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Abstract 
We examined the genetic diversity on a microgeographic scale of Rhinichthys 
atratulus (Eastern Blacknose Dace) in Allyn Brook, a small tributary in the 
upper Coginchaug River drainage in Connecticut. By looking at gene flow on 
a microgeographic scale among populations that had no physical barriers to 
migration, we tested the null hypothesis that the populations should be ho-
mogeneous. We resolved seven polymorphic microsatellite loci and one mi-
tochondrial gene, nd2, in three adjacent populations (<0.5 km) in Allyn 
Brook and compared these populations to the two closest populations (>5 
km) in the Coginchaug River. A dam from the 1920’s in lower Allyn Brook 
has isolated Allyn-Brook populations from Coginchaug-River populations. 
Allyn Brook was selected because there are only three riffle habitats in the 
brook and, therefore, there can be no immigration from upstream popula-
tions. Each population has private (i.e., unique) alleles and haplotypes, and 
there are significant genetic differences between all sites. The Allyn Brook 
populations are almost as different from one another as they are from the 
distant populations in the Coginchaug River from which they have been iso-
lated for more than 80 years. These results point to in situ evolution and little 
migration or gene flow among populations on a microgeographic scale. This 
raises interesting questions for conservation of genetic diversity of stream 
fishes. 
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1. Introduction 

One of the prominent features of the Anthropocene has been the disruption of 
continuous habitat for the world’s biota. Understanding how fragmented land-
scape features affect the maintenance and production of genetic diversity across 
space and time is critical for conservation biology Anderson, Epperson, Fortin, 
Holderegger, James, Rosenberg, Scribner and Spear [1] [2]. Riverine systems are 
ideal to measure how landscape features, such as dams, affect gene flow because 
of the linear nature of streams. The degree of connectivity among habitats within 
a watershed is a critical driver of the genetic population structure of freshwater 
fishes, because barriers to movement limit gene flow and may lead to loss of ge-
netic diversity or even the production of novel genetic signatures [3] [4] [5]. The 
degree of divergence among populations should increase relative to the number 
and relative strengths of barriers, and/or the geographic distance that isolates 
populations [3] [6] [7] [8]. Isolation by distance is expected in riverine fishes but 
is not always found [9]. Furthermore, freshwater fishes generally have low effec-
tive population sizes, which can contribute to high genetic differences among 
populations in different river drainages [10]. 

Population genetic structure and migration behavior of riverine fishes have 
also been studied for ecosystems in which no obvious physical barriers were 
present. Genetic variation among Poecilia reticulata (Guppy) in Trinidad corre-
lated positively with geographical distance; populations separated by waterfalls 
were more genetically divergent than those that were not [7]. In a study of the 
inter-riffle (i.e., rocky habitat where the rocks break the water’s surface) move-
ment of five common North American fishes from three families, long corridors 
between pool habitats, water depth and current were found to limit the amount 
and rate of fish movement [11]. 

In our studies of the population structure and ecology of the small riffle-dwelling 
fish, Rhinichthys atratulus (Eastern Blacknose Dace), we have found large de-
grees of eco-genetic variation among populations in rivers in Connecticut and in 
the eastern United States [12] [13]. At a more local scale, populations of R. atra-
tulus differed significantly in a western Connecticut river and its tributaries 
[14]. 

The present study examines genetic differences among and between popula-
tions of R. atratulus on a microgeographic scale (Figure 1). The question is, at a 
microgeographic scale, will the ecology of R. atratulus—that is, their easy ability 
to swim to adjacent habitats—prevent the establishment of novel genetic diversity? 
At this geographic scale, we expect populations to be genetically homogeneous  
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Figure 1. Map of sample locations in Allyn Brook (AB, AB1, AB2) and in the Coginchaug 
River (CR and CRA) in Connecticut (inset). The Coginchaug River flows from the South 
to the North; Allyn Brook flows from southeast to the northwest.  
 
because there are no obvious physical barriers to gene flow and movement of 
fishes among the habitats should prevent the establishment of novel genetic di-
versity. This is critical because we must be able to distinguish the effects of a na-
turally patchy environment on a local level from anthropogenic fragmentation of 
ecosystems. 

In this paper we: 1) compare the genetic diversity among R. atratulus from 
adjacent habitats that are isolated in a single small stream (see below); 2) we es-
timate the migration and mutation rate for each of the populations; 3) we esti-
mate whether the number of individuals in the populations are stable; and 4) we 
compare the populations from the study sites (Figure 1) to the closest two pop-
ulations in the river for which the study-site stream is a tributary. The latter is 
important in order to provide a baseline for an older isolation due to an anthro-
pogenic factor (see below). 

2. Methods 
2.1. Field Sites 

Allyn Brook, a tributary of the Coginchaug River in central Connecticut, USA 
(Figure 1), is a small stream with a wetted width less than 4 m wide (Appendix 
1) in the area of sampling. We sampled at three riffles, each less than 3 m long 
composed primarily of gravel and sand (Appendix 1) in June 2017. The coordi-
nates of the three riffles - AB, AB1 and AB2 - are given in Appendix 1. The 
three riffles span a distance of 0.47 km (Figure 1) and there are no physical bar-
riers in between the riffles to prevent or hinder the movements of fishes. A dam 
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in the lower part of Allyn Brook from the 1920’s [15] has prevented emigration 
of R. atratulus from the Coginchaug River; the backwater of the dam has re-
moved all riffles below our study sites. Above our study sites Allyn Brook 
changes character and lacks riffle habitats. Thus, the three riffle habitats are the 
only place in Allyn Brook that the species is found [12]. 

