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Dace, in two tributaries of the Mattabesset River, Connecticut, to test hypoth-
eses about genetic diversity in relation to physical barriers to migration and
gene flow. We investigated three specific hypotheses: i) That waterfalls or drain-
age divides should be barriers to gene flow; ii) That the amount of genetic
divergence across these barriers should be greater than among populations not
separated by physical barriers; iii) That genetic diversity below waterfalls should
be greater than the genetic diversity above waterfalls. We tested these hypoth-
eses using mitochondrial and nuclear genetic markers from 191 and 197 indi-
viduals, respectively, from seven locations; the populations were separated by
three waterfalls and two drainage divides. We found that: i) The waterfalls and
drainage divides were associated with genetic divergence among populations,
indicating barriers to migration and gene flow; ii) All populations were signif-
icantly different from one another for microsatellites and most for nd2, but
that the magnitude of divergence across barriers was not greater than diver-
gence between populations not separated by physical barriers; iii) Genetic di-
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versity was higher above falls for private alleles and private haplotypes but was
higher below falls for haplotype and nucleotide diversity. Migration rates
among populations ranged from 1 to 3.2 individuals per generation. These
migration rates were not sufficient to homogenize the populations over the
effects of mutation. Although the mitochondrial data were consistent with an
isolation by distance model of evolution, the results were due to the number
of private haplotypes in the upper part of the Coginchaug River. We discuss
the roles of extinction and geological history, as well as ecological habitat pref-
erences and predation risk in determining genetic divergence among popula-
tions.

Keywords

Gene Flow, Barriers, Migration, Mutation, Rhinichthys atratulus, Waterfalls,
Evolution

1. Introduction

Habitat fragmentation is the natural or human-altered process by which continu-
ous habitats are broken into isolated patches. Patch size not only affects ecological
processes but also reshapes evolution by altering selection pressures, gene flow,
and population dynamics [1]-[7]. As landscapes are divided by waterfalls, agricul-
ture, urbanization, dams, and other infrastructure, many species must adapt rap-
idly or face extinction [8]-[10]. Fragmentation consistently decreases biodiversity
across taxa and ecosystems over time [11] [12].

Habitat fragmentation has ecological and genetic repercussions for popula-
tions. Both anthropogenic and natural barriers disrupt the exchange of individuals
between populations, thereby reducing gene flow [1]-[7]. Reduction of gene flow
among populations can have a variety of effects such as inbreeding depression and
genetic drift, which alter the genetic structure of these populations [10] [13]-[20].
Lacking the available genetic variation to adapt to a changing climate, for example,
may make these populations more vulnerable to extinction [14] [18] [20]-[24].
While barriers can reduce biodiversity in small populations, they can also lead to
increased genetic diversification or even speciation depending on the life history
of a species and the population size [25].

At a broad scale, eco-evolutionary feedbacks dominate fragmented landscapes.
Fragmentation alters both the context and the tempo of evolution, especially for
dispersal and life history [8]. These dynamics apply equally to terrestrial and aquatic
ecosystems where dispersal becomes more necessary and more risky [8] [10]. For
example, human-altered fragmentation has effectively become a driver of contem-
porary evolution shaping species distributions, genetics and ecosystem processes
[26] [27]. In many river systems there are measurable evolutionary changes
among freshwater fish populations within a few decades [14] [28] [29] or even a

few generations [30] [31]. Yet such rapid evolution rarely restores ecological con-
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nectivity. Without habitat protection and restoration efforts, adaptation may lead
to smaller, more specialized, and less resilient populations.

The evolutionary effects of fragmentation are profound in freshwater fishes
where river damming and flow alteration create severe barriers to gene flow [31]-
[34]. Although the effects of dams are not part of our study, dams represent a
controlled experiment about evolutionary divergence and rates of allelic change
that are not necessarily available to studies about fragmentation to waterfalls.
Dams divide once-continuous river systems into discrete segments, isolating fish
populations and disrupting migration routes that are critical for spawning. The
isolation of freshwater fish populations can result in genetic divergence from pre-
viously connected demes [33] [34]. Hydrological alterations and damming re-
sulted in high levels of genetic divergence among populations of five species of
cypriniform fishes in Iran [35], and in salmonid fishes [28] [34]. The amount of
divergence is also a function of the degree of isolation of populations on both sides
of the barriers. For example, in Oregon, the largest and least penetrable barriers
resulted in increased divergence in Redband Trout (Onchorynchus mykiss gaird-
neri) [36]. The rate of divergence has also been found to be inversely proportional
to the effective population size of the fragmented species [31] [33] [37]. A com-
munity wide study found that four species of fishes with high effective population
sizes had low divergences relative to dam populations below [37], whereas the
Smallmouth Bass, Micropterus dolomieui, which had a low effective population
size, was highly divergent. Low effective population sizes allow for drift to work
more quickly to shift stochastically allele frequencies [31], as has been shown for
the Variegate Darter (Etheostoma variatum) [38].

Natural waterfalls are among the most persistent barriers shaping the popula-
tion genetics of freshwater fishes. Although they occur less frequently than hu-
man-made dams, waterfalls can strongly influence gene flow by restricting up-
stream dispersal while sometimes permitting downstream dispersal [4] [8] [13]
[20] [27] [29]-[31] [39]-[42]. The asymmetric nature of passage beyond waterfalls
produces predictable patterns of genetic connectivity and diversity [20] [23] [43]-
[45]. Genetic diversity is predicted to be higher below waterfalls because above-
falls populations are relatively isolated while below-falls populations may freely
exchange individuals within and among river basins and receive an occasional
migrant over the falls [3] [18] [31] [41] [45]-[47]. The main expectation is that
above-waterfall populations function as small, partly isolated demes prone to ge-
netic drift. Without the replenishment of alleles from downstream sources, heter-
ozygosity and allelic richness should decline over time, and differentiation in-
creases relative to downstream populations. These predictions have been con-
firmed empirically: in guppies in Trinidad [45], and for Rainbow Trout in the
Russian River of CA [28].

Similar to waterfalls and other actions that fragment habitats, the evolution of
watersheds and drainages can have profound effects upon the evolutionary diver-
gence of fishes, particularly those that are non-migratory [48]-[50]. Headwater,
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non-migratory fishes may be effectively isolated from conspecifics that live in dif-
ferent tributaries of the same river drainage or in other drainages [50] [51]. The
result is that downstream habitats may serve as effective or leaky barriers to gene-
flow among tributaries or drainages [8] [51] [52]. The result of riverscape hetero-
geneity is that the larger the distance among populations and the longer the period
of their separation, then the greater we should expect their genetic divergence,
such as has been witnessed in darters [53], a leuciscid minnow [49], a characiform
tetra [54], the Brown Trout [55], and galaxiids [56]. However, this does not nec-
essarily imply an isolation by distance framework because the genetic divergence
will depend on the effective population sizes, habitat diversity within the drainage,
normal non-migratory movements of the species, etc.

Rhinichthys atratulus, the Eastern Blacknose Dace (Figure 1), is a small, non-
migratory, riffle-dwelling minnow found commonly in Atlantic draining streams
east of the Appalachian Mountains from Nova Scotia to Virginia and in south-
eastern tributaries of Lake Ontario [57] [58]. It is an obligate freshwater fish that
plays a critical role in trophic interactions of stream invertebrates, feeding on the
larval stages of aquatic insects [59]. R. atratulus prefers to live in rocky, riffle hab-
itats with moderate flow, a habitat that occurs above and below waterfalls in our
study area. They can also be in pools or below overhanging banks immediately
adjacent to riffles [58].

Figure 1. Rhinichthys atratulus, Eastern Blacknose Dace, 65 mm standard length, breeding male, from Laurel
Brook adjacent to the Coginchaug River, CT. Photo by Barry Chernoff and A. Machado-Allison.

We examine three specific hypotheses about the effects of large barriers on the
effects of migration and genetic differentiation among populations of R. atratulus:
i) That waterfalls or drainage divides are barriers to gene flow; ii) That the amount
of genetic divergence across these barriers should be greater than among popula-
tions not separated by physical barriers; iii) That genetic diversity below waterfalls
should be greater than the genetic diversity above waterfalls. We hypothesize that
populations above waterfalls will exhibit lower genetic diversity than those below,
and that populations separated by barriers will be more genetically dissimilar than

those not separated by physical barriers.
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2. Materials and Methods
2.1. Sites

We sampled seven locations (Table 1) along the Coginchaug River and in Falls
Brook (Figure 2). Both are north-flowing streams that are tributaries of the Mat-
tabesset River which drains into the Connecticut River (Figure 2). All sampling
localities were riffle habitats or the adjacent pools. Conductivity, pH, dissolved
oxygen, and water temperature were measured using a Yellow Springs Instrument
(YSI) probe Model 556 MPS. The conductivities in the Coginchaug River ranged
from 0.231 - 0.243 ms (mean = 0.234 ms) [60]; in Falls Brook the conductivity
ranged from 0.230 - 0.234 ms (mean = 0.232 ms). The dissolved oxygen was com-
pletely saturated at all localities, exceeding 9.5 ml/L. The pH in both the Cog-
inchaug River and Falls Brook localities was slightly acidic, ranging from 6.82 to
6.84 [60].

