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Abstract Understanding the movement ability and the
spatial scale(s) of population genetic structure of species
can together better ‘tune’ management objectives to prevent
potential range contraction and population declines. We
studied the Rocky Mountain Sculpin (Cottus sp.), a threat-
ened species in Canada, to demonstrate the utility of using
two complementary approaches to assess connectivity of a
species. To do so, we used Passive Integrated Transponder
(PIT) tags with a stationary tracking array (n=223) to track
movement and genetic data (n=1,015) from nine micros-
atellite loci to assess genetic population structure. The PIT
tag results indicated that Rocky Mountain Sculpin are sed-
entary; approximately 50% of individuals only moved a
maximum distance of 10 meters (upstream or downstream)
over a 5-month period. Genetic analyses indicated that at
the spatial scale of our study area (5500 km?), watershed
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structure (river basins) is the main geographic feature influ-
encing population genetic structure. We used the Bayes-
ian clustering tool STRUCTURE, which suggested four
distinct sub-populations of Rocky Mountain Sculpin in
Canada. Genetic structure at finer spatial scales (within
basins and sub-basins) appears to be influenced by flu-
vial distance (i.e., geographic distance along a river) and
elevation change between sample locations (i.e., isolation-
by-distance and isolation-by-environment). Combining
movement and genetic analyses provides complimentary
evidence of limited dispersal in Rocky Mountain Sculpin
and highlights that both approaches together can provide
broader insight into connectivity between populations that
may ultimately help to aid future management decisions.

Keywords Demographic connectivity - Genetic
connectivity - Dendritic network - Isolation-by-distance -
Isolation-by-environment - Stream hierarchy

Introduction

Improving our understanding of how spatial connectivity
and dispersal for species is affected by landscape struc-
ture can provide invaluable information for conserva-
tion (Hughes et al. 2009; Wagner and Fortin 2013). Spa-
tial connectivity can be evaluated using direct monitoring
of dispersal, such as mark and recapture techniques, or
inferred using population genetic methods that assess the
scale and strength of gene flow among populations (Bro-
quet and Petit 2009; Lowe and Allendorf 2010). By com-
parison, direct monitoring studies provide insight into
demographic connectivity at generally short-term and fine
spatial scales, whereas population genetic studies offer
insight into connectivity of long-term and broad (i.e.,
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regional) spatial scales (Fraser et al. 2001; Balloux and
Lugon-Moulin 2002). Thus, genetic data can impart infor-
mation regarding the dispersal of successfully reproductive
individuals and how this may vary over long time periods,
where direct monitoring cannot. Together they provide a
complete picture of both local rates of demographic con-
nectivity and how those rates may vary across broader spa-
tial and temporal scales (Lowe and Allendorf 2010). The
characterization of connectivity is a pressing conservation
issue as many studies predict significant changes in land-
use and climate (Dudgeon et al. 2006; McCauley et al.
2015). These changes are expected to have direct impacts
on our capacity to ensure population persistence through
the maintenance or improvement of spatial connectivity.

Connectivity of obligate freshwater species in dendritic
networks is constrained by the aquatic network configura-
tion (Grant et al. 2007). Specifically, movement and gene
flow in riverine networks are affected by species-specific
habitat preferences, habitat spatial configuration (amount
and fragmentation), season, ontogeny, and network struc-
ture (stream hierarchy and flow direction) (Hughes et al.
2009; Selkoe et al. 2016). A clear understanding of the
importance of these factors and how they interact can be
used to guide management and conservation objectives
(Lowe and Allendorf 2010). For example, it is important
to determine what aspects of network structure and con-
nectivity affect the likelihood of rescue effects (e.g., after
local extirpation or declines) or future migration (e.g., as
a result of habitat alterations due to disturbances and cli-
mate change) (Hanski 1998). This knowledge can highlight
when more active management approaches (e.g., assisted
migration) are needed to ensure long-term species persis-
tence (McLachlan et al. 2007). Further, identifying the rel-
evant spatial scale of population genetic structure will help
ensure that the management, conservation, and restoration
resources are being allocated at the appropriate spatial
scales (Murphy et al. 2015).

Here, we investigate movement and population genetic
structure of Rocky Mountain Sculpin (Cottus sp.), a newly
identified species that is genetically and morphologically
distinct from other freshwater sculpin (Cottidae) species
(COSEWIC 2010). In Canada, this species is found on
both sides of the Continental Divide in the Flathead River
drainage in British Columbia (referred to as western popu-
lations), and in the St. Mary and Milk river drainages in
Alberta (referred to as eastern populations) (COSEWIC
2010; DFO 2013). Recently, the Committee on the Sta-
tus of Endangered Wildlife in Canada assessed western
populations as Special Concern and eastern populations
as Threatened (COSEWIC 2010; DFO 2013). Western
populations are listed under the federal Species at Risk
Act (SARA) as Special Concern because of their restricted
distribution in Canada (only 270 km?), which is thought to
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make the population vulnerable to anthropogenic activities
within the watershed (e.g., forestry practices, road building,
exploratory drilling) (COSEWIC 2010). The eastern popu-
lations are impacted by flow alterations brought about by
drought and the augmentation of water flow within the sys-
tem alongside anthropogenic activities (DFO 2013).

