-
tion cannot be detected because of the low genetic differentiation 
among populations due to their high dispersal ability. There are 
some studies concerning the genetic structure in riverine aquatic 
insects that have a lower dispersal ability (e.g. Galacatos, Cognato, 
& Sperling, 2002; Zickovich & Bohonak, 2007), but these studies 
are localized samples and hence are not useful for understanding 
latitudinal patterns.

As with freshwater ecosystems, there have been relatively few 
studies examining the general relationship between latitude and di-
versity in soil ecosystems. Among these studies, very few indeed have 
dealt with latitude/soil animal diversity explicitly (i.e. not focusing on 
soil microbial community diversity/structure/function). The general 

lack of studies in this area was pointed out by Decaëns (2010); but 
recently, a meta-analysis study for the global pattern of earthworm 
diversity has been published (Phillips et al., 2019). Interestingly, they 
found that the regional diversity of earthworms was higher at mid-lat-
itudes, but that of unique earthworms was higher at lower latitudes. 
They also found that the effects of previous glaciations had a strong 
impact on earthworm diversity. In North America, glacial history has 
long been hypothesized to have structured earthworm communities 
(Gates, 1977; James, 2004), and this glacial history has been used to 
explain a latitudinal cline in species diversity for other organisms in the 
continent as well.

In this study, we used a molecular phylogenetic approach to ad-
dress the speciation and dispersal patterns in riverine ecosystems 
along a latitudinal gradient in the North American temperate zone by 
comparing patterns between two genera within the native earthworm 
fauna. The first of these genera, Sparganophilus (Sparganophilidae) 
(Figure 1a), is composed of riverine sediment-dwelling earthworms, 
and the second genus, Diplocardia (Acanthodrilidae) (Figure 1b), is 
composed of terrestrial, soil-dwelling earthworms. Sparganophilus 
earthworms are obligately aquatic inhabitants of humus and sedi-
ments along rivers and ponds, as they are never encountered in lit-
ter or soils of truly terrestrial habitats such as forests or grasslands. 
Although several studies for freshwater fish have revealed the in-
traspecific and interspecific phylogenetic differentiation along the 
length of rivers (Avise, 2000; Bernatchez & Osinov, 1995; Haponski 
& Stepien, 2008), earthworms are expected to have a poorer dis-
persal ability than fish, and therefore to have experienced more 
allopatric speciation than fishes. Sparganophilus species are mainly 
distributed in the North American continent from the southern part 
of Canada to Mexico throughout the temperate zone (Reynolds, 
2008; Reynolds & Wetzel, 2008). The genus Sparganophilus is na-
tive to North America, but has been introduced in other parts of the 
world, notably in the River Thames, as well as in continental Europe 
(Rota, Bartoli, & Laini, 2014). Therefore, Sparganophilus earthworms 
are an excellent candidate group of organisms for examining latitudi-
nal patterns of speciation in riverine ecosystems.

Thirteen Sparganophilus species are currently known based on 
their morphological differences in North America (Reynolds, 2008; 
Reynolds & Wetzel, 2008). However, it is difficult to identify earth-
worm species using their morphological characters because these 
external morphological characters are relatively limited in number 
and depend on the full development of sexual characters in individ-
ual specimens (e.g. Ikeda et al., 2018; Ikeda, Tsuchiya, Nagata, Ito, & 
Sota, 2012). Species-level classification of the genus Sparganophilus 
has not been seriously pursued since the 1970s, but more work in 
this area is expected to reveal many more species than currently 
described (Carerra-Martínez, 2018). Fortunately, in the light of the 
difficulty in identifying specimens, it has become an increasingly 
accepted practice in recent years to use molecular designations of 
species identity to allow previously unidentifiable specimens to be 
used in ecological studies (Ikeda et al., 2018; Richard et al., 2010).