Table 1. Physical descriptions, coordinates and sample sizes for the seven sampling sites in the Coginchaug and Falls Brook drain-

ages. The data for substrate, flow and canopy cover at the Coginchaug localities are from [60] and this study. *The sample sizes are

for both nd2 and microsatellites, except for nd2 in CR-Al (n = 36) and FB-A (n = 22). Canopy refers to canopy cover.

River

Coginchaug
Above

Coginchaug
Below

Fall Brook
Above

Fall Brook
Below

Site code
CR-Al
CR-A2
CR-A3
CR-B1
CR-B2

FB-A

FB-B

Sample size (n)* Latitude Longitude  Substrate Flow Canopy
41 41.443661 —-72.687850 Gravel & sand Moderate None
37 41.529055  —72.691377 Bedrock, rock, gravel Moderate to fast  30%

20 41.528165 -72.689347 Bedrock, gravel Moderate to fast  20%

38 41.537839  -72.687682 Rock, gravel, sand Moderate to fast  40%

09 41.544286 —72.685909 Bedrock, rock Moderate to fast None
23 41.536928 -72.727818 Rock, gravel, sand Moderate 40%

29 41.537637 —72.727813 Bedrock, rock Moderate to fast  10%

The sampling localities were distributed above and below three waterfalls, two
in the Coginchaug River and one in Falls Brook (Figure 2). Wadsworth “big” Falls
(Figure 2, W1) is 10 m high; Wadsworth Little Falls is 5 m high (Figure 2, W2);
and the waterfall at Falls Brook is 8 m high (Figure 2, W3). Both W1 and W2
empty into the lower Coginchaug River (Figure 2). The two sampling localities in
the lower Coginchaug River (CR-B1, CR-B2) are ca.7 km below the outfall of both
Wadsworth falls. We surveyed all of Wadsworth Brook above Little Falls (W2)
and found only one location (Figure 2, CR-A3) that had a riffle-pool habit and
our study species. A drainage divide, 46 m in elevation, separates Wadsworth
Brook from the upper Coginchaug River even during periods of flooding. Falls
Brook has only two localities, one above and one below (Figure 2, FB-A, FB-B)
with habitats that supported our study species. We surveyed the entire upper part
of the brook and found no riffle habitats; the brook ca. 20 m above FB-A had been
channelized. Similarly, a weir/low dam has been installed in the lower part of Falls

Brook near its confluence with the Mattabesset River; the impoundment comes
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within 350 m of the riffle with our study species below the falls (Figure 2, FB-B).
This weir/dam is partially submerged allowing Falls Brook to flow into the Mat-
tabesset River. There are two dams with impoundments on the lower Coginchaug
River, the largest, Starr Millpond (41.650°N, 72.663°W) constructed ca. 1812,
powered a mill with a “waterfall” of 6 m that would prevent any immigration of
R. atratulus into the area of the study sites. Nonetheless, we have sampled the
Mattabesset River, including the mouth of the Coginchaug for 16 years and have
never encountered an individual of R. atratulus out of the more than 25,000 indi-
viduals captured in the region between the mouth of the Coginchaug River and

near the mouth of Falls Brook (B. Chernoff, pers. comm.)

Y

¢ IRNYRRY N
éo 510 20 30 40 l

= e e Kilometers

Figure 2. Map of study sites along the Coginchaug River, CT, USA. Black circles denote
sample sites and bars denote waterfalls. CR-Al and CR-A2 are above Wadsworth “big”
Falls, CR-A3 is above Wadsworth Little Falls, CR-B1 and CR-B2 are below the falls, and
the two Falls Brook sites are also separated by a waterfall. Map generated in ArcGIS 10.3.1.

The sites were recolonized approximately 18,500 years ago [61]-[63], after the
retreat of the Wisconsinan glaciation. The time of isolation of fishes by waterfalls
and drainage divides can be estimated from dates of late-Wisconsinan glacial
varves [61]-[63]. The closest varve to the north was dated at 17,900 years ago.
Thus, populations of R. atratulus were isolated by these barriers for about 18,000

years or approximately 9000 generations.
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2.2. Samples

We collected 197 individuals of R. atratulus (Figure 1) from the seven sampling
localities. Almost all individuals were collected between 2012 and 2014. A few in-
dividuals from CR-B1 and CR-B2, had been collected in 2006 and 2008, respec-
tively. There were no among-year genetic differences found within localities that
had been sampled over time (p> 0.10). We collected R. atratulususing a Smith Root
backpack electroshocker and dip nets. A portion of the caudal fins were clipped and
stored in 95% ethanol. Scissors were cleaned with 95% ethanol and wiped clean
with a Kimwipe.

All of the procedures involving the collection and handling of fishes were hu-
mane and ethical, and were approved by state and animal care and use commit-
tees. Our study operated under scientific collecting permits from the state of Con-
necticut: Connecticut Scientific Collection Permits SC-13023 and SC-17031. Per-
missions for handling fish for scientific study were governed by: IACUC 2006-
1212, Chernoff IACUC 2008-1212, Chernoff IACUC 2012-1212-Chernoff-A and
IACUC 2014-1212-Chernoft-A.

2.3. DNA Extraction

DNA was extracted from fin clips using a QIAGEN DNeasy Blood and Tissue Kit:
QIAGEN Sciences, MD, USA. The provided protocol for “Purification of Total
DNA from Animal Tissues” was followed except for the last step, in which 200 pl
of buffer was added to the membrane, and the samples were incubated at room
temperature for 10 min before being centrifuged in order to increase DNA con-
centration. Final DNA concentrations for all samples were determined on a Thermo

Scientific NanoDrop ND-2000 1-position spectrophotometer.

2.4. Amplification and Analysis of nd2

We analyzed 191 individuals for the nd2 mitochondrial gene. Nd2 was amplified
using Polymerase Chain Reaction (PCR) with reaction conditions from [63].
Seven pl of PCR product mixed with 1pl of Loading Dye was run on a 1.5% aga-
rose gel at 100 V for 30 min with 5 pl of SYBRsafe (Invitrogen). Successfully am-
plified samples that displayed a clear band at ~1045 base pairs (bp) were sent to
Yale University’s DNA Analysis Facility for sequencing. Forward and reverse se-
quences were aligned using ClustalW Multiple alignment in Bioedit v7.2.5, and
consensus sequences were generated based on chromatograms viewed in FinchTV
v1.4.0 [64].

DnaSP v5.10.01 [65] was used to calculate haplotype counts, nucleotide diver-
sity (), haplotype diversity (Hd), and to generate input files for Arlequin. We
used Arlequin v3.5.2.2 [66] for the following tests of neutrality: Tajima’s D, Fu’s
F,, Fu and Li’s D*, and Fu and Li’s F* [67] [68]. Arlequin was used to determine
the number of private haplotypes, which we define as population-specific hap-
lotypes that have not been found in any other population (ie., endemic). We

acknowledge that if sample sizes were to get very large, the probability of finding

DOI: 10.4236/0je.2026.166017

283 Open Journal of Ecology


https://doi.org/10.4236/oje.2026.166017

K. Anatone et al.

a population-specific or “private” haplotype in another population increases in
proportion to the degree of gene flow among populations [69]. Arlequin was also
used to generate Analyses of Molecular Variance (AMOVA). An AMOVA parti-
tions molecular variance and estimates genetic structure based on the allelic con-
tents of haplotypes and their frequencies [70]. AMOV As were generated for pop-
ulations by sample site, for groups of populations above or below waterfalls, and
for groups of populations separated by drainage divides. We did not correct the
table of p-values for the mitochondrial and microsatellite AMOV As (Table 3) us-
ing the sequential Bonferroni procedure [71]. Sequential Bonferroni is too con-
servative and leads to too many Type II errors [72]. Thus, the Bernoulli equation
indicated that the probabilities for finding the number of significant results (p <
0.05) out of the number of p-values generated for the nd2 and microsatellite data
were 4.13 x 107> and 5.08 x 107, respectively [72].

A Minimum Spanning Tree estimation of connection lengths between haplo-
types was generated in Arlequin v3.5.2.2 to estimate genetic relationships among
the haplotypes [63] [73]. The branching diagram also shows the percent of indi-
viduals displaying that haplotype from each population. This network was rooted
at Haplotype 1 because phylogenetic analysis identified Haplotype 1! as the an-
cestral haplotype of populations that recolonized New England after the Wiscon-
sinan glaciation. Thus, all of the other haplotypes are derived from Haplotype 1.