Physical and chemical characterizations of the three habitats are given in Ap-
pendix 1. Conductivity, pH, dissolved oxygen, and water temperature were 
measured using a Yellow Springs Instrument (YSI) probe Model 556 MPS. At 
three points along each riffle canopy cover was estimated using a GRS Densito-
meter. Stream flow velocity was estimated with a Price-Gurley meter at 60% of 
the depth. Flow and depth were recorded approximately every meter along the 
riffle. The riffle slope was measured using a tripod and surveyors rod with a ver-
tical tolerance of ±5 cm. There were no significant differences among the three 
sites in physical or chemical characteristics. 

2.2. Study Species 

Rhinichthys atratulus (Figure 2) is a small (<12.5 cm) freshwater riffle-dwelling 
minnow that lives east of the Appalachian Mountains from Virginia to Nova 
Scotia [12] [16]. R. atratulus tend to live in large populations [16]. They prefer 
rocky riffles and adjacent pools and of small to medium streams, and can be 
found in most small streams across Connecticut [17]. They reach maximum 
length in two to three years, and are an important link in the trophic chain [16] 
[18]. Rhinichthys atratulus eat primarily invertebrates and plankton, and are 
important prey to larger fish, especially large brook trout, and fish-eating birds 
[16] [18]. Rhinichthys atratulus are not broadcast spawners, they bury their eggs 
in the river substrate adjacent to riffles during spawning [19]. Because of their 
ubiquitous distribution and trophic importance, they are a useful model organ-
ism.  

2.3. Sampling 

Individuals were collected in summer 2016 and 2017, with the number of indi-
viduals collected per site as follows: AB = 34; AB1 = 14; and AB2 = 27 (Appendix 
1). Samples were collected via electrofishing. Upper caudal fins clips were  
 

 
Figure 2. Rhinichthys atratulus, the Eastern Blacknose Dace, 74 mm total length, breed-
ing male, from the Coginchaug River, CT. Photo by Barry Chernoff. 
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taken and stored in 95% ethanol for subsequent DNA extraction and analysis. 
Permissions for collecting and handling individuals for scientific study were go-
verned by: CT Scientific Collection Permits SC - 13023 and SC - 17031; IACUC 
2015 - 1212 - Chernoff - A, IACUC 2017 - 1212 - Chernoff - A. 

2.4. Molecular Methods 

DNA was extracted from fin clips using the DNeasy blood and tissue kit 
(QIAGEN Sciences, MD, USA) using the protocol from [12]. The methods and 
primers used for amplification of the mitochondrial gene nd2 are from Tipton, 
Gignoux-Wolfsohn, Stonebraker and Chernoff [20]. The fully sequenced nd2 is 
1042 base pairs long. After PCR, 7 μl of PCR product was mixed with 1 μl of Gel 
Loading Dye and run for 30 minutes on a 2% agarose gel with 5 μl of SYBRsafe 
(Invitrogen, Thermo Fischer Scientific). Samples were sequenced at Yale Uni-
versity and purified using their Exo-AP purification protocol. Sequences were 
aligned using ClustalW multiple alignment in BioEdit v.7.1.7 [21] and manually 
curated based on chromatograms viewed in FinchTV 1.4 [22]. Curated sequences 
are available on GenBank under accession numbers MH341914-MH341923, with 
haplotype 14 added later under MH378685. While Tipton, Gignoux-Wolfsohn, 
Stonebraker and Chernoff [20] labelled haplotypes by letter, we designate haplo-
types by number. Haplotypes 1 - 38 correspond to haplotypes all of Tipton, 
Gignoux-Wolfsohn, Stonebraker and Chernoff [20]; haplotypes not discovered 
in the previous study [20] begin sequentially with 39. Private haplotypes and 
microsatellite alleles are defined as those found at only one study site and no-
where else in the distribution of the species [12] [20]. 

The primers and PCR protocol for amplification of 14 microsatellite loci from 
non-coding regions are from Kraczkowski and Chernoff [12]. Screening of the 
microsatellite loci identified seven that were suitably polymorphic for inclusion 
in this study. Optimization temperatures for loci are as follows: Rhca15b - 60˚C; 
Rhca16 - 59˚C; Rhca20 - 60˚C; BD165 - 47˚C; Ca3 - 45˚C touchdown procedure; 
Ca12 - 50˚C; and BD174 - 60˚C. PCR products were run on a 2% agarose gel to 
test for amplification. Samples with definitive bands were sent to the DNA anal-
ysis facility of Yale University for fragment analysis. Samples were viewed in 
Peak Scanner v2.0 [23] to determine the length of microsatellites and possible 
heterozygotes. Microsatellites were added to GenBank under sequences 
MH341907-MH34913.  