We also used a native North American terrestrial earthworm 
group, Diplocardia, to allow comparisons between aquatic and 
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terrestrial species. Diplocardia inhabits forest and grassland 
soils, with 50 species known in North America based on their 
morphological differences (Damoff, 2018; Damoff & Reynolds, 
2017; Fragoso & Rojas, 2016; Reynolds, & Wetzel, 2008, 2012). 
The native distribution range of Diplocardia is limited to North 
America (Gates, 1977), and is similar to that of Sparganophilus. 
Therefore, terrestrial Diplocardia is an appropriate earthworm 
group for comparing speciation and dispersal patterns with river-
ine Sparganophilus. Generally, terrestrial earthworms are mainly 
classified into three ecological types (epigeic, endogeic and an-
ecic; Bouché, 1977), and most Diplocardia species are endogeic 
(Callaham, personal observation). Species living in unstable envi-
ronments tend to have a high dispersal ability, and move among 
habitats frequently, causing low rates of allopatric speciation, 
whereas species living in stable environments tend to have a 
low dispersal ability, causing high rates of allopatric speciation 
(Papadopoulou, Anastasiou, Keskin, & Vogler, 2009; Ribera, 
Barraclough, & Vogler, 2001). Several disturbances can occur 
in riverine ecosystems (e.g. floods and droughts), whereas the 
soil environment is relatively stable. In addition, the river flow 
can cause the migration of earthworm individuals and cocoons. 
Therefore, we hypothesized that the riverine Sparganophilus spe-
cies would be genetically less differentiated among populations 
than the terrestrial Diplocardia species.

2  | MATERIAL S AND METHODS

2.1 | Sampling

We collected earthworms over a wide geographical area in 
North America from 2011 to 2013. Sparganophilus samples were 
collected from humus and sediments along rivers and small 
streams (Figure 1c,d), and Diplocardia samples were collected 
from nearby forest or grassland soils (Figure 1e; see Table S1.1 

in Appendix S1). We collected earthworms for about half an hour 
at each site.

2.2 | DNA sequencing

The total genomic DNA of earthworms was extracted using DNeasy 
Blood & Tissue Kit (Qiagen). The following primers were used for 
PCR amplification and direct sequencing: mitochondrial COI gene: 
LCO1490 (forward), 5′-GGT CAA CAA ATC ATA AAG ATA TTG G-3′ 
(Folmer, Black, Hoeh, Lutz, & Virjenhoek, 1994), COI2198E (reverse), 
5′-TAW ACT TCW GGG TGW CCR AAR AAT CA-3′ (Ikeda et al., 2018); 
mitochondrial 16S gene: 16SF2 (forward), 5′-CGA CTG TTT AAC AAA 
AAC ATT GC-3′ (Pérez-Losada, Ricoy, Marshall, & Domínguez, 2009), 
16SR2 (reverse), 5′-GTT TAA ACC TGT GGC ACT ATT C-3′ (Pérez-
Losada et al., 2009); nuclear 28S gene: 28s-RD3.3f (forward), 5′-GAA 
GAG AGA GTT CAA GAG TAC G-3′ (Pérez-Losada et al., 2009), 28SD1 
(forward), 5′-CCT AGG AGT CGG GTT GTT TG-3′ (this study), 28SD3 
(forward), 5′-GAG TCG GGT TGT TTG AGA TTG-3′ (this study), 28s-
rD5b (reverse), 5′-CCA CAG CGC CAG TTC TGC TTA C-3′ (Whiting., 
2002); and nuclear H3 gene: H3F (forward), 5′-ATG GCT CGT ACC 
AAG CAG ACV GC-3′ (Colgan et al., 1998), H3R (reverse), 5′-ATA TCC 
TTR GGC ATR ATR GTG AC-3′ (Colgan et al., 1998), H3R4 (reverse), 5′-
TGG GCA TGA TGG TGA CGC GCT-3′ (Ikeda et al., 2018). Sequencing 
of the purified PCR products was performed using the services of 
Macrogen. Sequencing of the COI region of some specimens was per-
formed at the Canadian Centre for DNA Barcoding (CCDB), Canada. 
Samples were sequenced from forward first, and if the results were 
ambiguous or unclear, we also obtained the reverse sequence data 
for these samples. We obtained at least one gene region from all 
specimens. Sequence data were deposited in GenBank (Table S1.2 in 
Appendix S1).