2.5. Amplification and Analysis of Nuclear Microsatellites

We analyzed 197 individuals for microsatellites. The DNA was screened for 15
microsatellite loci. Seven loci were polymorphic and were used in the analyses.
Microsatellites were amplified using PCR with primers and protocol from [58].
Successfully amplified fragments displayed a fluorescent band at the expected
length that was visualized with gel electrophoresis and then submitted for frag-
ment analysis by the Yale DNA analysis center. All fragments were scored manu-
ally for length using Peak Scanner v2.0 (Applied Biosystems) and binned in Mi-
crosoft Excel.

Input files were generated from Excel using CONVERT v1.3.1 [74] and CRE-
ATE v1.37 [75]. We used POPGENE v1.32 [76] to determine private, or endemic,
alleles at each site. A pooled-variance test along with a test of homogenous subsets
were conducted to determine the significance between the mean number of alleles
found at each site. FSTAT [77] was used to determine the allelic richness (A,).
A, is a calculation of the mean number of alleles per site that accounts for the var-
iation in sample size by standardizing the sample size to the smallest n collected.
A pooled-variance test along with a test of homogenous subsets were also calcu-
lated for A.. Arlequin v3.5.2.2 [66] generated AMOV As and estimates of Hardy-
Weinberg equilibria for the populations.

The Garza-Williamson index, generated in Arlequin, is a statistic to detect re-

cent population bottlenecks [78]. The index uses the ratio M, the mean ratio of

"Labelled as Haplotype A by Tipton et al. (2011).
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the number of alleles to all possible alleles in the range of allelic sizes in order to
determine whether populations are in decline. For datasets with seven or more
loci, a value of M < 0.68 denotes that a population has gone through a bottleneck,
while M > 0.80 indicates that there has been no reduction in the effective popula-
tion size. The modified Garza-Williamson index [66] adds the value 1 to the de-
nominator of the original index to prevent division by zero in the case of a mon-
omorphic population.

STRUCTURE v2.3.4 was used to generate Bayesian analyses to infer population
structure and probabilistically assign a posteriorly individuals to genetic popula-
tions [79]. The analysis assumes that there is but a single genetic population; the
site from which each individual was captured was not used in the analysis. Under
the admixture model, 20 runs per K (# of populations) were generated (K =1
through 7) with 10,000 burn-in and 10,000 generations. The models each have a
maximum likelihood. The likelihoods were tested sequentially with the log likeli-
hood ratio test. We selected the model with the largest number of partitions for
which the log likelihood ratio test was significant (p < 0.01) for y* with 1 degree
of freedom [80]. This result was checked by using the likelihoods from Structure
to calculate the BIC indices for each value of K [81] [82]. The best fit model has
the lowest mean value of BIC. The output from STRUCTURE displays a visuali-
zation of estimated population genetic structure by site [79]. The program classi-
fies individuals into color groups, each of which represents a different genetic
population (unfortunately, the user has no control of the colors that program as-

signs to groups).

2.6. Fst Analyses of Divergence

Arlequin v3.5.2.2 [66] was used to calculate the pairwise divergences among pop-
ulations for both nd2 and microsatellites (Table A2). Pairwise Fst tile plots were
generated in R version 4.3.3 [83] using the packages data.table version 1.17.8 [84]
and ggplot2 version 3.5.2 [85]. The Kruskal-Wallis test evaluated the significance
of pairwise divergences (Fst’s) between populations separated by waterfalls or by
drainage divides. The Kruskal-Wallis non-parametric test makes assumptions
about normality of the distribution of Fst values. Box-whisker plots illustrate the
differences between the treatments for waterfalls and drainages. Because the Fst
values were used in multiple tests, we would have applied the Bernoulli method
[72] as discussed above to determine the probabilities for finding the number of
significant results for the number of comparisons for the Kruskal-Wallis tests of

the Fst data. However, the results were not significant and the test was not needed.

2.7. Estimations of Migration and Mutation Rates

Migrate v3.6.8 [86] was used to estimate the mutation rate scaled by population
size (6) and the mutation-scaled effective immigration rate (M). M indicates how
much more important immigration is than mutation in bringing genetic variants

into a population [87]. The number of individual migrants between populations
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per generation is calculated from the product of M by & [87]. The estimates of
these parameters were calculated separately for nd2 and microsatellites.

The parameters 6, M and the number of migrants per population are calculated
between pairs of populations as part of a network of connections among sampled
populations [87]. For example, a hypothesis of panmixia includes connections
among all populations. We tested a hydrologically constrained model with 13 pa-
rameters against panmixia with 42 parameters using the log-likelihood ratio test.
The model of connections is shown in Table 7. This model is most reasonable
from a biological perspective as well because a species of the size of R. atratulus
should not be able to travel upstream over waterfalls [13] [15] [20] [88]. Differences
in the means and coefficients of variation of 6 between nd2and microsatellites were
tested in Past v4.03 [89] using 9999 bootstraps with a Monte Carlo procedure.

For analyses of microsatellites, PGDSpider v2.1.1.3 [90] was used to convert
Arlequin files to Migrate input files. For analyses of nd2 and microsatellite data,
Migrate v3.6.8 was run ten times. Marginal likelihood estimations were deter-
mined based on the log-probability of the data given the model to find the most
likely migration scenario of the runs.

For microsatellites, SPAGeDi software [91] was used to compare Rst and Fst
values. Rst measures divergence based upon a within population model rather
than Fst which is based upon an immigration model [92]. If Rst = Fst, then there
is no contribution of mutation to genetic differentiation. If Rst > Fst, then muta-

tions are the main contributor to genetic differentiation of populations [91].

2.8. Isolation by Distance (IBD)

Distances among populations were river distances calculated from the connec-
tions among the rivers. For example, the distance from the population above
Wadsworth Little Falls (CR-A3) to other populations includes the stream distance
from CR-A3 to the Coginchaug River and then the distances in the Coginchaug
to other populations. A reduced major axis (RMA) regression of log-transformed
Fst genetic distance on geographic distance was calculated in PAST v4.03 [89].
Mantel tests were also conducted using PAST v4.03 [89] to compare pairwise Fsr
values to geographic distances between populations.

2.9. Data Accessibility
All nd2 sequences were registered in GenBank: MH368787-MH368800. All mi-
crosatellite alleles were registered in GenBank: MH368801-MH368807.

3. Results
3.1. Relationships among Haplotypes

There were 14 haplotypes (Table A1) identified from the 191 individuals from the
seven populations (Figure 3). All haplotypes are derivatives of Haplotype 1 (Fig-
ure 3) which has been identified as the ancestral haplotype of populations that
recolonized New England after the Wisconsinan glaciation [63]. Of the eight pri-
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vate haplotypes observed, six were found in two sites (CR-A1 and CR-A2) above
the large waterfall (W1) in the Coginchaug River. Only two haplotypes were ob-
served below W1 (Table 2, CR-B1 and FB-B). Haplotype 1 was present in all Cog-
inchaug populations and most frequent in R. atratulusabove W1 (Figure 3). Hap-
lotype 1 was absent from the Falls Brook localities (Figure 3). Although Haplotype
1 occurred in low frequencies in the two Coginchaug populations below W1 (CR-
B1 & CR-B2; Figure 3), these two populations uniquely possessed Haplotypes 9,
12 and 42, which are derivatives of Haplotype 1. Although CR-B2 only had 9 in-
dividuals, it still had the same the number of haplotypes, 5, as the largest sample,
CR-Al (n = 36), but lacked private haplotypes which could be due to the small
sample size. Haplotype 10 was the most common but was absent from CR-B2.
Haplotype 10 has also been found in the Thames drainage basin of Eastern Con-
necticut [63]. The populations, CR-A3 and FB-A, above the two smaller waterfalls,
W2 and W3, respectively, lacked any of the derivative haplotypes (Figure 3).

Haplotype 9

Haplotype 45
Haplotype 42 4

Haplotype 46
Haplotype 12 poyp

Haplotype 44 Haplotype 14

Haplotype 41
Haplotype 11
Haplotype 43

Haplotype 39

Haplotype 40 Haplotype 1

N = 54

Haplotype 10
N =87

Key:[]CR-A1,Jlll CR-A2, [l CR-A3, [l CR-B1, Il CR-B2,[]FB-A, lll FB-B

Figure 3. 95% maximum parsimony haplotype network displaying relationships among nd2
haplotypes. Each circle represents a haplotype, with each color representing a different pop-
ulation. The size of each circle represents the relative frequency. Each line between haplotypes
represents one nucleotide difference between haplotypes.

Table 2. Population statistics for mitochondrial nd2, including haplotype diversity (Hd), nucleotide diversity (), the average num-
ber of nucleotide differences between haplotypes (k), and tests of neutrality for Tajima’s D, Fu’s Fs, Fu and Li’s D*, and Fu’s and Li’s
F*. None of the tests were statistically significant (p > 0.05).

Site
code*

CR-Al
CR-A2
CR-A3
CR-B1
CR-B2
FB-A
FB-B
Mean
*s.d.