Currently, Rocky Mountain Sculpin populations are
managed as two separate units, eastern and western. How-
ever, due to limited adult dispersal, nesting during spawn-
ing, and the structure of the dendritic network, there may be
further population substructure within these management
units. Failure to recognize this substructure could lead to
the potential loss of uncharacterized genetic diversity, and
may lead to unreliable estimates of dispersal capacity, and
genetic connectivity.

Members of the family Cottidae are generally sedentary
during their adult life (Petty and Grossman 2004; Schwalb
et al. 2011; Radinger and Wolter 2014). Previous mark-
recapture studies on Rocky Mountain Sculpin have found
that annual dispersal may be limited to a maximum move-
ment of <200 m (Bailey 1952; McCleave 1964). Less is
known about larval and juvenile dispersal. However, lar-
vae are quite small (<10 mm), which may result in passive
dispersal through downstream drift following emergence
from their natal nest sites (Bailey 1952; McCleave 1964;
Watkinson and Boguski 2013). Thus gene flow, if present,
may be more likely to occur during the larval or juvenile
stages of development. If this is the case we would expect
that headwaters within each population may be genetically
distinct and not as mixed as confluences downstream and
that population genetic structure may be described using
Isolation-by-Distance (IBD) or Isolation-by-Environment
(IBE) models (McRae et al. 2008; Spear et al. 2010; Mur-
phy et al. 2015). Additionally, the potential for dispersal
of Rocky Mountain Sculpin among the systems that com-
prise the eastern population (Lee Creek, St. Mary, North
Milk and Milkrivers) is unclear. The addition of a diversion
between the St. Mary River and North Milk River, a trib-
utary of the Milk River, within their headwaters (Fig. 1),
referred to as the St. Mary Canal, may or may not main-
tain separation between the river basins, as the structure of
the network may still act as a barrier between these rivers.
A combination of direct monitoring through mark-recap-
ture and genetic population analysis can together provide
insight into the mechanisms that may be driving connectiv-
ity within this system.

In this study, we test the hypothesis that due to limited
adult dispersal and the potential for downstream drift by
larvae or juveniles, sub-populations in each basin and sub-
basin within the two managed populations are genetically
distinct. We also examine the relative support that exists
for IBD and IBE models of population genetic differentia-
tion in the Rocky Mountain Sculpin (Hughes et al. 2009,
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Fig. 1 a Sample locations in the Flathead River, Lee Creek, St. Mary
River and North Milk River. The star designates the location of the
movement array within Lee Creek. Filled black squares denote the

2013; Murphy et al. 2015). To address these hypotheses we
(1) investigated the movement of adults using Passive Inte-
grated Transponder (PIT) tags, (2) determined the spatial
scale of genetic differentiation, and (3) assessed if genetic
differentiation is related to fluvial distance (IBD) and/or
elevation changes (IBE). In doing so, we demonstrate the
utility of combining direct movement and genetic analyses
in order to understand the determinants of spatial connec-
tivity in dendritic networks.

Methods
Study area

The study area encompasses a region of southeastern Brit-
ish Columbia and southwestern Alberta, Canada (Fig. 1a).
This includes the Flathead River in British Columbia rep-
resenting the western Rocky Mountain Sculpin population
and Lee Creek, St. Mary River and the North Milk River
forming the eastern populations, respectively (Fig. la).
Water flow in each of these systems is sourced from snow
melt and precipitation, which contributes to variable sea-
sonal changes in water flow in the Flathead (4.3-90 m%/s),
Lee Creek (0.2-10 m?/s), St. Mary (3-90 m?/s), and North
Milk (0.7-20 m?/s) (AEP 2015; Canada 2015). From mid-
March to mid-October every year, water is diverted from

locations of the flow stations. b The movement array setup in Lee
Creek, Alberta, Canada used to track movement of tagged individu-
als. The global inset denotes the location of (a)

the headwaters of the St. Mary River (Saskatchewan River
drainage) to the North Milk River (Missouri River drain-
age) in Montana, which flows into Alberta and joins the
Milk River before flowing back into Montana. This diver-
sion, called the St. Mary Canal, was constructed in 1917
and reconnects two systems which have been separated
since the last ice age (Fullerton et al. 2004), and may
have permitted the migration of Rocky Mountain Sculpin
between the two systems.