We used MAFFT v.7.304 software (qinsi method) to develop the 
16S and 28S alignments (Katoh & Standley, 2013). The alignments of 
all genes were inspected by eye for obvious misalignment. Haplotypes 

F I G U R E  1   (a) An adult and (c) the 
castings of Sparganophilus species, and (b) 
an adult of Diplocardia species. Examples 
of the sampling sites for (d) Sparganophilus 
species and (e) Diplocardia species. Photo 
credits: R. Carerra-Martinez (a–c) and H. 
Ikeda (d and e)

(a)

(c) (d) (e)

(b)
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were detected using the ‘pgelimdupseq’ command in Phylogears2 v. 
2.0 software (Tanabe, 2008), and collapsed for phylogenetic analyses.

2.3 | Phylogenetic analysis

We used 1,035 bp of the 16S gene, 637 bp of the COI gene, 898 bp 
of the 28S gene and 282 bp of the H3 gene for phylogenetic analysis. 
The optimum substitution models of each data set for phylogenetic 
analysis were estimated using Kakusan4 software (Tanabe, 2011). 
Bayesian analysis was performed using BEAST v. 1.10.4 software 
(Drummond, Suchard, Xie, & Rambaut, 2012) with substitution models 
selected according to the BIC4 goodness-of-fit measure (COI: GTR+G; 
16S: GTR+G; 28S: GTR+G; H3: HKY+G). The COI sequences were 
partitioned by codon positions without unlinking parameters among 
codon positions. Enchytraeidae, Tubificidae and Moniligastridae 
samples were used as outgroups (GenBank accession numbers: 
LC199985, LC199992, LC200017, LC200019, LC200023, LC200054, 
LC200078, LC200082, LC200152, LC200156, LC200175, LC200185, 
LC200240, LC200250, LC200254, LC200325, LC200329, LC200349, 
LC200363, LC475699, LC475700, LC476004, LC476187–LC476189, 
LC476547–LC476550, MK971718). We also included some other 
families (Lumbricidae, Megascolecidae and Glossoscolecidae) to con-
struct the phylogenetic tree (GenBank accession numbers: LC475687–
LC475698, LC475984–LC476003, LC476525–LC476546, MK971710, 
MK971712, MK971723, MK971736, MK971739, MK971740, 
MK971743, MK971756).

First, we constructed a haplotype tree with all haplotypes to 
include divergence within species. We used the lognormal relaxed 
clock model for the analysis. We performed three Markov chain 
Monte Carlo runs for 500 million generations, with trees sampled 
every 10,000 generations; the first 400  million generations were 
discarded as burn-in. We combined the remaining trees from the 
three runs and used them for constructing a tree. Maximum likeli-
hood analyses were performed using RAxML ver. 8.2.9 (Stamatakis, 
2014) based on the models selected by AIC (separate model among 
regions and non-partitioned model among codons, GTR+G for all re-
gions) with 1,000 bootstrap replications.

We split the potential species (molecular operational taxonomic 
units: MOTUs) from the phylogenetic trees that include divergence 
within species (haplotype tree) because morphological identifica-
tion of earthworms is difficult and relies on a relatively small num-
ber of characters, including sexual characters that may or may not 
be fully developed at the time of collection (e.g. Ikeda et al., 2018; 
Ikeda et al., 2012). Species-level classification of Sparganophilus has 
also not been well-studied and is currently in development (Carerra-
Martínez, 2018). Thus, we used MOTUs as potential species in this 
study. We used a multilocus species delimitation method imple-
mented in the program ‘tr2’ (Fujisawa, Aswad, & Barraclough, 2016). 
This program resolves species limits with multilocus sequence data 
using a guide tree constructed from multiple genes and each gene 
tree. Species delimitation programs have been developed for a 
single gene and/or a single tree (e.g. Monaghan et al., 2009), and 

these programs can overestimate species number. However, the tr2 
program uses multiple gene trees and prevents such an overesti-
mation (Fujisawa et al., 2016). The haplotype tree constructed from 
all four genes was used as a guide tree for analysis. We also con-
structed each gene tree for analysis using BEAST v. 1.10.4 software 
(Drummond et al., 2012) for multilocus species delimitation. We 
used the same substitution models and settings for calibration that 
were used for the haplotype tree to construct each gene tree. We 
performed a Markov chain Monte Carlo run for 400 million gener-
ations, with sampling every 10,000 generations for each gene. The 
first 200 million generations were discarded as burn-in. We used the 
remaining trees for constructing each gene tree. The separated spe-
cies (MOTUs) were considered as potential species in the analysis 
to construct the species tree. Potential species with more than five 
latitudinal degrees of distribution range were considered as broadly 
distributed (broad species), and those with less than five latitudinal 
degrees of distribution range were considered as locally distributed 
(local species).