Total # of
Haplotypes

5
6
2
6
5
1

2

3.857
1.959

Private
Haplotypes

S O = O W W

1

1.143 +
0.143

Haplotype Nucleotide Avg. # of

Diversity = Diversity  nucleotide Tajima’s Fu’s Fs Fuand Li' Ffs and
(Hd) () differences (k) D LisE
0.425 0.001 0.919 -0.997  -0.661  —1.219 -1.344
0.656 0.001 1.432 -0.410  -0314  —0.202 -0.312
0.281 0.001 0.561 -0.045  1.575 0.875 0.720
0.664 0.002 1.620 -0.430  0.089 0.642 0.359
0.861 0.002 2.556 0598  —0.306 —0.298 -0.413
0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.133 ~0.000 0.133 -0.753  —0.410  0.599 0.261
0.431 + 0.001 + 1.032 + —0.462+ —0.004% 0.057 + ~0.104 +
0.290 0.001 0.841 0.334 0.406 0.722 0.673
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3.2. Genetic Diversity of nd2

The average number of nucleotide differences between haplotypes above the falls
ranged from 0.000 to 1.432 and below the falls from 0.133 to 2.556 (Table 2). In
above-falls sites, mean haplotype diversity (Hd) was 0.341 (range: 0.000 < Hd <
0.656), and mean nucleotide diversity (77) was 0.001 (0.000 < 7< 0.001). In below-
falls sites, the average Hd was 0.553 (0.113 < Hd < 0.861), and the mean 7 was
0.0013 (0.000 < 7 < 0.002). Overall, Hd, 7, and the average number of mutations
between haplotypes were higher in populations below the falls than above the falls.
Because the population at FB-B had one common and one rare haplotype, Hd is
approximately 0. The same value of Hd was found at FB-A where there was one
haplotype.

The results of Tajima’s D, Fu’s F;, Fu and Li’s D*, and Fu and Li’s F* for any
population failed to reject the null hypothesis of neutrality (p > 0.05), suggesting
that nd2 was evolving as a neutral genetic marker (Table 2). The results of these
tests also indicated that populations had probably not experienced a recent bot-
tleneck or inbreeding depression [93].

Global AMOVAs (Table 3) were computed to compare sites separated by and
not separated by barriers to geneflow (ie., waterfalls and drainage divides). In all
cases, the largest percentage of the variation was explained by haplotypic variation
among individuals within populations, ranging from 31.5% - 97.7% (Table 3).
There were significant differences between populations that were not separated
by barriers whether above the falls (Table 3: CR-A1 vs. CR-A2, p< 0.001) or below
the falls (Table 3: CR-B1 vs. CR-B2, p< 0.01). The latter comparison could be the
result of small sample size in CR-B2. Of the three over-the-falls comparisons, only
that across Wadsworth Little Falls (W2) was significant (p < 0.001, Table 3). The
comparisons of populations over Wadsworth Big Falls (W1) and over Falls Brook
(W3) were not significant (p > 0.05). The comparisons across drainages were all
significantly different (p < 0.01, Table 3).

Table 3. Analyses of molecular variance (AMOVA) for nd2and microsatellites among populations. Populations inside parentheses are

pooled for the particular comparison. The percentage variation among populations within groups is only calculated when there is more

than one population within a group. The percentage variation within individuals is the variance explained by heterozygosity and only

applies to microsatellite data. N/A means not applicable. Significance levels for p-values are: p < 0.05%, p < 0.01**, p < 0.001***,

nd2 microsatellites
Comparisons Populations Source of variation Percentage
. p-Value % variation p-Value
variation
Among groups 10.10241 <0.00001*** 3.28271 0.00098***
CR-AL Among populations within groups N/A N/A N/A N/A
vs
Between CR-A2 Among individuals within populations 92.42992 0.00293**  3.11196 0.0176*
Adjacent Within individuals N/A N/A 9491142  0.00391%*
populations.
Among groups 7.11372 0.01075* 6.05616 0.00098***
No Barriers CR-B1 Among populations within groups N/A N/A N/A N/A
vs
CR-B2 Among individuals within populations 97.01456 0.65103 6.55994 <0.00001***
Within individuals N/A N/A 89.56877 <0.00001***
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Continued
Among groups 18.88446 0.0694 4.35172 0.00098***
(CR-AL, CR-A2) Among populations within groups ~ 4.37833 0.01173* 223537 <0.00001%**
vs
(CR-BI, CR-B2) Among individuals within populations 76.73721 <0.00001*** 4.25736 0.00293
Within individuals N/A N/A 89.15554 <0.00001***
Among groups 52.945 <0.00001*** 9.29151 0.00196**
Populations ~ CR-A3 Among populations within groups N/A N/A N/A N/A
separated by  vs o o )
Waterfalls (CR-BI, CR-B2) Among individuals within populations 47.325 <0.00001***  6.12443 0.00293**
Within individuals N/A N/A 84.46598 <0.00001***
Among groups 6.08056 0.30987 2.05686 0.00098***
Among populations within groups N/A N/A N/A N/A
FB-A vs FB-B
Among individuals within populations 97.75289 0.32063 0.15875 0.47312
Within individuals N/A N/A 99.74165 0.53959***
Among groups 32.48872 0.00489** 4.00071 <0.00001***
(CR-AL, CR-A2) Among populations within groups ~ 2.49116 0.00391%* 051612 0.06940
vs
CR-A3 Among individuals within populations 65.02012 <0.00001*** 4.03376 0.01466*
Within individuals N/A N/A 91.44942 0.00098***
Among groups 39.75357 <0.00001*** 5.21156 <0.00001***
(CR-Al, CR-A2,
CR-A3) Among populations within groups N/A N/A N/A N/A
Vs Among individuals within populations 62.43721 <0.00001*** 3.86146 0.00196**
Populations  pg.A
separated by Within individuals N/A N/A 92.60406  <0.00001***
drainage Among groups 68.431 <0.00001***  9.8426 0.00196**
divides
(CR-B1, CR-B2)  Ammong populations within groups ~ 0.417 0.2913 0.19599 0.32258
vs
FB-B Among individuals within populations 31.152 <0.00001*** 1.31112 0.24145
Within individuals N/A N/A 88.65029 0.00098***
CR-A1 mong groups . . . .
( , Among group 37.24448  0.00489%*  2.30326 0.01955*
CR-A2, CR-A3,  p1ong populations within groups ~ 18.24666  <0.00001*** 4.55667 <0.00001+*
CR-B1, CR-B2)
vs Among individuals within populations 44.50886 <0.00001***  3.43091 0.00684**
(FB-A & FB-B) ~ Within individuals N/A N/A 89.70916  <0.00001***

The pairwise population Fst values (Figure 4) reveal that the populations above

waterfalls in the Coginchaug River (CR-A1-A3) are most similar to each other, as

are the populations within Falls Brook (FB1-2). With the exception of the popu-

lation above Wadsworth Little Falls (CR-A3), the populations from Coginchaug

River are most highly diverged from those populations in Falls Brook (Figure 5).

Otherwise, there is a patchwork of divergences. The Fst values indicated that there

were no significant divergences between populations that were separated by wa-
terfalls (KW H'=0.081, p=0.78, Figure 6) or by drainage divides (KW H'=0.679,

p=0.09, Figure 5).
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Figure 4. Heatmap of pairwise population Fst values for nd2 (A) and microsatellites (B). Colors are scaled so that larger Fst values
are darker. Abbreviations: CR is for Coginchaug River; and FB is for Falls Brook; see Figure 2 for location of sampling sites.
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Figure 5. Boxplots of Fst values (ordinate) for populations not separated (1), and separated (2) by waterfalls ((A),
(B)) and by drainages ((C), (D)). The data are for nd2 ((A), (C)) and for microsatellites ((B), (D)). The boxplots
have the following components: i) The box represents the proportion of data that lie between the 25" and 75%
quartiles; (ii) The horizontal bar within the box is the median; (iii) The vertical line spans the maximum and

minimum values.
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3.3. Genetic Diversity of Microsatellites

There were 125 alleles from seven polymorphic microsatellite loci (Table A3). The
variability of the number of alleles within populations was quite high (Table 4),
the standard deviations ranging from 4.2 to 9.3; the standard deviation of the
mean among all populations was 6.5. The means of the two upper Coginchaug
populations and the lower Falls Brook populations exceeded nine alleles per pop-
ulation (Table 4) and the mean among all populations was greater than eight. The
number of private alleles varied significantly among populations (Table 4), with
the greatest being found in the two upper Coginchaug populations and in two
populations below the falls, CR-B1 and FB-B (Table 4). The number of alleles and
private alleles exceeded those published for other populations of this species [58]
[94]. There were no significant differences between the observed and expected
heterozygosities within populations (p > 0.05, Table 4). The lack of departure
from Hardy-Weinberg equilibrium indicated failure to reject null hypotheses that
the microsatellites were evolving under random (neutral) processes. Thus, we

considered these microsatellite loci as neutral markers.