2.5. Statistical Analyses 

DnaSP v5 10.01 was used to calculate nucleotide and haplotype diversity as well 
as neutrality tests Tajima’s D, Fu and Li’s D and Fu’s F [24]. Haplotype diversity 
(H) is the probability of that two randomly-selected haplotypes within a sample 
are different [24]. Equation (1) is  

( )( )21 1 iH N N x= − −∑                       (1) 

where 2
ix  is the frequency of each haplotype within a sample and N is the sam-
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ple size. Nucleotide diversity (π) is the average number of nucleotide differences 
per nucleotide site between two DNA sequences in all possible pairs in the sam-
ple population [24]. Equation (2) is  

i j ijx xπ τ= ∑                            (2) 

where xi and xj are the respective frequencies in the ith and jth sequences, and τij is 
the number of nucleotide differences per nucleotide site in the ith and jth se-
quences and summed over all sequences in the sample.  

Arlequin 3.5 (with input files generated in DnaSP) was used to generate a 
haplotype network and to test null hypotheses of genetic homogeneity with ana-
lyses of molecular variance (AMOVAs). 

The programs PGDSpider [25] and CONVERT [26] were used to generate 
input files. Arlequin 3.5 [27] and POPGENE [28] generated tests for Har-
dy-Weinberg equilibrium, Garza-Williamson statistics and AMOVAs. Inbreed-
ing coefficients were calculated as one minus the ratio of the observed over the 
expected heterozygote frequencies [29]. 

We used STRUCTUREv2.3.4 to generate a-posteriori Bayesian-likelihood 
classifications for each individual based upon the genetic signatures of all seven 
microsatellite loci [30]. STRUCTURE parses individuals into k groups, where k 
is the number of populations into which individuals are classified. Structure was 
run three times (one run per k = 1 to 3, the number of Allyn Brook populations) 
with 10,000 burn-ins and 10,000 generations under the admixture model. 
STRUCTURE was also run with Allyn Brook sites and two samples from the 
Coginchaug River (k = 1 - 5), one upstream and one downstream of Allyn Brook 
(CR and CRA in Figure 1). STRUCTURE does not allow the user to assign col-
ors to the genetic groups (Figure 4); it is automatic. 

2.6. Estimation of Migration Rates  

The program Migrate v3.2.1 was used to estimate: the number of migrants per 
generation [31]; the mutation rate scaled by population size, θ; and [31] the mu-
tation-scaled immigration rates, M [32]. The number of individuals migrating 
per generation is estimated by M × θ [32] [33]. M is a measure of the relative 
importance of immigration over mutation to bring new variants into the popu-
lation [32] [33]. Mitochondrial results were run with the DNA sequence model, 
while microsatellite results were run with the Brownian Motion Model, which is 
a quicker approximation to the Ladder Model [32]. For both mitochondrial and 
microsatellite data, the program was run 10 times, and the model with the high-
est maximum likelihood parameter was selected for further analysis.  

3. Results 
3.1. Genetic Diversity - nd2 

Eleven haplotypes were identified from the 72 individuals that were sequenced 
for the nd2 gene from the three Allyn Brook populations. Haplotype 1, hypothe-
sized as the ancestral haplotype of the populations that recolonized the Con-

https://doi.org/10.4236/oje.2020.107030


S. J. Loomis et al. 
 

 

DOI: 10.4236/oje.2020.107030 466 Open Journal of Ecology 
 

necticut River Basin [20], was present at each of the sites but was common in 
only the upstream locality (Table 1, Figure 3). Three additional haplotypes 
(numbers: 9, 10 and 44) were found at all sites (Table 1) and were an order of 
magnitude more frequent than the other haplotypes. Five of the 11 haplotypes 
were private haplotypes (Table 1). The middle site, AB1, did not have any pri-
vate haplotypes. The average haplotype diversity, Hd, for all three sites was 0.801 
(range: 0.792 ≤ Hd ≤ 0.843) and the average nucleotide diversity (π) was 0.00237 
(range: 0.0023 ≤ π ≤ 0.0024; Table 2). 

Statistics describing haplotype and nucleotide diversity were similar among all 
sites (Appendix 2). Tests of neutrality (Tajima’s D, Fu’s F, and Fu and Li’s D) 
were not significant (P > 0.05, Appendix 2), indicating that there have not been 
recent bottlenecks, population expansions or non-random eco-evolutionary 
forces [34] [35] [36]. 

The parsimony network (Figure 3) shows the relationships among the haplo-
types. Haplotypes 9, 10 and 37 are known to be widely distributed in the Con-
necticut River watershed [20]; whereas, haplotypes 10 and 44 are known only 
from the Coginchaug River drainage [20] (K. Anatone, Wesleyan University,  
 
Table 1. Haplotype frequency, number of haplotypes, number of private haplotypes and 
microsatellite alleles and sample size for each population. “Private” indicates that the 
given allele or haplotype is only found at that site. Haplotype 1 is the ancestral haplotype 
(Haplotype A) from Tipton et al. (2011).  