We constructed the species tree, in which the divergence 
among haplotypes within species was considered as the varia-
tion within species, in the program *BEAST (Heled & Drummond, 
2010) in BEAST v. 1.8.4 software (Drummond et al., 2012). We 
used the same substitution models and settings for calibration 
that were used for the haplotype tree except for the random local 

F I G U R E  2   Bayesian inference tree of potential species of 
Sparganophilus (Ssp. 1 ~ Ssp. 10) and Diplocardia (Dsp. 1 ~ Dsp. 8) 
collected from North America with their latitudinal distribution 
ranges constructed from all genes (COI, 16S, 28S, H3). Posterior 
probabilities are shown for nodes. The potential species with broad 
distribution (broad species) are shown in bold
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clock model. We performed a Markov chain Monte Carlo run for 
300 million generations starting from a UPGMA tree, with trees 
sampled every 10,000 generations, and the first 200 million gen-
erations were discarded as burn-in. We used the remaining trees 
to construct gene trees.

2.4 | Relationship between latitude, elevation and 
species structure

We divided the sampling sites at intervals of four latitudinal de-
grees and calculated the number of species at each latitudinal in-
terval to examine the pattern of species diversity along latitude. 
To compare species diversity among latitudinal intervals while 
considering the different sampling efforts used, we calculated the 
rarefaction curves of potential species in each latitudinal inter-
val where more than two species were collected using EstimateS 
v. 9 software (Colwell, 2013). To examine the differences in the 

elevational distributions between the locally and broadly distrib-
uted species, we compared the elevations of the collected sites 
between them. We used the R statistical software version 3.5.0 (R 
Core Team, 2018) to perform a generalized linear model analysis 
with a Gamma distribution and log link.

2.5 | Genetic differentiation among populations

We conducted an analysis of molecular variance using ARLEQUIN ver-
sion 3.5.2.2 (Excoffier, Laval, & Schneider, 2005) to examine a genetic 
differentiation in the COI, 16S, 28S and H3 gene regions among sites 
in broadly distributed species (broad species) collected from more than 
five sites. Then we examined the effect of isolation by geographical 
distance on uncorrected pairwise genetic distances. We conducted a 
Mantel test with Pearson's correlation coefficient using the ‘mantel’ 
command with one million permutations in the ‘vegan’ package in R 
ver. 3.5.0 to assess the relationship between geographical distance and 

F I G U R E  3   Geographical distribution 
pattern of each potential species of 
Sparganophilus and Diplocardia in North 
America

1
2~9

10~

Sample size 200 km

Sparganophillus Diplocardia

broad species

local species

local species

broad species

Ssp. 1

Ssp. 2

Ssp. 9

Dsp. 2

Dsp. 1

Ssp. 4

Ssp. 3

Ssp. 5

Dsp. 3

Dsp. 8Ssp. 7

Ssp. 8

Ssp. 10

Ssp. 6

Dsp. 4

Dsp. 7

Dsp. 6

Dsp. 5

20º

40º

30º



6  |     IKEDA et al.

genetic differentiation (R Core Team, 2018). Poor PCR amplification 
for the 28S gene in one Diplocardia species (Dsp. 1) limited the sam-
ple number so no analyses were possible. Geographical distance was 
log10-transformed in all analyses.

3  | RESULTS

We collected 556 Sparganophilus earthworms from 64 sites span-
ning 27 degrees of latitude (18.77°–45.90°N), and 165 Diplocardia 
earthworms from 23 sites (21 degrees, 19.77°–41.20°N) (Table 
S1.1 and S1.2 in Appendix S1). We estimated the number of po-
tential species to be 10 for Sparganophilus and 8 for Diplocardia, 
respectively, from 526 haplotypes (403 in Sparganophilus and 123 
in Diplocardia; Figure 2, Table S1.3 in Appendix S1) using the hap-
lotype tree (Figure S1.1 in Appendix S1). There were two potential 
species with broad distribution (broad species) in Sparganophilus, 
and one in Diplocardia. One broad species in Sparganophilus was 
collected at higher latitudes (Ssp. 1), while one species was col-
lected at lower latitudes (Ssp. 9).