Table 4. Population statistics for microsatellite data of R. atratulus, including the mean number of alleles, allelic richness, and the

number of private, or population-specific, alleles. Also listed are the observed and expected heterozygosity of the seven polymorphic

loci for each of the seven populations. None of the results were statistically significant, indicating no significant departure from

Hardy-Weinberg equilibrium.

Locati Site cod Sample size ~ Mean # of Allelic Richness  Private H 0
ocation 1te code obs. exp.
(n) Alleles +s.d. (A Alleles > ?

CR-Al 41 10.29 £ 9.00 5.56 + 3.35 16 0.613 0.627
Coginchaug

CR-A2 37 10.57 £ 7.59 6.05 + 3.25 9 0.629 0.658
Above

CR-A3 20 6.00 + 4.52 4.00 £ 2.42 1 0.600 0.641

CR-B1 38 8.57 £+ 5.83 5.72 + 3.18 7 0.639 0.669
Coginchaug Below

CR-B2 9 6.71 £ 4.19 6.71 £ 4.19 2 0.587 0.699
Fall Brook Above FB-A 23 7.17 £ 5.57 4,83 +3.53 2 0.663 0.696
Fall Brook Below FB-B 29 9.33 + 8.55 5.08 + 3.79 12 0.695 0.672
Mean =+ s.d. 28.14 £+ 10.70 8.38 + 6.46 5.42 + 3.39 7.14 £ 541 0.632 +0.03 0.666 + 0.02

For all comparisons, the within-individual variation comprised the largest per-
centage of the total variance (Table 3). The percentage explained ranged from
84.5% - 99.7% of the total variance and was due to heterozygosity. These values
were all very highly significant (p < 0.001).

All the among-group comparisons were significant if not highly significant (p
< 0.001): i) Between adjacent populations with no barriers; ii) Between above-falls
and below-falls populations; iii) Between populations separated by drainage di-
vides (Table 3). Because there were only two comparisons between adjacent pop-
ulations (Table 3), we note the results from [94]. They studied three populations
of R. atratulusin a tributary of the Coginchaug River that were not separated by

barriers and were very close to each other (maximum distance spanned 470 m)
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Probability

with the same genetic markers used in this study. The same result obtained: all
three populations were significantly different (p < 0.01) from each other (Table
3) [94].

The log likelihood ratio test and the lowest mean BIC indices indicated that the
Bayesian a posteriori classification of individuals best fit a model with k = 5 par-
titions (Ze., genetic groups; Figure 6). Within the mainstem of the Coginchaug
River, there were differences between the upper two populations, CR-A1 and CR-
A2. Individuals within the uppermost population, CR-Al, belonged primarily to
a single genetic population (yellow) that was infrequent in CR-A2 and the Falls
Brook populations. The population above Little Falls, CR-A3, was almost fixed for
a single genetic signature that is present in ca. 25% of CR-A2. Interestingly, the
two populations below the big falls at Wadsworth, W1, comprise a majority of
individuals that were genetically distinct from all other populations (green). The
Falls Brook populations were classified primarily into a genetic group (red, Figure
6) that had a low probability of grouping with other populations. The populations
at FB-A had a number of individuals classified into the yellow group that was
characteristic of CR-A1.

CR-A3 CR-A1 CR-A2 CR-B1 CR-B2  FB-B FB-A

Figure 6. Bayesian a posteriori classification of individuals into genetic groups by the program STRUCTURE.
The analysis was based upon seven microsatellite loci for 197 individuals. Each vertical bar represents an
individual. The height of each color within a vertical bar (Ze., an individual specimen) is the probability of
belonging to a particular genetic group that is represented by a color. The individuals are grouped by the
geographic populations in which they were collected, see Figure 2 for localities. Abbreviations: CR is Cog-
inchaug River; FB is Falls Brook.

The heatmap of Fst values (Figure 4) illustrates a patchwork of larger and
smaller divergences but relative to nd2, the divergences are quite small. The most
similar populations are those from Falls Brook. The most divergent Fst values are
between CR-A3 and CR-B1 to FB-A and FB-B (Figure 4). There were no signifi-
cant differences in pairwise Fst values for either populations separated by water-
falls or populations separated by drainage divides (KW H = 1.64, p=0.20, and H
=0.714, p = 0.40, respectively; Figure 5).

All the populations had gone through recent bottlenecks or reductions in pop-
ulation size. The means of the Garza-Williamson statistic ranged from 0.340 -
0.552; the means of the modified index ranged from 0.219 - 0.394 (Table 5). Re-

cent bottlenecks or reduction in population sizes are indicated when the value of
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either index is <0.68 [78] [95]. Both versions of the index revealed that the popu-
lations from the most restricted habitats, CR-A3, FB-A and FB-B, had the lowest

values.

Table 5. Means and standard deviations of the Garza-Williamson index, M, and the Garza-Williamson Modified Index.

CR-Al

CR-A2 CR-A3 CR-B1 CR-B2 FB-A FB-B

Garza-Williamson

0.446 £0.204 0.552 +0.258 0.329 +0.224 0.456 £ 0.297 0.446 + 0.221 0.354 +£0.238 0.340 £ 0.237

Index

Garza-Williamson

0.369 £0.245 0.394 +£0.242 0.219 £0.240 0.323 £0.191 0.287 £0.202 0.230 £0.239 0.253 £ 0.229

Modified Index

3.4. Mutation and Migration

The population-scaled mutation rates, 6, were very similar among populations
(Table 6); with most populations differing by only tenths of a percent per gener-
ation. The fastest and slowest population-scaled mutation rates were found for
nd2 (Table 6) for populations in the Coginchaug River. Although it appears that
nd2had higher values of 6 than microsatellites, neither the means nor coefficients

of variation of 8 differed significantly (p > 0.1).

Table 6. The estimated mutation rates (0) for nd2 and microsatellites for each of the seven sampled populations (Figure 1) of

Rhinichthys atratulus.

nd2 microsatellites
Site

6 6
CR-Al 0.09957 0.09779
CR-A2 0.09829 0.09674
CR-A3 0.09843 0.09354
CR-B1 0.09014 0.09734
CR-B2 0.09836 0.09347
FB-A 0.09687 0.09373
FB-B 0.09684 0.09618

The values of M indicate the importance of immigration over mutation for in-
troducing genetic variation into populations scaled by population size. However,
higher values of M may also be due to shared ancestral haplotypes and microsat-
ellite alleles. For both data sources the estimated number of migrating individuals
was relatively low, ranging from less than 1 to 3.2 individuals per generation (Ta-
ble 7). That the species lives two to three years [58] [96]-[98] implied that one or
fewer individuals were migrating per year.

The model that best fit the data was the geo-hydrologically-based biogeographic
hypothesis that prevented individuals to migrate from sites below waterfalls to
sites above waterfalls (e.g., from CR-B1 to CR-A2) or to cross directly over a drain-
age divide (e.g., from CR-A3 to CR-A2). Thus, in the Coginchaug River popula-
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tions, upstream migration between adjacent populations was much lower than
downstream migration on a per generation basis for both nd2 and microsatellites
(Table 7; e.g., CR-A1 — CR-A2 > CR-A2 — CR-Al). The estimates of migrations
from above to below the three waterfalls were relatively high (Table 7), which
could imply the individuals going over the falls may survive.

Table 7. Estimation of migration rates for nd2 and microsatellite data. The first column shows the direction of migration between

sites. The statistic M indicates the role of immigration over mutation in bringing in genetic variants to populations. The number of

migrating individuals per generation is determined by multiplying the mutation-scaled effective population size, theta (), for the

corresponding recipient population, times M.

Site

CR-Al —» CR-A2
— CR-B1

— CR-B2

CR-A2 —» CR-A1l
— CR-B1

— CR-B2

CR-A3 - CR-B1
— CR-B2

CR-B1 —» CR-B2

— FB-B

CR-B2 —» CR-B1

— FB-B

FB-A — FB-B

nd2
M
17.0
11.2
16.4
6.9
24.9
22.22
29.5
19.4
31.5
19.5

14.9
33.1

microsatellites
# migrating individuals M # migrating individuals
1.671 30.789 2.979
1.098 27.907 2.716
1.613 28.428 2.657
0.687 13.524 1.323
2.217 33.004 3.213
2.186 27.368 2.558
2.662 16.634 1.619
1.903 13.318 1.245
3.098 26.299 2.458
1.889 8.163 0.785
1.022 17.431 1.697
1.447 8.562 0.824
3.207 27.318 2.627

Furthermore for microsatellites, we tested the importance of 0 relative to mi-
gration as the source of genetic variation within populations, by comparing Rst to
Fst values [91]. The result was that Rst > Fst (M.L, > = 7.84, p = 0.0037). This
result supports the conclusion that mutations contributed significantly to mi-

crosatellite differentiation of the populations.