Mark-Recapture data

Movement data using mark-recapture methods were col-
lected in Lee Creek, Alberta, Canada from July to Octo-
ber 2013 (Fig. 1b). We used a SmithRoot LR-24 backpack
electrofisher (single pass, with block nets downstream)
to capture and tag individuals (Total Length>65 mm;
2+ year olds) with Passive Integrated Transponder (PIT)
tags (Fig. 1b). Individuals were anaesthetized in Tric-
aine Methanesulfonate (TMS; MS-222; 0.2 g L‘l) and
then a HDX PIT tag (Oregon RFID) was inserted into the
peritoneal cavity (Ruetz et al. 2006). The insertion point
was then sealed using 3 M Vetbond TM Tissue Adhe-
sive. Individuals were allowed 30 min of recovery prior
to being released and were released a maximum of 1 m
upstream of the center of our tracking array. The track-
ing array consisted of 41 transects, spaced 10 meters
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apart for a total coverage of 400 m of fluvial distance that
could be targeted for detections of individual movement
(Fig. 1b). The PIT tags were detected using a HDX back-
pack reader (Oregon RFID), where tag number, location
and time stamp are recorded upon detection. To visualize
movement data based on the recapture of individuals, we
constructed a kernel density model using a Gaussian ker-
nel with a bandwidth of 20 m using the maximum detec-
tion distance of movement (the maximum distance moved
upstream or downstream from the center of the array).
This was conducted using the density function in R soft-
ware (R Development Core Team 2016). These move-
ment data summarize short-term (~5-month period) and
fine spatial scale movements (~400 m), which can com-
pare long-term estimates of gene flow using population
genetics.

Genetic survey

One thousand seventeen tissue samples were collected
from individual fish in the Flathead River (specifically
within two tributaries in the Flathead River drainage),
Lee Creek, St. Mary River, and North Milk River dur-
ing the summers of 2013 and 2014. Sites were chosen
prior to field sampling based on available access and dis-
tance between sites which ranged from 0.2 to 11 km apart
along the rivers (Fig. la). We collected pelvic fin clips
from individuals that were captured using a SmithRoot
LR-24 backpack electrofisher (single pass, with block
nets downstream). The objective was to obtain approxi-
mately 20-30 individuals at each site (if possible) from
7 to 12 sites in each river/stream (Fig. 1a; Table 1). After
individuals were captured, they were allowed to recover
for 30 min prior to release. Pelvic fin clips were then pre-
served immediately in 95% ethanol.

Table 1 Summary of diversity measures for each population

Population Sites n  No. of Alleles® H, H,

Flathead River 7 170 4.00 (0.78)
Lee Creek 12 321 5.55(1.23)
St. Mary River 9 268 6.00 (1.35)

North Milk 9 256 6.67 (1.49)
River

0.26 (0.08) 0.27 (0.08)
0.55 (0.08) 0.57 (0.07)
0.59 (0.07) 0.59 (0.07)
0.54 (0.08) 0.54 (0.08)

Included is the number of sites, number of individuals (7), number
of alleles, observed heterozygosity (H,), and unbiased expected het-
erozygosity (H,. Nei 1973). Values in brackets represent the standard
deviations. All values, except for allelic richness were calculated in
GenAlIEx 6.5

#Allelic richness estimated using rarefied counts; richness is rarefied
to 170 diploid individuals (hierfstat in R)
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Genotyping

Total genomic DNA was isolated from fin clips using a
DNeasy 96 Blood and Tissue Kit (Qiagen) following the
manufacturer’s protocol. A total of 15 microsatellite loci
were selected from the literature based on their previous
use in sculpin population genetic studies (Table S1; Cba
from Fiumera et al. 2002; Cco from; Fujishin et al. 2009;
Cgo from; Englbrecht et al. 1999 and Cott from; Nolte
et al. 2005). For each primer set, the forward primer was
labeled with one of 6FAM, TET or HEX fluorescent dyes
to allow for genotyping on an Applied Biosystems genetic
analyzer. Loci were initially tested using eight individuals
from across the species range. These amplification tests
were carried out in 15 pL reactions consisting of 1xX PCR
buffer (10 mM Tris pH8.8, 0.1% Triton X-100, 50mM KClI,
016 mg/mL BSA), 2.5 mM MgCl,, 120 uM each dNTP,
0.17 uM fluorescently labelled forward primer, 0.17 uM
reverse primer, 1U Tag DNA polymerase (Engelke et al.
1990) and 2.5 pL (approximately 50 ng) of extracted
gDNA. Cycling conditions were 95 °C for 5 min, 35 cycles
of 95°C for 30 s, 57°C for 90 s, and 72°C for 30 s, and a
final extension at 60 °C for 30 min. Amplification reactions
were pooled and loaded on an ABI 3730 DNA analyzer
(ThermoFisher Scientific). Fragment sizes were determined
relative to GeneScan-500 TAMARA (ThermoFisher Sci-
entific) and scored using Genemapper software. Four loci
were removed from further analysis (three loci failed to
amplify and one locus was monomorphic).