 
Frequency in Population 

 
Haplotype ID Number AB AB1 AB2 

1 0.0312 0.0714 0.154 

9 0.156 0.143 0.192 

10 0.281 0.357 0.154 

14 0.0625 0 0.0769 

37 0.0625 0 0 

44 0.344 0.357 0.308 

47 0.0312 0 0 

48 0.0312 0 0 

49 0 0.0714 0.0385 

50 0 0 0.0385 

51 0 0 0.0385 

# Haplotypes 8 5 8 

# Private Haplotypes 3 0 2 

# Alleles for 7 Loci 59 43 50 

Mean Alleles ± S.D. 8.4 ± 6.4 6.1± 4.2 7.1 ± 5.1 

# Private Alleles 10 3 6 

Sample Size 34 14a 27a 

aN = 13 and 26 for two of seven microsatellite loci, respectively. 
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Table 2. Modified Garza-Williamson Statistics with sample size (N), mean and standard 
deviations (s.d.). 

 AB AB1 AB2 

Rhca15b 0.286 0.286 0.286 

Rhca16 0.500 1.000 0.750 

Rhca20 0.467 0.400 0.333 

Bd165 0.667 0.600 0.500 

Ca3 0.288 0.382 0.342 

Ca12 0.500 0.500 0.417 

Bd174 0.500 0.385 0.482 

N 34 14a 27a 

Mean 0.458 0.508 0.444 

s.d. 0.134 0.239 0.156 

aN = 13 and 26 for two of seven microsatellite loci, respectively. 

 

 
Figure 3. Haplotype Network. The relative size of the circles represents the number of 
individuals with that haplotype. Perpendicular small lines represent the number of nuc-
leotide changes between haplotypes. The haplotype numbers are given. Haplotypes 37, 47, 
48, 50, and 51 are private (i.e. unique) haplotypes. 
 
CT, unpubl. data). When the haplotype network (Figure 3) is rooted at the an-
cestral haplotype (haplotype 1), three evolutionary branches are evident, each 
with some haplotypes endemic to Allyn Brook (haplotypes 47 - 51). Unlike the 
“starburst” patterns elucidated by Tipton, Gignoux-Wolfsohn, Stonebraker and 
Chernoff [20], the topology is well structured with a number of intermediate 
haplotypes, two of which are endemic to Allyn Brook (haplotypes 50, 51). 
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3.2. Genetic Diversity - Microsatellites 

Seventy-five individuals were sequenced for seven polymorphic microsatellite 
loci. The frequencies of all alleles for each locus and site are given in Appendix 
3. With the exception of Rhca15b and Rhca16, the allelic diversity was large both 
within and among sites (Table 1; Appendix 3). Two loci, Bd174 and Ca3, exhi-
bited 20 alleles among sites (Appendix 3). The individuals from AB were the 
most variable (Table 1) exhibiting 16 and 17 alleles for the latter two loci, re-
spectively (Appendix 3). There were 19 private alleles among the sites (Table 1).  

There were seven significant deviations from Hardy-Weinberg (H-W) equili-
brium (Appendix 4). Three significant deviations from H-W are due to hetero-
zygote deficits. Three inbreeding coefficients for the four deficits range from 
0.13 to 0.80. As the rate of inbreeding increases, the value of the coefficient ap-
proaches 1.0 [29]. The effects of inbreeding within populations of small sizes can 
rapidly decrease the number of heterozygotes produced within each generation 
[29]. The locus Rhca15b exhibits a significant excess of heterozygotes in each 
population (Appendix 4) and was fixed at two sites (Appendix 3). This may 
imply non-random ecological or evolutionary processes acting on this locus 
[37]; however, other effects may have pronounced effects on small populations, 
such as genetic drift.  

Garza-Williamson statistics estimate whether populations have reduced re-
cently in size or have gone through bottlenecks (Garza and Williamson 2001). 
For seven or more loci, values less than 0.68 indicate that the population has 
gone through a recent reduction in size [38]. The means and standard deviations 
of the modified for each locus and each population (Table 2). Although seven 
loci were examined, an outlier allele can skew the value of the statistic [38]. With 
the exception of three values that equal or exceed 0.68, all other values are well 
below 0.68 (Table 2). 

3.3. Population Differences - Global AMOVA’s 

Global AMOVA’s were calculated among Allyn Brook sites as well as between 
the two Coginchaug River sites and Allyn Brook sites (Table 3). Each of the Al-
lyn Brook sites differed significantly from one another for microsatellites (p < 
0.0001). For nd2, the two downstream sites (AB vs. AB1) did not differ signifi-
cantly; all other comparisons were significant (p < 0.0001). Allyn Brook flows 
into the Coginchaug River. The comparison of the Allyn Brook sites to the two 
Coginchaug River sites indicates that populations from the two streams differ 
significantly for both microsatellites and for nd2. 

3.4. Bayesian Classification of Individuals from Microsatellite  
Data  

The maximum likelihood classification model for Allyn Brook populations with 
the best fit was for two genetic groups (k = 2; Figure 4 upper). The Bayesian 
classification of individuals showed clinal variation among the Allyn Brook sites.  

https://doi.org/10.4236/oje.2020.107030


S. J. Loomis et al. 
 

 

DOI: 10.4236/oje.2020.107030 469 Open Journal of Ecology 
 

Table 3. Global AMOVA between Allyn Brook (AB) and Coginchaug River (CR) sites. 
Significance levels calculated from 1023 random permutations and adjusted subsequently 
by sequential Bonferroni procedure. 