3.5. Isolation by Distance

IBD predicts a positive relationship between genetic and geographic distances
(Wright 1943). RMA regression of Fst values from nd2 on geographic distance
was highly significant (p < 0.01; Figure 7(A)). The Mantel correlation test on the
matrix of nd2 Fst values and geographic distance was positive (R = 0.5640) and
highly significant (p < 0.01). The results mean that the genetic differences among
populations can be explained by an isolation by distance model. Both the RMA
regression (Figure 7(B)) and the Mantel test calculated for Fst values from mi-

crosatellite data were not significant (p > 0.05).
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Figure 7. Reduced major axis regressions of log-transformed pairwise Fsr values on geo-
graphic distances between populations. (A): nd2haplotypes. (B): Microsatellite data.

4. Discussion

That specific habitats are patchy in nature is true for almost all ecosystems. The
discontinuous distribution of habitats is especially characteristic of freshwater
streams [99]. Our study raises questions about the relative roles of patchy habitat
and major barriers, such as waterfalls or drainage divides, in shaping the genetic
structures of populations. Many studies have shown that waterfalls serve as barri-
ers that have large influences on population genetic structure [3] [40] [51] [100]-
[104]. To the extent that geneflow occurs across barriers, it should occur in a
downstream direction as predicted by riverscape theory [20] [40] [43] [44] [47]
[104]-[106]. Many but not all of these studies involve salmonids (trouts, salmons,
and their relatives) of which some species have the potential to migrate upstream
over waterfalls (e.g., Steelhead Trout, Onchorynchus mykiss, [103]). For low-mo-
bility species, the evidence is inconsistent whether waterfalls, rapids, or dams re-
sult in genetic differentiation among populations [6] [7] [14] [31] [33] [43].
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4.1. Genetic Diversity over the Falls

Genetic diversity is expected to be greater in populations below falls than above
falls [3] [18] [31] [41] [47]. This is because populations below waterfalls can re-
ceive immigrants from downstream and upstream populations; it is well docu-
mented that some fishes can survive the descent over a waterfall [47] [103] [107]-
[109]. Our results provided some support for and against the hypothesis of greater
genetic diversity in below-falls populations. The conflicting results are both a
function of the data and how one measures “diversity”.

Support for the theory was found in both the Coginchaug and Falls Brook pop-
ulations. The Coginchaug River drainage below-falls populations (CR-B1, CR-B2)
had higher Hd and 7 than above falls populations (CR-A1, CR-A2, CR-A3; Table
2). The population below Falls Brook had more private microsatellite alleles than
the above-falls population (Table 4). Hd was greater in the Falls Brook population
below than above the falls. This was weak support at best, however, because FB-A
is fixed for Haplotype 10 and FB-B had only two haplotypes (Figure 3, Table A1).

Contrary to theory, the above-falls populations in the main-stem of the Cog-
inchaug River (CR-A1, A2) had more private haplotypes and a greater number of
private microsatellite alleles than below-falls populations (Table 2, Table 4). The
relatively small sample size of CR-B2 may have affected this result, though we note
that the number of total haplotypes in (CR-B2), the smallest sample, is the same
as the number of haplotypes in the largest sample (CR-Al). Furthermore, the
number of alleles and allelic richness did not differ significantly (p> 0.05) between
above- and below-falls populations in the Coginchaug and Falls Brook drainages
(Table 2).

Not all studies have supported the theory that populations below significant
barriers such as waterfalls have higher genetic diversity. For example, there was
greater diversity of microsatellites in some above-barrier populations of Semotilus
atromaculatus (Creek Chub) in the Mastigouche Wildlife Reserve, Quebec, Can-
ada [20]. They theorized that because greater genetic diversity above impassable
waterfalls could not be explained by migration, the diversity might be a result of
older influences such as postglacial colonization or introductions. Alternatively,
others have argued that waterfalls can create upstream habitat diversity that can,
eventually, lead to genetic differentiation in above-falls populations [25] [43].
These suppositions identify three assumptions made by the theory that differen-
tials in genetic diversity are not due to: (i) Extinction or reduction of ancestral
genetic variation; (ii) /n situ evolution; (iii) Anthropogenic introductions.

Our results lead us to argue that the genetic variation among populations in the
Mattabesset River drainage has been largely shaped by in situ mutations rather
than by current rates of migration or by maintenance of the genetic diversity of
the recolonizing ancestral populations. The effects of both migration rates and the
maintenance of ancestral genetic diversity are insufficient to explain the current
population genetic structure among our study populations. A single population of

R. atratulus recolonized modern-day Connecticut River drainage from a single
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refugium in which the founding population went through a subsequent bottleneck
(e.g., Haplotype 1 was the ancestral nd2 sequence of the founding population)
[63]. The legacy of the bottleneck would be low genetic diversity, not high en-
demic genetic diversity. In the Mattabesset drainage, 14 of the 20 haplotypes are
endemic to the drainage (includes Allyn Brook [94]; and of the 14, 12 are private
haplotypes found only in a single locality. Furthermore, the number of private
microsatellite alleles is also high (e.g., = 40%). Thus, the diversity of haplotypes in
the Mattabesset River drainage have evolved since recolonization approximately
18,500 years before present [61]-[63].

The very high percentages of private haplotypes and microsatellite alleles among
the individual sites in the Mattabesset drainage are due to in sifu mutation rather
than migration. Our inference of in situ evolution is also supported by the fact
that analyses failed to reject null hypotheses of neutrality for each of 51 nd2hap-
lotypes and 238 microsatellite alleles among all studies [58] [63] [94] (Table 2).
And further, because Rst > Fst for microsatellite alleles implied that mutations are
a greater source of genetic differentiation within the populations [91] [92].

The role of in situ evolution due to mutation has not generally been acknowl-
edged [3] [20] [41]. Genetic diversity produced by mutation can produce results
that can support or reject the theory based solely upon migration. Our results
(discussed below) and those of [94] demonstrated that mutation rates have been
sufficient to override homogenization effects of migration or ancestral lineage ef-
fects. Furthermore, high rates of mutation were calculated for mitochondrial
DNA among the re-colonized populations in New England for R. atratulus [63].

In general, the introduction of organisms by humans to new localities is critical
to consider in studies of population genetics [20] [33]. This is especially true for
small fishes that may be used as bait. We do not believe that bait bucket introduc-
tions formed the basis for the genetic diversity among the populations we sam-
pled. While R. atratulus can be used as bait for sportfishes such as freshwater
basses, genus Micropterus, those predators are rare in the Coginchaug and Falls
Brook sampling sites; in 22 years of surveys in these rivers we have never encoun-

tered people fishing (B. Chernoff, pers. obs.).

4.2. Waterfalls and Drainage Divides as Barriers to Gene Flow

Waterfalls and drainage divides are not only expected to serve as barriers to gene-
flow but also are expected to increase genetic diversity within river systems [25]
[33] [51] [104] [106]. The expectations are that the nature and magnitude of ge-
netic divergence across instream barriers should be greater than among popula-
tions not separated by such barriers [4] [7] [20] [40] [44] [103]. Our study on a
non-migratory species tests this idea by examining populations above and below
three waterfalls, and between two tributaries of the Mattabesset River.

Our results demonstrate that there is significant genetic divergence among all
populations for microsatellites and most populations of nd2 (Table 3). The results
mostly provide evidence that waterfalls and drainage divides serve as barriers to
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multi-directional geneflow. For nd2, the only over-the-falls comparison that was
significant was that of the populations above (CR-A3) and below (CR-B1, B2)
Wadsworth Little Falls (W2) (Table 3). In all cases the variation of nd2 within
populations, whether pooled, was high and significant (Table 3). High levels of
within-population variation generally lead to lower estimates of among-group
variation [22] [110].

For microsatellite data, all comparisons of above versus below falls populations
were significantly different (p’s < 0.01, Table 3). Furthermore, the genetic struc-
tures of microsatellites were significantly different (p’s < 0.01) for the populations
separated by drainage divides (Table 3). These results are confirmed by the Bayes-
ian analysis of the microsatellite data that illustrated the differences in genetic sig-
natures across the barriers (Figure 4).

We also discovered that populations not separated by barriers in the upper and
lower Coginchaug River were also significantly different in genetic structure for
both data sources (Table 3, Figure 4). These results are identical to the findings
of [94] for R. atratulusin Allyn Brook, a tributary of the upper Coginchaug River:
populations at distances ranging from 80 - 470 m were genetically distinct from
one another for the same neutral markers. Genetic structure among populations
in other species has also been found in sections of rivers or streams unimpeded by
barriers (e.g., Gadopsis marmoratus [14] [49] [110]-[112]. Similarly, the amphi-
pod, Gammarus fossarum, expressed strong genetic structure among populations
at spatial scales of a few kilometers [113]. All of these results point to the lack of
geneflow among populations whether or not separated by barriers. The roles of
mutation and random processes, such as genetic drift, should not be underesti-
mated in the acquisition of neutral genetic novelties [114] [115].