All individuals were genotyped at the remaining 11 pol-
ymorphic microsatellite loci. PCR amplifications were per-
formed in two multiplexed 10 pL reactions (Mix 1 and Mix
2; Table S1) consisting of 1x Type-it Microsatellite PCR
Master Mix (Qiagen), 1x primer mix, 0.5X Q-Solution
(Qiagen), and 2.5 puL of extracted gDNA. The methods and
conditions for all individuals for cycling (except for spe-
cific annealing temperatures; Table S1), loading, and sizing
were identical to those used for testing.

Genetic data analyses

We could not use all loci and individuals in our analysis.
Of the 11 microsatellite loci that were genotyped, only
nine were suitable for analysis. Loci were omitted from
analysis if: (1) loci had many nontyped individuals (>5),
(2) loci were fixed for the mean dominant allele frequency
(Excel GenAIEx 6.5), and (3) loci had a mean estimated
null allele frequency>0.1 (ML-NULL) (Kalinowski and
Taper 2006; Peakall and Smouse 2012; James et al. 2015).
Using the above criteria, we removed two loci from the
analysis (Cgo310 and CottES19; Table S1) as they both
had many nontyped individuals. Finally, of the 1017 indi-
viduals initially sampled, two individuals were removed
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due to multiple nontyped loci (>5) for a final total of 1015
individuals.

Deviations from Hardy—Weinberg Equilibrium (HWE)
were tested for using the hw.fest function in the pegas pack-
age in R Software (Paradis 2010). Linkage disequilibrium
between all loci pairs was tested using FSTAT v2.9.3.2
(Goudet 1995). Standard genetic diversity measures were
calculated for each river and site using the Excel GenAIEx
6.5 (Peakall and Smouse 2012) and rarefied allelic richness
for each river and site was estimated using the allelic.rich-
ness function in the hierfstat package in R software (Gou-
det and Jombart 2015).

Population genetic structure

We assessed spatial genetic structure by first estimating
global Fgqr and 95% confidence intervals using FSTAT
v2.9.3.2 (Goudet 1995). We then calculated unbiased pair-
wise Fgr values (Weir and Cockerham 1984) between each
of our sites using the genet.dist function in the hierfstat
package in R Software (Goudet and Jombart 2015). Genetic
differentiation between all sites was visualized using a Prin-
cipal Coordinates Analysis (PCoA) of a pair-wise matrix of
Fist values using the pco function in the ecodist package in
R (Goslee and Urban 2007). Genetic distances (Fgy) were
double square root-transformed prior to analysis to ensure
they were Euclidean for use in the PCoA (Legendre and
Legendre 1998; James et al. 2015).

The number of distinct clusters in Rocky Mountain
Sculpin was estimated using the software STRUCTURE
v2.3.4 (Pritchard et al. 2000). STRUCTURE is a Bayes-
ian fuzzy clustering algorithm that assigns individuals
to one or more genetic clusters, to determine the most
likely number of clusters (K; or populations) assuming
linkage and Hardy—Weinberg equilibrium at each locus.
We assumed correlated allele frequencies and admix-
ture among basins in our STRUCTURE model, because
a majority of systems (three out of four) were spatially
connected allowing for some dispersal and gene flow in
our systems (Falush et al. 2003). Our analysis assumed
no known priors for K. We assessed values of K from
1 to 10, where for each K we ran 500,000 Monte Carlo
Markov Chain (MCMC) generations, after a burn-in of
50,000 generations. Each K had MCMC sampling that
was replicated 10 times. We assessed the optimal value
of K by reviewing the mean /n probability of K and by
using the delta K method (Evanno et al. 2005). We also
ran separate STRUCTURE models on each system inde-
pendently (Flathead, Lee Creek, St. Mary and North
Milk) to test if further potential genetic substructure
existed beyond the results of overall model, but none was
observed (results not shown). Each of the 10 replicates
were then summarized using CLUMPP v1.1.2 (Jakobsson

and Rosenberg 2007). Finally, we added support to these
STRUCTURE-based results by running a similar model,
GENELAND, which is a spatial Bayesian fuzzy clus-
tering algorithm (Safner et al. 2011) and provide these
results in supplementary material (Fig. S4).

Isolation by distance and isolation by resistance

We tested for the influence of fluvial distance (isolation
by distance; IBD) and effective distance based on eleva-
tion (isolation by environment; IBE) (McRae et al. 2008;
Spear et al. 2010) on genetic differentiation among sam-
ple sites. Isolation by distance and resistance were inves-
tigated in each basin and sub-basin using a model that
compares all pairwise Fgp values at sites (Weir and Cock-
ertham 1984) with pairwise fluvial distances and pairwise
elevation-based distances, respectively. We only conducted
this analysis for eastern sites (Lee Creek, St. Mary River
and North Milk River) as there was limited spatial coverage
for western samples (Fig. 1a). Fluvial distances were calcu-
lated using least-cost paths between sites (Fall et al. 2007)
or the shortest path within the river using the gsMPG and
shortest.paths functions in the grainscape and igraph pack-
ages in R Software (Csardi and Nepusz 2006; Galpern et al.
2014). Elevations for sites were acquired from the Cana-
dian Digital Elevation Model (NRC 2012).