Microsatellites nd2 

Comparisons 
Sum of 
squares 

Variance 
components 

Percent  
Variation 

Sum of 
squares 

Variance 
components 

Percent  
Variation 

AB v AB1 17.578 0.2211 9.45281*** 0.491 0.00769 0.63979 

AB v AB2 31.797 0.2645 11.490*** 2.21 0.03828 3.1326*** 

AB1 v AB2 6.339 0.0857 4.37*** 1.035 0.02541 2.1352* 

All AB sites 40.544 0.0215 9.6136*** 2.668 0.0279 2.307*** 

CR sites vs. AB sites 174.392 0.3654 14.684*** 21.846 0.1443 13.72*** 

*P < 0.01, ** P < 0.001, *** P < 0.0001. 

 

 
Figure 4. Results of Bayesian classification analysis (STRUCTURE) of Allyn Brook and 
Coginchaug populations of R. atratulus. Each vertical bar represents an individual and the 
colors represent different genetic groups, the vertical axis indicates the probability that an 
individual belongs to a given group. The results shown in both parts of the figures are for 
k = 2 (i.e. two groups), which were the largest maximum likelihood solutions for both 
analyses. Upper: results for AB, AB1 and AB2 sites. Lower: comparison of Allyn Brook 
and Coginchaug sites (CR and CRA). Unfortunately, STRUCTURE does not give control 
of color selection to the user. The red and green genetic groups in the upper and lower 
figures are not the same genetic groups. 
 
The following are the percentage of individuals with a > 50% probability of be-
longing to the one genetic group (shown as red in Figure 4 upper): AB = 
11.76%; AB1 = 50%, and AB2 = 81.48%.  

We calculated the classification probabilities by adding microsatellite data 
from populations in the nearby Coginchaug River (CR and CRA), the two clos-
est sampled populations to Allyn Brook populations; the Coginchaug and the 
Allyn Brook populations have been separated from each other for at least 80 
years because of the dam (Figure 1). There were two genetic groups (k = 2) 
(Figure 4). The results identified two distinct genetic groups - one with the Co-
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ginchaug River populations and one with the populations from Allyn Brook.  

3.5. Estimation of Migration Rates  

The number of migrants per generation was estimated from both the nd2 and 
microsatellite data (Table 4). Among the sites, migrants per generation for mi-
crosatellites ranged from 1.5 to 6.6, while migrants per generation for nd2 
ranged from 1.1 to 10.7. The average of the downstream direction for migrants 
per generation was 5.0 and 2.3 for microsatellites for nd2, respectively. The up-
stream average was 3.3 and 4.9 for microsatellites and nd2, respectively. Poten-
tial upstream or downstream biases in migration were tested using a two-tailed 
T-Test, and no significant difference in direction of stream flow was found.  

The population with the lowest θ, or estimated population-scaled mutation 
rate, for microsatellites was AB1 (θ = 0.091) and for nd2 was AB2 (θ = 0.0036). 
Using AB1 as an example, this means that we expect there will be 9.1 mutations 
per 100 individuals in the next generation over all sampled loci. AB and AB2 had 
the highest θ’s for microsatellites (θ = 0.098); AB1 was highest for nd2 (θ = 
0.0.0042). The θ’s for microsatellites were an order of magnitude larger than 
those for nd2, indicating more rapid evolution of the former.  

The values of M are relative within data type (Table 4) and estimated the im-
portance of immigration of genes over mutation to introduce new variants into a 
population. Gene flow due to immigration was more important than mutation 
for introducing: 1) microsatellite alleles into AB1 from AB2; and 2) nd2 haplo-
types into AB1 from AB. 

4. Discussion 

We examined the structure among populations of R. atratulus, in order to assess 
gene flow on a microgeographic scale. Importantly due to a dam placed near the 
mouth of Allyn Brook in the 1920’s [15] the populations have been isolated from  
 
Table 4. Estimates of migration rates per generation and mutation-scaled immigrations 
rates, M, for populations from Allyn Brook. The arrows indicate the direction of migra-
tion point toward the recipient population. The models for microsatellite and nd2 data 
with the highest maximum likelihood scores out of 10 runs are shown.  

 
Microsatellites nd2 

 
Migrants per Generation M Migrants per Generation M 

AB2⇒AB 3.54 36.02 1.078 300.4 

AB1⇒AB 2.958 30.098 3.82 58.6 

AB⇒AB2 6.573 67.339 10.667 343.3 

AB⇒AB1 1.949 21.345 2.081 909.6 

AB2⇒AB1 8.533 93.456 2.867 262.6 

AB1⇒AB2 1.467 15.023 1.101 913.1 

Maximum Likelihood −1213.46 −5799.16 
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populations in the main river for more than 80 years. Furthermore, there are no 
physical barriers to movement among the riffles that we sampled and the three 
riffles are the only remaining habitat for our study species.  