The theoretical expectations governing genetic differentiation across major
barriers in lotic systems [40] [41] [48] [104] [106] [112] [116] make no predictions
about the genetic structure of populations that are not separated by barriers. That
all populations separated by barriers in this study differed significantly in their
genetic structures for at least one data source is consistent with expectations. Fur-
thermore, the degree of genetic divergence among populations separated by major
barriers is expected to be greater than the genetic divergence among populations
that are unimpeded by barriers. The degree of divergence for neutral markers
should increase with the age of separation by a barrier. The sampling localities of
our study were opened to recolonization approximately 18,500 years ago based
upon the dating of late-Wisconsinan glacial varves [61] [62]. Deglaciation pro-
ceeded from the coast to the interior. The closest varve to the north of the study
area was dated at 17,900 years ago [61] [62]. Thus, the populations above water-
falls and between drainage divides have been isolated for approximately 18,000
years or approximately 9000 generations. This degree of isolation should result in
genetic differences that should far exceed those of unimpeded populations. Our
results for the nuclear and mitochondrial data were contrary to this expectation.

Fsr values among populations were not significantly greater for populations sepa-
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rated by waterfalls or drainage divides than for those lacking barriers (ANOVA
P’s > 0.10; Kruskal-Wallis p’s > 0.2). All populations differed to the same degree

indicating that geneflow among all populations is relatively low.

4.3. The Effects of Mutation and Migration

The genetic variation within Connecticut River populations is due to four main
factors: i) The genetic variation of the post-glacial recolonizing ancestral popula-
tion; ii) Mutation of novel haplotypes and alleles; iii) Migration bringing addi-
tional alleles and haplotypes; iv) Extinction. The populations that recolonized
New England entered the deglaciation of the Connecticut River via an eastward
flowing river in what is now Long Island Sound [61]-[63]. The founding popula-
tion went through a bottleneck that reduced genetic diversity [63]. For example,
these researchers demonstrated that Haplotype 1 is ancestral for New England.
Though we are unable to estimate the diversity of the microsatellite alleles present
in the re-colonizing ancestors, both the allelic richness and heterozygosity would
have been decreased [117]. Thus, the processes of mutation and migration have
produced a large majority of the genetic variation in the Mattabesset River drain-
age.

The population-scaled mutation rates, s, were very similar among populations
for both nd2 and microsatellites (Table 6). These &s can easily account for the
genetic variations among the sites in the 18,000 years or 9000 generations of resi-
dence. While many widespread haplotypes (e.g., haplotypes 10) or microsatellite
alleles probably evolved earlier in the history of these drainages, the private hap-
lotypes and alleles are probably more recent in origin.

Our estimates of migration in the best fit model found general levels of con-
cordance as predicted by mitochondrial or nuclear data (Table 7). The number of
migrants between sites was predicted to vary from one to three per generation
(Table 7). For neutral genetic markers, these values would have been sufficient to
swamp genetic variation at the connected sites [118]-[120]. Thus, the large num-
ber of private alleles and haplotypes among our sampled populations indicates
that the rate of mutation is able to overcome the homogenizing effects of migra-
tion. A conclusion that is supported by the fact that the Rst > Fst for microsatel-
lites. This is also the result and conclusion reached for Allyn Brook populations
of R atratulus [94]. While it is possible that extinction could explain the pattern
of genetic diversity for these populations, we point out that: i) The null hypotheses
of neutrality were not refuted for haplotypes and microsatellite alleles; ii) The ge-
netic effects due to migration or recolonization can be quite insensitive to the ef-
fects of extinction under certain theoretical models [120].

Given the geometry of the rivers, one would expect a stepping stone model and
IBD to inhere [7] [25] [44] [106] [121]. The mitochondrial data were consistent
with IBD (Figure 7(A)), and both the regression and Mantel tests were highly
significant (p < 0.01). However, neither test was significant for the microsatellite

data. IBD assumes that geographically proximal populations will exchange more
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genes from migrants and, therefore, will be more genetically similar than popula-
tions that are further apart [121] [122]. Potential evidence for geneflow among
populations can be found in some of the haplotypes that are shared by a limited
number of populations. For example, haplotypes 9, 12 and 44 were found only in
the CR-B1 and CR-B2 below Wadsworth Big Falls, W1, (Figure 3, Table Al).
Although the presence of Haplotype 14 in CR-A2 and CR-B2 would seem to pro-
vide evidence for geneflow over W1, it could also be explained by extinction in
CR-A1l and CR-B1 (Figure 3, Table Al). If we failed to sample Haplotype 14 in
CR-B1, then geneflow would be more parsimonious.

Our data indicate that migration between and among populations is very low,
ranging from 1 - 3 individuals per generation (Table 7). Similar results were found
in a small tributary of the Coginchaug River [94]. Mark and recapture studies in
the Still River basin of western Connecticut demonstrated no movement of R.
atratulusamong riffles that were 2600 m apart (K. Anatone, pers. obs.). Therefore,
the positive relationship between genetic and geographic distance of nd2 (Figure
7(A)) was most likely due to the pattern of private haplotypes: relatively many and
few at the two ends of the distribution (Coginchaug and Falls Brook, respectively).
Unlike the mitochondrial data, the microsatellite data did not support a hypothe-
sis of IBD (Figure 7(B)). The lack of congruence between nd2 and the microsat-
ellites could be due to manner of inheritance and the reduced effective population
size for mitochondrial data [123]. Nonetheless, the populations having gone
through bottlenecks as indicated by the microsatellite data (Table 5), would also
reduce the effective population size and increase the effects of intra-population
mutation.

IBD can provide evidence for dispersal and the amount of gene flow between
populations [7] [52] [69] [95] [121] [122]. However, IBD assumes that migration
and geneflow are the major sources of genetic variation among populations. The
effects of mutation, however, may differentially affect populations of species with
differing life histories and ecologies. This may be especially true for habitat spe-
cialists or species with strong preference for a habitat. R. atratulus strongly prefers
riffle habitats and adjacent pools. This results in limited migration among riffle
habitats [94].

The predicted migration rate per generation (1 - 3.2 individuals, Table 7) could
maintain heterozygosity and minimize the loss of polymorphisms in populations
[124], but has not been sufficient to homogenize populations. The estimation of
individual migrants between populations is partly based upon shared haplotypes
and alleles. Thus, the actual number of migrants may be lower than predicted by
our analysis because the analysis does not distinguish between contemporary and

longer-ago historic processes.

4.4. Habitat and Predatory Effects on Migration

There are listed six potential reasons why R. atratulus was not migrating or mi-

grating minimally in Allyn Brook [94]. Of these, we believe that two are relevant
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to this study: i) ecological habitat preference and the patchiness of that habitat;
and ii) the effects of predation. Some fish populations have been found to differ
genetically in the absence of physical barriers [13] [52] [94]. The lack of migration
between populations may be due to subtle riverine landscape features. For in-
stance, the depths and lengths of corridors between pool habitats, or riffles, have
been found to affect rates of fish migration [1] [125] [126]. As R. atratulus is a
riffle dwelling specialist, its movement may be restricted by long stream runs and
deep pools that separate riffle habitats because the runs and pools may contain
predators and may lack preferred food resources.

Inter-riffle movements may be low for riffle-dwelling specialists because of pre-
dation. Based upon 16 years of sampling, there are few large predatory fish at our
study locations (B. Chernoff, pers. obs.); but the sites have a relatively open can-
opy, allowing for predation by birds. Since R. atratulusis often the most common
species in our streams, it is preyed upon by many fish-eating birds [98]. Great Blue
Herons and Belted Kingfishers have been found to alter the abundance of com-
mon prey and affect aquatic food webs [127]. Great Blue Herons, Green Herons,
Kingfishers and Ospreys have been seen frequenting the study areas. In addition
to bird predation of mature dace, larvae may also be preyed upon. R. atratulus
bury their eggs during spawning [96]. If the eggs are swept downstream by the
current or some perturbation, then fish that feed by filtering zooplankton may
consume the eggs or larvae by chance. Thus, the probability of risk from predation
would also diminish migration and could further affect their population genetic

structure.

5. Conclusions

Ecosystems are characterized by patchworks of habitats. Yet patchiness and dis-
continuities have important implications for evolution and maintenance of pop-
ulations within species [33] [128]-[131]. The more impenetrable the barriers that
exist between habitat patches, the larger the degree of separation among popula-
tions on both sides of the barriers. Over time, populations separated by barriers
such as waterfalls should manifest in genetic divergence [1] [4]-[6] [22] [25] [40]
[44] [109].