We tested for a significant relationship between: (1)
linearized genetic structure (Fg/(1-Fgyp)) and fluvial dis-
tance (IBD); and (2) linearized genetic structure and eleva-
tion distance (Rousset 1997). This was conducted using a
Procrustes rotation analysis, which compares the similar-
ity between the ordination solutions (i.e., PCoA) of two
Euclidean distance matrices, with 10,000 permutations
using the protest function in the vegan package in R (Peres-
Neto and Jackson 2001; Oksanen et al. 2015). Using this
approach we compared the PCoA solutions to the double
square-root transformed F¢; matrix and the fluvial distance
matrix (also verified as Euclidean). We chose to use the
Procrustes test because it is shown to be more powerful at
comparing distance matrices than other methods (Peres-
Neto and Jackson 2001). To determine if IBD and IBE
independently affect genetic differentiation, we controlled
for variation in both fluvial distance and elevation distance
using a partial Procrustes test using the PROTEST function
(Peres-Neto and Jackson 2001). Finally, to ascertain what
amount of variation in genetic differentiation is explained
by both IBD and IBE together (when they are both inde-
pendent and significant predictors) we conducted a Multi-
variate Distance Matrix Regression (MRDM) using 10,000
permutations. This was conducted using the MRM function
in the ecodist library in R (Goslee and Urban 2007; Lich-
stein 2007).
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Flow regime

We assessed how temporal variation in flow rate (m?/s)
influences Rocky Mountain Sculpin connectivity by
potentially influencing patterns IBD and IBE. Flow data
was retrieved from the Government of Canada national
water data archive (Canada 2013), which contains daily
flow records throughout the year at gauges in Lee Creek
(n=34,840; 1909-2012), St. Mary River (n=39,931;
1902-2011), and North Milk River (n=27,253,
1909-2014; Fig. 1). We then summarized data monthly and
tested for differences in overall monthly flow rate between
these systems using permuted t-tests using R software
(Legendre 2005). As these were only single stations along
these waterways, we can only infer that flow rate at these
stations reflects system-wide flow. Patterns of hydrological
differences between the systems should also support our
findings of genetic differentiation (i.e., low flow waterways
would have reduced connectivity or gene flow).

Results
Mark-Recapture

We marked 223 individuals with PIT tags and recaptured
(or detected) 182 of them for a total recapture rate of
81.6%. The mean maximum detection distance of move-
ment from the point of release across all individuals was
zero meters (Fig. 2). Further, the first and third quartiles
of movement are 10 meters upstream and downstream of
the point of release (Fig. 2). Finally, the largest movements
are in a downstream direction at 240 m (n=2) compared to
170 m (n=1) upstream direction.

Genetic diversity

Overall, we found a small amount of variation in heterozy-
gosity and the number of alleles among eastern popula-
tions from Alberta (Lee Creek, St. Mary River and North
Milk River); however, heterozygosity was lower and the
number of alleles smaller in western individuals recovered
from the Flathead River in British Columbia (Table 1). At
the site level we see similar patterns (Table S2); however,
there appears to be a gradient in heterozygosity for Lee
Creek (Table S2; Fig. S1). Specifically, the headwaters in
Lee Creek have a lower heterozygosity than sites located at
the confluence with the St. Mary River (Figure S1). Almost
all loci were in HWE across populations using Bonferroni
corrected p-values (p>0.05; Table S3). The only excep-
tion was Ccol5 within the St. Mary River population
(Table S3). No significant linkage disequilibrium (p >0.05)
was detected.
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Fig. 2 Kernel density of maximum distance moved upstream and
downstream from the release point using a Gaussian kernel with a
bandwidth of 20 m. Negative values indicate downstream movement,
whereas positive values are upstream movement

Spatial genetic structure

Movement analysis revealed that local demographic con-
nectivity is low; however, such connectivity may be vari-
able over different spatio-temporal scales. Genetic data
analysis can provide some insight into whether this is the
case. Globally, populations were highly structured show-
ing a significant global Fg; value of 0.239 and a 95% con-
fidence interval of 0.175-0.292. Pairwise-Fg; values and
their associated significance levels revealed spatial patterns
of genetic differentiation related to the system where sites
are found (Table S4). Visualizing these differences in the
principal co-ordinates analysis, the largest difference was
found along the first axis of variation (53.7%), between the
western (Flathead) and eastern (Lee Creek, St. Mary and
North Milk) populations (Fig. 3). Along the second axis
of variation (30.2%) Lee Creek and St. Mary River are the
most similar, yet distinctly different from the North Milk
River (Fig. 3).