We discovered a number of private alleles and haplotypes suggesting that mi-
gration and gene flow among populations was insufficient to prevent in situ 
evolution and the establishment of novel genes in the populations. We expected 
the middle site, AB1, to display the greatest effects of migration and geneflow. In 
fact, AB1 has no private haplotypes, which could have been due to small sample 
size. But AB1 had private alleles though the fewest (Table 1). Site AB has the 
largest sample size and the most private alleles and haplotypes, which could in-
dicate that the number of private alleles and haplotypes are a function of sample 
size. Rarefaction analyses did not show that to be the case. Also, AB’s estimated 
population-scaled mutation rate, θ, was an order of magnitude higher than AB1 
or AB2, indicating that either in situ evolution or differential extinction was 
primarily responsible for novel alleles in AB.  

Maximum-likelihood analyses of migration provide evidence for limited gene 
flow through the exchange of less than 11 individuals per generation among all 
sites, with slightly fewer individuals on average migrating upstream than down-
stream (Table 4). Although the estimated migration of nd2 among populations 
is, on average, higher than estimations for microsatellites, we suggest that the es-
timates (Table 4) are overestimates because the analyses of migration ignore 
historical/phylogenetic information about genes that are currently in high fre-
quency in populations. For example, because Haplotype 1 is the ancestral haplo-
type for R. atratulus in the Connecticut River drainage [20]. The presence of 
Haplotype 1 in Allyn Brook populations is not result of current gene flow but 
rather that of post-glacial colonization. A similar case inheres for haplotypes 44 
and 10 that had the highest frequencies in all populations (Figure 3, Table 1). 

The results of AMOVAs and Bayesian a posteriori classifications of Allyn 
Brook individuals show that all three populations differed significantly in their 
genetic signatures consistent with low levels of estimated migration and gene 
flow among populations (Table 3, Figure 4). Furthermore, Allyn Brook popula-
tions differed significantly from nearby populations in the Coginchaug River 
(Table 3, Figure 4) to the extent that 100% of all individuals from the two rivers 
had an almost 100% probability (mode = 99%) of belonging to a genetic group 
unique to each river. The results indicate that: 1) gene flow among Allyn Brook 
populations is limited and not sufficient to prevent in situ differentiation; and 2) 
that the isolation of Allyn Brook populations from Coginchaug River popula-
tions over the last 80+ years has resulted in larger genetic distinctions among 
populations. These results are consistent with findings from several species of 
Rhinichthys [12] [20] [39] [40] [41] and other related North American cypri-
nids, e.g., Phoxinus and Gila [42] [43] that revealed cryptic genetic diversity and 
inter- or intra-basin genetic diversity, suggesting little or no current gene flow. 
However, these studies were performed on larger spatial scales, on the order of 
km’s. In microgeographic studies (≤1 km), high levels of genetic diversity and 
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limited to no gene flow was found among populations of Salmo trutta (Brown 
Trout), Cottus gobio (Bullhead), and Craterocephalus stercumuscarum (Fly- 
Speckeled Hardyhead) from the U.S., U.K. and Australia, respectively. There is 
support for limited gene flow among populations in the absence of barriers over 
microgeographic scales.  

There is only weak evidence to suggest a relationship between geographic dis-
tance and genetic differences. At the largest geographic scale, the genetic dis-
tances between Allyn Brook populations and Coginchaug River populations 
would be consistent with an isolation by distance model. Within Allyn Brook, 
there are only three populations and mathematically no relationship could be 
calculated. However, the transition between the two microsatellite genetic sig-
natures identified in the Bayesian classification analysis (Figure 4 upper) varied 
clinally with distance. Isolation by distance has been difficult to identify in river 
fishes [9], depending upon such factors as stream size and body size [44] as well 
as habitat preference. Rhinichthys atratulus is a relatively small minnow < 12.5 
cm total length, living in a small stream, <2.5 m wide with limited proclivity for 
migrating. 

We present six hypotheses for why gene flow is low even on such a small geo-
graphic scale: 1) The fish are not moving between populations; 2) fish are mov-
ing but not mating and, therefore, not exchanging genetic material; 3) migrating 
fish are preyed upon in the long sandy channels between riffle habitats; 4) fish 
migrate but upon some density threshold of encounters with neighboring dace 
return to the original site (F. Cohan, pers. comm.); 5) only individuals that pos-
sess common haplotypes or microsatellite alleles migrate, or individuals with 
private haplotypes or alleles have minimal rates of migration, such that we can-
not detect migration with genetic data; or 6) all fish are migrating, but private 
haplotypes and alleles are selected against in the new habitat. We dismiss hypo-
thesis 6 as unlikely because statistical tests failed to identify non-random 
processes (Appendix 2) and the microsatellite loci are for the most part in Har-
dy-Weinberg equilibrium (Appendix 4). The four significant heterozygote defi-
cits were likely due to inbreeding (inbreeding coefficients ranged from 0.13 to 
0.80). Because the riffle habitats of the Allyn Brook sites are virtually identical in size, 
substrate, chemistry, forest overhang and flow, we dismiss hypothesis 6—there 
should not be significant differences in any selection regimes among riffle sites. 
At this time there is no evidence to support or refute hypotheses 2, 4 and 5. 