Our work examined three specific hypotheses about the effects of large barriers
on the effects of migration and genetic differentiation among populations of a rif-
fle-dwelling minnow, R. atratulus in the northeastern United States and found
that: i) The waterfalls and drainage divides were associated with genetic diver-
gence among populations, indicating barriers to migration and gene flow; ii) All
populations were significantly different from one another for microsatellites and
almost all for nd2, but that the magnitude of divergence across barriers was not
greater than between adjacent populations that were not separated by physical
barriers; iii) Genetic diversity was higher above falls for private alleles and haplo-
types, but genetic diversity was higher below falls for haplotype (Hd) and nucleo-
tide diversity (7).
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The latter two findings indicate that migration of individuals among popula-
tions with subsequent gene flow may not be the prevalent factor determining ge-
netic variation at the level of the population. Few studies consider that the rate of
in situ mutation may be driving the differentiation among populations [14] [33]
[94] [113]. The roles of mutation and random processes, such as genetic drift,
should not be underestimated in the acquisition of neutral genetic novelties [43]
[95] [109] [114] [115] [120] [132].

Other confounding effects are time of isolation across barriers and extinction
rates. The isolation across waterfalls and drainage divides in our study area is at
least 18,000 years old [61]-[63]. Is the presence of shared alleles and haplotypes
across the major boundaries due to contemporary migration and gene flow or due
to more historic influences such as the post-glacial colonization of the rivers by
genetically polytypic ancestors? Based upon the morphology of the Coginchaug
River, one might expect a steppingstone model of evolution with isolation by dis-
tance [7] [41] [44] [106] [109] [133]. Some of our results were in conflict, because
IBD was demonstrated for nd2but not for microsatellites. We concluded that our
populations were probably not evolving by IBD because the pattern was driven by
the larger number of private haplotypes in the upper portion of the Coginchaug
River.

The divergence of all populations with low migration, 1 - 3 individuals per gen-
eration, is most likely due to mutations of neutral genetic markers [43] [95] [109]
[114] [115] [120] [132]. The effects of mutation will certainly be greater in popu-
lations with low effective population sizes or those that have recently gone
through bottlenecks, such as the populations in the Mattabesset River drainage.
In conclusion, mutation, migration, extinction, and time of colonization all play
important roles in the patterns of genetic divergence among populations within
species. The strength of influence of these factors will depend upon the geological
history of the region, the frequency of habitat patches, the presence of major bar-
riers to gene flow, and in the case of aquatic systems, the pattern of connectivity
in the river basin. Thus, habitat fragmentation and degradation remain a threat to
populations, as all these factors are critical for the evolution and maintenance of

genetic diversity in wild populations.
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Appendices

Table Al. Haplotype frequencies found in the sampled populations of RAinichthys atratulus. Haplotypes 1, 9-12 and 14 correspond

to haplotypes A, I, ], K, L, and N of Tipton et al (2011) [63].

Haplotype CR-Al CR-A2 CR-A3 CR-B1 CR-B2 FB-A FB-B
1 0.75 0.46 0.16 0.13 0.22

9 0.55 0.34

10 0.14 0.38 0.84 0.08 1.00 0.93
11 0.03

12 0.13 0.11

14 0.05 0.22

39 0.03

40 0.05

41 0.03

42 0.04

43 0.04

44 0.08 0.11

45 0.03

46 0.07

Table A2. Genetic distances, Fsr values, between localities for nd2, above diagonal, and microsatellites, below diagonal. See Table 1

and Figure 2 for locality information.

CR-A1 CR-A2 CR-A3 CR-B1 CR-B2 FB-A FB-B
CR-Al - 0.08 0.02 0.23 0.1 0.69 0.69
CR-A2 0.02 - 0.21 0.28 0.09 0.42 0.41
CR-A3 0.03 0.04 - 0.54 0.42 0.12 0.12
CR-B1 0.07 0.06 0.04 - 0.02 0.68 0.66
CR-B2 0.03 0.02 0.08 0.02 - 0.67 0.65
FB-A 0.03 0.03 0.09 0.10 0.05 - 0.02
FB-B 0.04 0.04 0.09 0.11 0.05 0.00001 -

Table A3. The allele frequencies for the seven polymorphic microsatellite loci found in the seven study locations.

Allele Localities
Rhcal5b CR-Al CR-A2 CR-A3 CR-B1 CR-B2 FB-A FB-B
1 0.465 0.4 0.198 0.556 0.587 0.689
2 0.040 0.473 0.013
3 0.465 0.027 0.6 0.776 0.444 0.413 0.311
4 0.015 0.443
5 0.015
6 0.016
7 0.041
8 0.013

DOI: 10.4236/0je.2026.166017

313

Open Journal of Ecology


https://doi.org/10.4236/oje.2026.166017

K. Anatone et al.

Continued
Rhcal6
1 0.939 0.905 1 0.724 0.888 1 1
2 0.037 0.054 0.263 0.056
3 0.012
4 0.012
5 0.014 0.056
6 0.027 0.013
Rhca20
1 0.649 0.459 0.675 0.198 0.166 0.456 0.483
2 0.05 0.135 0.04 0.059
3 0.013 0.041 0.105 0.166
4 0.063 0.013 0.111
5 0.225 0.229 0.3 0.171 0.111 0.544 0.483
6 0.027 0.145 0.055
7 0.054 0.079 0.111 0.034
8 0.041
9 0.014 0.013
10 0.025 0.118 0.166
11 0.118
12 0.055
BD165
1 0.268 0.243 0.175 0.263 0.444 0.326 0.224
2 0.61 0.703 0.675 0.737 0.556 0.652 0.759
3 0.122 0.054 0.15 0.022 0.017
BD174
1 0.051 0.013 0.221
2 0.013
3 0.013 0.056
4 0.039 0.041 0.3 0.184 0.11 0.065 0.034
5 0.051 0.216 0.05 0.171 0.056 0.023 0.052
6 0.333 0.229 0.275 0.066 0.056 0.065 0.104
7 0.013 0.067 0.075 0.092 0.111 0.034
8 0.167 0.081 0.125 0.04 0.056 0.182 0.034
9 0.089 0.041 0.25 0.166 0.017
10 0.039 0.041 0.079 0.056 0.023
11 0.012 0.013 0.1 0.013
12 0.115 0.014 0.056 0.142 0.21
13 0.013 0.041 0.136 0.104
14 0.026 0.027 0.05 0.013 0.07 0.017
15 0.013 0.014 0.013 0.056 0.136 0.122
16 0.013
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17 0.014
18 0.068 0.066 0.023 0.017
19 0.041 0.017
20 0.013 0.045 0.017
21 0.013 0.013 0.045
22 0.013
23 0.045
24 0.017
25 0.017
26 0.034
27 0.017
28 0.034
29 0.017
30 0.017
31 0.017
32 0.017
33 0.017
34 0.017
Ca3
1 0.049
2 0.012
3 0.012
4 0.012 0.026
5 0.012
6 0.012
7 0.012 0.092 0.111 0.017
8 0.024 0.013 0.056
9 0.061 0.041 0.013 0.056 0.017
10 0.012
11 0.256 0.084 0.025 0.04 0.111 0.182 0.069
12 0.024 0.067 0.025 0.079 0.056 0.136 0.086
13 0.037 0.013 0.118 0.056 0.056 0.172
14 0.012
15 0.049 0.041 0.025 0.132 0.275 0.023 0.017
16 0.024
17 0.089 0.05 0.013 0.111 0.136 0.259
18 0.012
19 0.024 0.041 0.025 0.026 0.056 0.114 0.138
20 0.024 0.013 0.145 0.056 0.046 0.052
21 0.012
22 0.037 0.013 0.053 0.023 0.052
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Continued
23 0.024 0.013 0.026 0.017
24 0.012
25 0.037 0.013 0.025 0.039 0.056
26 0.012 0.023
27 0.012 0.013 0.025
28 0.024 0.054 0.1 0.017
29 0.049 0.041 0.025 0.013
30 0.012 0.027 0.025 0.017
31 0.013
32 0.027 0.091 0.017
33 0.013
34 0.041 0.091 0.036
35 0.041 0.017
36 0.243 0.425 0.067 0.023
37 0.013 0.025
38 0.122 0.175
39 0.025
40 0.013
41 0.079
42 0.013
43 0.013
44 0.056
Cal2
1 0.012 0.014
2 0.012 0.026
3 0.037 0.071
4 0.195 0.162 0.039 0.056 0.071 0.12
5 0.097 0.175 0.3 0.145 0.165 0.167 0.12
6 0.171 0.203 0.175 0.092 0.111 0.167 0.19
7 0.159 0.148 0.025 0.079 0.056 0.191 0.172
8 0.195 0.081 0.275 0.276 0.056 0.024 0.035
9 0.037 0.027 0.225 0.184 0.333 0.118 0.19
10 0.085 0.067 0.079 0.111 0.167 0.103
11 0.014 0.026 0.024
12 0.014
13 0.014
14 0.041 0.039 0.056
15 0.014 0.035
16 0.015
17 0.026 0.056
18 0.035
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