We detected similar spatial population structure using
STRUCTURE, which we identified that there are likely
four genetic clusters; one for western individuals (Flat-
head River) and three for eastern populations (Lee Creek,
St. Mary and North Milk; Fig. 4, S2). The overall STRUC-
TURE model had a mean In probability that peaked at
K=4 (Fig. S2A) and the highest delta K value at K=4 (Fig.
S2B). STRUCTURE analysis demonstrated that two of our
systems, Flathead River and North Milk River, are quite
distinct and assigned each of them to their own unique clus-
ter (Fig. 4). Assignment of individuals in Lee Creek and
the St. Mary River was less clear (Fig. 4). In spite of this,
when plotting the STRUCTURE population assignments
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Fig. 3 Principal Coordinates Analysis (PCoA) of pair-wise Fgp val-
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geographically it was revealed that this assignment was
systematic (i.e., the confluence between Lee Creek and
St. Mary River shared more individuals from both genetic
groups compared to the headwaters of each system; Fig. 4).
Further, a STRUCTURE model run using only individuals

from Lee Creek and St. Mary River had a mean In prob-
ability that was identical at K=1 and K=2, suggesting that
both genetic clusters are just as likely, providing further
weight to these systems being genetically distinct from the
other two (Fig. S3).

Fine scale genetic structure: isolation by distance
and isolation by resistance

Movement in adults is limited (Fig. 2), thus we may pre-
dict that our genetic data analysis may also demonstrate
patterns of fine scale genetic structure. We found evidence
for significant IBD (r=0.637, p=0.021; Fig. 5a) and IBE
(r=0.560, p=0.039; Fig. 5b) within the Lee Creek. Fur-
ther, using partial Procrustes analysis, we found fluvial
distance (IBD; r=0.799, p=0.0002) and elevation dis-
tance (IBE; r=0.790, p<0.0001) to be significant for Lee
Creek sites, indicating that IBD and IBE are independent
of one another. We also found evidence of significant IBD
and IBE in the St. Mary River (r=0.726, p=0.019 and
r=0.749, p=0.014, respectively; Fig. 5c, d). Additionally,
partial Procrustes analysis demonstrated non-significance
for fluvial distance (IBD) and elevation distance (IBE;
r=0.589, p=0.329 and r=0.580, p=0.577), meaning that
these models were not independent of one another. Finally,
we found that IBD and IBE in the North Milk River was
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< 100 STM
< 80
g 60
E 40
Kol
a 20
< 0

N

@
A :
e® 00 -o
Lee Creek %. St. Mary River .
%¢
] D)
1€}
o
Alberta
® [
. -
Montana . 10 Km

Fig. 4 STRUCTURE results showing mean assignment of individu-
als into four clusters and sorted by geographic locations. Geographic
locations are defined above as FH Flathead, LC Lee Creek, STM
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also non-significant (r=0.567, p=0.192 and r=0.506,
p=0.367, respectively; Fig. Se, f). Partial Procrustes analy-
sis also demonstrated non-significance for fluvial distance
(IBD) and elevation distance (IBE) in the North Milk River
(r=0.585, p=0.427 and r=0.549, p=0.61). As fluvial dis-
tance and elevation distance were both significant and inde-
pendent of each other in Lee Creek, we ran an MRDM and
found that a significant amount of variation between fluvial
distance and elevation distance explained genetic differenti-
ation between the sites (R>=0.464, p=0.0015). Finally, we
find that overall flow rate between systems was consistently
significantly different (p <0.001) for all pairwise compari-
sons, where flow rate was the lowest in Lee Creek, followed
by the North Milk River, and St. Mary River (Fig. 6).

Discussion

We investigated the determinants of movement and gene
flow in the threatened Rocky Mountain Sculpin in Canada
and demonstrate the utility in combining mark-recapture
and population genetic methods to assess connectivity.
With the mark-recapture analysis, we confirm that indi-
vidual Rocky Mountain Sculpin in Canada move very little,
where most adult individuals have a displacement of less
than 10 meters from their release point over a 5 months
period. Further, the largest displacement we find is in the
downstream direction. On the other hand, the genetic anal-
ysis confirms that the continental divide provides an insur-
mountable barrier for western and eastern populations.
Surprisingly, although three out of the four river systems

80 - -- L%
— SIM
NM
60
)
g
;/40*
2
i
20
0_

T T T T T T
FEB APR JUN AUG OCT DEC
Month

Fig. 6 Mean flow for each month for Lee Creek (1909-2012), St.
Mary River (1902-2011), and North Milk Rivers (1909-2014). Loca-
tions are shown in Fig. la. Grey shaded areas represent 95% confi-
dence intervals

Rocky Mountain Sculpin were connected during some por-
tion of the year, there are likely four genetically different
populations. This lends support to the idea that the popula-
tion structure of Rocky Mountain Sculpin is related to the
basin or sub-basin where they are found and that dispersal
between them is limited and may not vary that much over
time. Finally, we demonstrate that genetic differentiation
in the Rocky Mountain Sculpin is significantly influenced
by both fluvial distance and effective distance based on
elevation in Lee Creek and the St. Mary River. IBD and
IBE also appear to be independent of one another only in
Lee Creek, where IBD and IBE explain 46.4% of variation
of genetic differentiation within this population. This fine
scale genetic structure may be related to differences in flow
rate, as low flow may make some reaches unpassable and
high flow would make upstream dispersal difficult. Thus,
the occurrence of both IBD and IBE could be related to Lee
Creek having the lowest flow rates and the St. Mary River
having the highest flow rates in the study.