Species richness was high at latitudes ranging from 32° to 40° 
(Figures 3 and 4) in Sparganophilus. All individuals collected above 
40° were broadly distributed (Ssp. 1). Conversely, locally distributed 
Sparganophilus species were more often collected at latitudes below 

40°, specifically at latitudes ranging from 32° to 40°. For Diplocardia, 
a broad species was collected from all latitudinal ranges examined in 
this study. We did not collect locally distributed species at latitudes 
below 28° or above 40°, although the number of sampling sites was 
low at these latitudinal ranges. We collected some locally distributed 
Diplocardia species at the latitudinal range from 28° to 40°, specifi-
cally from 28° to 32°. Species structure in the Diplocardia was mark-
edly different among latitudinal ranges because there were more local 
species than broad species. Rarefaction curves showed increased 
species richness in Diplocardia (mainly composed of local species) at 

F I G U R E  4   Latitudinal pattern of the diversity of potential 
species in (a) Sparganophilus and (b) Diplocardia. Values in 
parentheses indicate the number of sampling sites in each 
latitudinal range
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F I G U R E  5   Rarefaction curves for potential species of (a) 
Sparganophilus and (b) Diplocardia
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lower latitudes ranging from 28° to 32°, whereas species richness in 
Sparganophilus (also mainly composed of local species) was lower at 
latitudes ranging from 28° to 32° (Figure 5). More local species were 
collected at higher elevations than broad species in Sparganophilus 
(Figure 6a; t-value: 3.54, p < .001), whereas such a difference was not 
detected in Diplocardia (Figure 6b; t-value: 1.23, p = .233).

Genetic differentiation among populations (Fst) was significantly 
supported for all gene regions of all examined broad species (Table 1). 
Positive correlations between geographical distances and pairwise 
genetic differences were also significantly supported in at least two 
of the four examined gene regions for all broad species. These re-
sults indicate the incidence of geographical genetic differentiation 
within broad species for both Sparganophilus and Diplocardia, sug-
gesting potential for future allopatric speciation. For the Diplocardia 
species, genetic differences were significantly positively correlated 
with geographical distances for all examined gene regions, indicating 
a stronger geographical differentiation than that observed for the 
Sparganophilus species.

4  | DISCUSSION

For Sparganophilus, locally distributed species were collected at 
latitudes below 40° but not above 40°. These results suggest that 
most of the speciation in Sparganophilus has occurred at lower 
and middle latitudes below 40°, whereas the Sparganophilus spe-
cies composition at higher latitudes above 40° is mainly derived 
from range expansion by the broadly distributed species from 
lower latitudes. These worms could not migrate to higher latitudes 
during the glacial periods in the Quaternary because of the low 
temperatures (i.e. most waterways and suitable habitat would have 
been frozen or too cold for earthworm survival), and thus broadly 
distributed species living at higher latitudes above 40° in the pre-
sent day must have migrated there relatively recently within the 
12,000  years since the last glacial period. This type of species 
diversity relationship with latitude is well-explained by the evo-
lutionary time hypothesis (Gaston & Blackburn, 2000; Mittelbach 
et al., 2007; Wallace, 1878; Wiens et al., 2011). There has not been 
enough time for speciation since the species have migrated to hab-
itats newly available due to the recession of glaciers. However, we 
did observe a genetic differentiation with geographical distance 
within the broadly distributed species, suggesting that future spe-
ciation is possible if the populations at higher latitudes persist for 
a longer period.