There is some support in the literature for hypothesis 1. The restricted move-
ment paradigm states that resident stream fishes tend to be relatively sedentary 
[45]. However, there are data to show that some stream species move more often 
and farther than thought previously when movements are measured directly [46] 
[47]. In estimating movements, mark and recapture studies can be ambiguous 
due to low capture rates. While low recapture rates may imply significant 
movement, high turnover rates or large population sizes in a restricted area 
would yield similar results [48]. Gerking [45]) proposed a movement range of 20 
- 50 m for midwestern U.S. stream fishes. The median individual displacement 
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in the majority of trout populations studied by Rodríguez [48] fell within this 
range: a median of ca. 5 m in Oncorhynchus clarki (Cutthroat Trout) and up to 
90 m in Salvelinus fontinalis (Brook Trout). In our study, sample sites were 80 - 
470 m apart. Perhaps that these sites are too far apart for R. atratulus to move 
through open channels. There were no individuals of R. atratulus found between 
the three riffles and these are the only riffles in Allyn Brook.  

Lonzarich, Lonzarich and Warren Jr [11] hypothesized that long riffles and 
water velocity regimes can limit the daily inter-habitat movement of stream 
fishes. Two sympatric congeners from New Zealand, Galaxias gollumoides with 
strong habitat preference for discontinuous habitats of low-velocity water had 
larger mean DNA sequence divergence and higher among-population differen-
tiation than an undescribed congener that lives in faster-moving water [49]. The 
migratory Luciobarbus comizo (Iberian Barbel) adjusted their behavior in re-
sponse to small stream barriers, and remained within 1000 m of initial capture 
sites even though the barbels could easily pass the barriers [50]. Rhinichthys 
atratulus is a riffle-dwelling species, preferring slightly faster moving water over 
rocky substrates, and seems to regard the runs (long, slow-moving river seg-
ments) as barriers to movement. We have never captured dace in between riffles 
despite multiple samplings. 

It is also possible that R. atratulus are preyed upon in the runs between riffle 
habitats (hypothesis 3). In observations of the fishes in Allyn Brook, there were 
high numbers of large (>18 cm) Semotilus corporalis (Fallfish), known as a pre-
dator of R. atratulus [51], swimming actively in the runs. Furthermore, sites in 
Allyn Brook were fairly open, and not shaded by trees, exposing fishes to pisci-
vorous birds [52]. In Allyn Brook, three piscivorous bird predators, Megaceryle 
alcyon (Belted Kingfishers), Ardea herodias (Great Blue Heron) and Butorides 
virescens (Green Heron) are common (B. Chernoff, pers. observ.). Predation by 
birds may often be overlooked. Predators such as Great Blue Herons and Belted 
Kingfishers have the potential to significantly impact community dynamics and 
trophic structure of aquatic prey species [53].  

Larson, Hoffman et al. 2002 inferred in a study over several that R. obtusus 
(Western Blacknose Dace; the sister group of R. atratulus) (Kraczkowski and 
Chernoff 2014) had established a robust population in a neighboring creek in 
Arkansas. They labelled the suspected emigres as “dispersers”. Clearly, R. atra-
tulus is capable of migrating, even long distances, for example, the post-glacial 
colonization of the Connecticut River basin from south of New York [20]. But it 
is also clear that on a microgeographic scale, something important is limiting 
gene flow among populations in Allyn Brook allowing for separate popula-
tion-genetic structures to establish. 

The genetic differentiation of populations on a microgeographic scale has 
important implications for conservation of biodiversity. The Evolutionary Sig-
nificant Unit (ESU), first proposed by Ryder (1986) has been expanded upon 
importantly by Moritz [54] and Casacci, Barbero and Balletto [55]. The idea is to 
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recognize the importance of genetic diversity below the level of species. The idea 
that populations with highly fragmented distributions might be separate ESUs is 
gaining some popularity [55] [56]. If the haplotype network (Figure 3) is rooted 
at Haplotype 1 as per Tipton, Gignoux-Wolfsohn, Stonebraker and Chernoff 
[20], then there are at least three distinct lineages; the divergence of nuclear mi-
crosatellite alleles is well described above and the populations are distinct from 
their nearest neighbors in the Coginchaug River (Table 3, Figure 4 lower). As 
more species are examined at microgeographic scales, such as that by Nash, 
Kraczkowski and Chernoff [8], we predict that divergence and structuring pat-
terns of the type demonstrated herein will become the norm rather than the ex-
ception. If we recognize evolutionary potential as suggested by Tim, Anne, Boyd, 
Micah, Douglas, Aaron and Bonnie [56], then populations meeting the other 
criteria of Moritz [54] will be recognized as ESU’s—a situation we would agree 
with but may be impractical. We do suggest that focusing upon habitat preserva-
tion at landscape levels can also help protect unique and valuable genetic diver-
sity. 

5. Conclusion 

At a microgeographic scale, there does not seem to be a point where populations 
of Rhinichthys atratus are genetically homogeneous. This is demonstrated for 
both microsatellite and haplotype data. There were large numbers of private al-
leles and haplotypes within each of the sampled populations. The high numbers 
of private haplotypes and alleles indicate low rates of migration and gene flow 
and high in situ evolution within populations. Maximum likelihood estimations 
of the population genetic models developed by Beerli [57] reveal an average of 
only a few migrating individuals per generation. Our data suggest that patchi-
ness of habitat in the absence of obvious barriers can lead to significant with-
in-species eco-evolutionary divergence. 
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Appendices 
Appendix 1. Collection information from Allyn Brook localities. Negative values indicate 
western longitudes. The conductance of the water is given in millisiemens/cm (mS). Wa-
ter chemistry and flow were measured over four days in August 2018. 