Movement

Understanding the movement, gene flow, and dispersal
of fish species is critical to understanding spatial habitat
requirements and developing effective conservation plans
(Selkoe et al. 2016). Sculpins are thought to be sedentary
in their adult phase (Radinger and Wolter 2014) as behav-
iorally they prefer not to actively swim, but instead occupy
the interstitial spaces between unembedded rocks (Bailey
1952; McCleave 1964). This inference is supported by the
data presented in this paper, where a majority of individu-
als do not move more than ten meters from their release
point over a 5-month period (Fig. 2). Further, we find the
largest movement distances recorded (240 m) were also
observed in a downstream direction, suggesting that down-
stream movement appears to be more likely than upstream
movement.

Our results are based on large individuals (Total
Length> 65 mm), which are adults (2+ year olds) within
our system (COSEWIC 2010). This means that beyond
adult dispersal, it is plausible that dispersal during larval or
juvenile stages may also contribute to the genetic structure
that we observe at coarse and fine spatial scales. For exam-
ple, the Prickly Sculpin (Cottus asper) has an extended
larval stage (30-35 days; the most mobile stage) and high
juvenile dispersal rates in coastal populations (Krejsa 1967)
that likely contributes to the observed high migration rates
(Dennenmoser et al. 2013). As we did not track the move-
ment of these life stages in Rocky Mountain Sculpin and
there is a dearth of other studies on movement in this spe-
cies, it is likely that connectivity may be higher than what
we observe in our movement analysis, because we only
target adults. Specifically, it may be expected that small
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fry (<10 mm) may be more prone to shifting downstream
than other life stages. Thus, this demonstrates the utility
of genetic data analysis, which can provide insight into
connectivity at other life stages and over spatio-temporal
scales.

Population genetics

Multiple models of spatial population genetic structure
in dendritic networks have been proposed including: pan-
mixia, headwater, Death Valley, and stream hierarchy mod-
els (Hughes et al. 2009, 2013; Murphy et al. 2015). These
models vary with respect to how they consider temporal
continuity of flow, species life-history, and dispersal (Mur-
phy et al. 2015). Identifying which models best resemble
the spatial population structure of a target species can pro-
vide insight for conservation management decisions.

We found that Rocky Mountain Sculpin populations are
structured at the river basin and sub-basin level and have
four genetic groups associated with unique basins or sub-
basins (Figs. la, 4). The Flathead and North Milk river
populations represent two of these groups. Both of these
basins are separated by long-established barriers, such
as the Continental Divide for the Flathead River and the
North Milk River is found in a completely different drain-
age (Fullerton et al. 2004). For the most part, we found
concordance between these geographical barriers and the
identified genetic groups associated with the Flathead and
Milk river basins (Fig. 3). On the other hand, the presence
of the St. Mary Canal, which connects the St. Mary River
to the North Milk River within their headwaters, may sug-
gest that its presence may facilitate dispersal between these
two drainage basins. It is interesting that despite this con-
nection being made in 1917, individuals are still geneti-
cally different in each system. The stream hierarchy model
(Hughes et al. 2013) represents the most plausible model
for this scenario, as genetic structure of Rocky Mountain
Sculpin reflects the watershed structure of the system (i.e.,
the highest connectivity is within basins or sub-basins).
These results combined with the known adult dispersal
limitation, indicate that gene flow likely occurs in a mostly
downstream direction during larval or juvenile life stages.
These results also confirm that upstream adult dispersal
during the months the canal is operational (mid-March to
mid-October) is limited (DFO 2013).

This finding is consistent with the findings of Lam-
phere and Blum (2012) who used a mark-recapture study
to demonstrate that movement in the Mottled Sculpin (Cot-
tus bairdi) occurs more in a downstream direction, but
that downstream movements may be greater than can be
estimated by mark-recapture studies (~500 m maximum)
due to limited temporal and spatial coverage of potential
movements. Our movement and genetic analysis, strongly
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supports that Rocky Mountain Sculpin individuals are sed-
entary and tend to form populations at the basin and sub-
basin level with what appears to be predominantly down-
stream dispersal or gene flow.

Riverscape genetics

The processes that give rise to spatial genetic structure may
include Isolation by Distance (IBD), Isolation by Resist-
ance (IBR), and Isolation by Environment (IBE) (Hughes
et al. 2009, 2013; Murphy et al. 2015). Isolation by Dis-
tance, IBR and IBE processes may also be collinear, as
increased elevation change or steeper slopes will also be
highly correlated with changes in the environment (e.g.,
temperature, precipitation, number of road crossings,
spring/fall runoffs), this can contribute to connectivity
and genetic structure (Wang and Bradburd 2014). Vari-
ance in spatial genetic structure as whole will be made up
of components of IBD, IBR, IBE, and interactions between
each. Thus, IBD, IBR and IBE should also be tested for
independence.