Rarefaction curves showed a higher species diversity at 
lower latitudes (28° to 32°) than at higher latitudes (32° to 40°) 
in Diplocardia; however, we could not obtain the rarefaction curve 
below 28° because we did not have enough samples for analysis. 
Phillips et al. (2019) showed that the number of unique earth-
worm species was higher at lower latitudes. Diplocardia is the 
native earthworm group in North America, and our result may 
correspond to this latitudinal pattern of native species diversity. In 
contrast, species diversity was higher at mid-latitudes (32° to 40°) TA
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in Sparganophilus due to the higher diversity of the local species. 
Rapoport's rule, where mean range size is narrower at lower lat-
itudes, is widely observed in various organisms such as animals 
and plants (Stevens, 1989), marine bacteria (Sul, Oliver, Ducklow, 
Amaral-Zettler, & Sogin, 2013) and soil fungi (Tedersoo et al., 2014). 
This latitudinal gradient of range size leads to the latitudinal gradient 
of species diversity (Stevens, 1989). However, local Sparganophilus 
species were often collected at mid-latitudes (32° to 40°) as well as 
at lower latitudes (below 28°) in our study, causing a high species 
diversity at the mid-latitudes. In addition, more local species were 
collected at higher elevations where headwaters exist. Most sam-
pling records for Sparganophilus are from the central and eastern 
USA (Reynolds & Wetzel, 2008); the Appalachian Mountains, which 
ranges above 33° in latitude, is the only high elevation area. For 
these reasons, more potential species, specifically more local spe-
cies, were obtained at mid-latitudes (32° to 40°) with high elevation 
areas. These headwater regions might have been sites for frequent 
speciation because Sparganophilus populations in these sites have 
likely experienced very little gene flow due to the geographical iso-
lation among rivers. Therefore, species diversity of Sparganophilus 
may be less explained by latitude and related to the specific factors 
of the river habitat: the regional pattern of geographical disconti-
nuity among headwater watersheds and the connectedness among 
habitats related to drainage networks.

Our results showed that a similar number of potential species was 
in Diplocardia as in Sparganophilus. However, only one Diplocardia 
species was broadly distributed, whereas two Sparganophilus spe-
cies were classified as such. The latitudinal distribution ranges of the 
species were relatively higher in Sparganophilus than in Diplocardia 
(Sparganophilus: 3.60  ±  2.13 [SE], Diplocardia: 2.79  ±  2.67). Species 
living in unstable environments tend to have a high dispersal ability, 
causing low rates of allopatric speciation, whereas species living in 
stable environments tend to have a low dispersal ability, causing high 
rates of allopatric speciation (Papadopoulou et al., 2009; Ribera et al., 
2001). Different disturbances can occur in riverine ecosystems rela-
tive to the soil environment, and the latter may even be more stable. 
Horizontal movement is also less likely to occur in soils than in river 
sediments because most Diplocardia species are endogeic living in the 
soil, and during our field sampling, surface layer collection was never 
done. In addition, the river flow can cause the migration of earthworm 
individuals and cocoons in Sparganophilus. Therefore, it is likely that 
animals in riverine habitats are less genetically differentiated among 
populations or have fewer new species with local distributions through 
allopatric speciation relative to those inhabiting the soil.

We can infer from the rarefaction curves that even more locally re-
stricted species are likely to be discovered at latitudes ranging from 28° 
to 32° for Diplocardia, as well as at latitudes below 28°, and from 32° to 
40° for Sparganophilus, because these curves were steep and did not 
reach saturation with the sampling effort used for this study. Indeed, for 
the Sparganophilus, 5 of 10 species were collected from a single location, 
and for the Diplocardia, 6 of 8 species were collected from a single loca-
tion (Figure 2, Table S1.3 in Appendix S1). This implies that sampling in 
more locations will very likely yield more species in each group.

Our study revealed that for the Sparganophilus species living in 
aquatic habitats, those that were broadly distributed were dominant at 
high latitudes above 40°. The absence of Sparganophilus species at high 
latitudes during the last glacial periods suggests that the development 
of species diversity along latitude in riverine ecosystems is character-
ized by a rapid range expansion of broadly distributed, extant species. 
Our study also showed that locally distributed Sparganophilus species 
were often collected at mid-latitudes (32° to 40°) where high elevation 
areas with headwaters are distributed, suggesting that the species di-
versity of the riverine ecosystem is affected by the regional pattern 
of discontinuity and connectedness among habitats regardless of the 
latitude. We will be able to confirm the generality of our results by 
examining riverine animals with a low dispersal ability, such as aquatic 
invertebrates, in future studies.
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