Measurement AB AB1 AB2 

Sample Size (N) 34 14 27 

Longitude −72.688381 −72.687974 −72.684713 

Latitude 41.474908 41.474312 41.473926 

Mean Depth (cm) 15.75 14.93 15.33 

Mean Wetted Width (m) 3.95 2.67 3.72 

Riffle Length m 2.31 2.43 2.59 

Substrate % gravel 33 33 33 

Substrate % sand 32 31 32 

Discharge (m3/s) 0.291 0.293 0.290 

Riffle slope% 0.036 0.037 0.037 

% Canopy 0 0 1.0 

Mean Temperature (˚C) 22.78 22.79 22.78 

Conductivity mS 0.201 0.205 0.197 

DO (ml/L) 11.10 11.05 11.10 

pH 7.13 7.13 7.12 

 
Appendix 2. Diversity statistics and tests of neutrality and non-random eco-evolutionary 
processes. 

Location 
# of  

Haplotypes 
Haplotype 
Diversity 

Nucleotide 
Diversity 

Avg # of Nucleotide 
Differences between 

haplotypes 

Tajima’s 
D 

Fu’s F 
Fu and 
Li’s D 

AB 8 0.792 0.0024 2.484 0.74947 −0.432 0.03257 

AB1 5 0.769 0.0024 2.527 0.54701 0.668 0.20809 

AB2 8 0.843 0.0023 2.412 0.47368 −0.945 0.10999 

 
Appendix 3. Allele frequencies for the seven polymorphic microsatellite loci from three 
Allyn Brook localities. Diploid sample sizes (2N) follow: AB = 68; AB1 = 28; AB2 = 54. 

Allele Localities 

RHCA15b AB AB1 AB2 

1 0.500 0.500 0.444 

2 0.500 0.500 0.556 

RHCA16 AB AB1 AB2 

1 0.985 0.962 0.907 

2  0.038 0.056 

3 0.015  0.037 
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RHCA20 AB AB1 AB2 

1 0.662 0.714 0.833 

2 0.015 0.036  

3 0.015 0.036 0.019 

4 0.059   

5 0.044 0.036 0.019 

6 0.132 0.143 0.074 

7 0.074 0.036 0.056 

BD165 AB AB1 AB2 

1 0.147 0.786 0.926 

2 0.324 0.036  

3 0.426 0.178 0.037 

4 0.103  0.037 

BD174 AB AB1 AB2 

1  0.036  

2 0.074 0.143 0.096 

3 0.088 0.143 0.173 

4 0.221 0.176 0.077 

5 0.147 0.107 0.269 

6 0.044 0.143 0.058 

7 0.074  0.058 

8 0.015 0.0357  

9 0.044   

10 0.088 0.1071 0.0385 

11 0.015   

12 0.029  0.0385 

13 0.029  0.0769 

14 0.029 0.071 0.019 

15 0.059 0.036 0.039 

16   0.019 

17   0.019 

18   0.019 

19 0.029   

20 0.15   

CA3 AB AB1 AB2 

1  0.036 0.019 

2   0.019 

3 0.056 0.071 0.039 

4 0.044 0.036 0.019 

5 0.103 0.071 0.212 

6 0.162 0.071 0.115 

7  0.036  
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8 0.103 0.179 0.0154 

9 0.103 0.036 0.096 

10 0.191 0.214 0.212 

11 0.015 0.071  

12 0.029 0.036 0.019 

13 0.015 0.071  

14 0.044   

15 0.015  0.039 

16 0.029  0.039 

17 0.029 0.071  

18 0.015  0.019 

19 0.029   

20 0.015   

CA12 AB AB1 AB2 

1   0.019 

2 0.227  0.222 

3 0.015  0.056 

4 0.197 0.039 0.056 

5 0.046 0.192 0.056 

6 0.076 0.077 0.130 

7 0.106 0.462 0.185 

8 0.152   

9 0.076 0.115 0.148 

10 0.061 0.039 0.093 

11  0.077  

12 0.030  0.037 

13 0.015   

 
Appendix 4. Observed and expected heterozygosity and tests of Hardy-Weinberg equilibrium at each site for seven polymorphic 
microsatellite loci. 

 
AB AB1 AB2 

Locus 
Observed  

Heterozygosity 
Expected  

Heterozygosity 
Observed  

Heterozygosity 
Expected  

Heterozygosity 
Observed  

Heterozygosity 
Expected  

Heterozygosity 

Rhca15b 1.000*** 0.507 1.000*** 0.519 0.889*** 0.503 

Rhca16 0.029 0.029 0.077 0.077 0.111* 0.175 

Rhca20 0.588 0.541 0.571 0.481 0.333 0.302 

BD165 0.853 0.691 0.071** 0.362 0.074*** 0.143 

BD174 0.971 0.905 0.857 0.907 0.923 0.881 

Ca 3 0.941 0.907 0.929 0.918 0.885 0.875 

Ca 12 0.7576*** 0.870 0.615 0.751 0.778 0.874 

*P < 0.01, ** P < 0.001, *** P < 0.0001. 
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