We demonstrated that genetic structure is affected by
fluvial distance in Lee Creek and St. Mary River (Fig. 5).
Specifically, we showed that along the sampled stretch of
the Lee Creek (~40 km) and St. Mary River (~40 km) that
there is significant IBD, which agrees with our other find-
ings that adult movement is limited and supports groupings
identified using STRUCTURE. Additionally, we found sig-
nificant IBE, related to elevation, in Lee Creek and the St.
Mary River. In contrast, we do not find the same result for
the North Milk River, where neither IBD nor IBE is signifi-
cant. There are couple plausible reasons for why connectiv-
ity may differ in Lee Creek and St. Mary River compared to
the North Milk River. Firstly, this result may be related to
the statistical power of our tests; however, the same number
of sites are included for both the St. Mary River (n=9) and
North Milk River (n=9) in this study. Secondly, flow is sig-
nificantly lower in Lee Creek and significantly higher in the
St. Mary River throughout the year compared to the North
Milk River (Fig. 6). Reduced or increased flow can reduce
connectivity and increase the strength of spatial genetic
structure (Meffe and Vrijenhoek 1988; Labbe and Fausch
2000). Thus, it is possible that both lower and higher flow
rates in Lee Creek and the St. Mary River, respectively,
may cause a greater reduction in gene flow relative to the
other systems examined. A logical next step would be to
test for possible effects of asymmetrical flow on genetic dif-
ferentiation, where asymmetrical flow rates could be incor-
porated into IBR models (McRae et al. 2008). Thirdly, the
genetic samples from Lee Creek and St. Mary River were
taken from a larger range of fluvial distances (~40 km)
compared to the North Milk River (~25 km). Similarly,
elevation gradients from Lee Creek and St. Mary River
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were larger compared to the North Milk River (~300 m for
Lee Creek, ~155 m for St. Mary River and ~80 m for North
Milk, respectively). It may be possible that we do not detect
IBD or IBE in the North Milk River as we do not sample
a similar gradient as found in our samples from Lee Creek
and the St. Mary River.

Species movement depends on multiple factors, such as
habitat configuration, season, ontogeny of the species and
flow (Selkoe et al. 2016). All of these factors, either alone
or in combination, contribute to patterns of IBD and/or
IBE. However, it can be challenging to sample and model
them effectively in riverscape environments. For example,
in higher latitudes and montane systems it can be difficult
to work in the winter season as ice can prevent access to
individuals or can easily damage stationary equipment
(e.g., tracking stations). There are currently very few
studies that investigate movement of fish species in den-
dritic systems in higher latitudes during the winter season
(e.g., Jakober et al. 1998; Heim et al. 2015). Additionally,
it can be difficult to determine larval and juvenile move-
ment within rivers and creeks. This is partly related to the
size of the organism during this life stage, whereby newly
hatched larvae (<10 mm) cannot be tagged or trapped eas-
ily in swift water. One solution to these issues may be to
use individual based modelling approaches in dendritic
systems, which can provide insight into how asymmetrical
movement at different time periods, flow rates or life stages
might contribute to resulting IBD or IBE that is detected
(Landguth et al. 2016).

Conclusions and conservation implications

Rocky Mountain Sculpin are currently managed as two
separate units: western and eastern populations (COSE-
WIC 2010; DFO 2013). The division between these two
populations is suitable as they are separated by the Con-
tinental Divide and we find that they are genetically the
most distinct from one another. However, eastern popula-
tions exhibit additional spatial genetic structure between
basins, which indicates that connectivity between basins
may be low to non-existent. In contrast, there appears to be
some movement at the sub-basin scale, as we detect some
movement between Lee Creek and the St. Mary River in
our STRUCTURE model. This means that at the very least,
Rocky Mountain Sculpin should be managed at the basin
level to mitigate the reduced probability of successful res-
cue effects and other potential negative consequences of
reduced movement. We also provide evidence that Rocky
Mountain Sculpin can be structured genetically at very
fine spatial scales, where in Lee Creek and St. Mary River,
we detect significant IBD and IBE. All of this stems from
the fact that Rocky Mountain Sculpin are sedentary with
maximum adult movements within the ~200 m range. This

highlights that Rocky Mountain Sculpin may be susceptible
to changes in connectivity at very fine spatial scales, such
as the addition of new barriers or alterations to flow, as they
do not disperse widely. Overall, we demonstrate that com-
bining movement and genetic approaches can provide mul-
tiple lines of evidence, cover a long-term temporal scale
(movement, days to years; genetics, years to millennia), and
ultimately build a broader perspective of the connectivity
of a species that can benefit future management decisions.
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