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Abstract Conservation management of threatened spe-

cies requires identifying the landscape features that shape

population structure. Within river ecosystems, the dendritic

nature of river networks and physical barriers, such as

waterfalls, can strongly shape population structure. We

examined population structure of native brook trout in a

river network in northern New Hampshire, USA, including

above and below waterfalls. We genotyped fish at 12

microsatellite loci including samples from six tributaries,

mobile adults from three mainstem rivers, and fish from the

hatchery broodstock that had been earlier stocked in the

study region. We found that two subpopulations in tribu-

taries above waterfalls were distinguished as unique

genetic clusters with high levels of among population

genetic diversity (average pairwise FST = 0.20) and low

levels of within population genetic diversity (average

allelic richness AR = 3.55), including one sub-population

above a waterfall. With only one exception, subpopulations

below waterfalls exhibited patterns of genetic diversity

within and among populations consistent with contempo-

rary gene flow among these subpopulations (average

FST = 0.03; AR = 5.83). Most mobile adult fish caught in

the mainstem rivers were genetically similar to those found

in tributaries without waterfalls, suggesting that mobile

individuals are likely connecting below-barrier subpopu-

lations. Despite recent hatchery stocking in this system, we

did not observe evidence of hatchery introgression with

wild-caught fish. The complex metapopulation of naturally

isolated and connected subpopulations of brook trout

described in this study highlights the importance of con-

sidering fine scale genetic structure in conservation

management.

Keywords Metapopulation � Isolated population �
Salvelinus fontinalis � Hatchery � One-way gene flow �
Landscape genetics

Introduction

River ecosystems are structured in dendritic networks that

are heterogeneous on fine spatial scales due to variation in

elevation, stream order, stream temperature, and physical

barriers. Such fine-scale heterogeneity affects dispersal,

migration, and connectivity of riverine taxa (Fausch et al.

2002). In river networks, the interactions between obliga-

tory aquatic populations necessarily occur in one dimen-

sion as individuals move longitudinally within the stream

channel. Consequently, a single barrier can greatly reduce

gene flow. The disruption of dispersal and gene flow via
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barriers and habitat fragmentation can transform a meta-

population into a series of isolated, peripheral populations

(Lesica and Allendorf 1995; Dias et al. 2013), which can

increase the chance of local and system-wide extinction

(Rieman and Dunham 2000; Miyazono and Taylor 2013).

These barriers to gene flow can be manmade or natural.

Large dams in the Kansas River basin have restricted gene

flow between populations of the Canadian greenside darter

(Semotilus atromaculatus), as the darters cannot disperse

across lentic reservoir habitats (Hudman and Gido 2013).

Similarly, steelhead trout were unable to swim upstream

over large waterfalls in the Russian River, California,

resulting in genetically distinct, isolated populations above

waterfalls (Deiner et al. 2007).

Trout species (Salmonidae) are generally cold-water,

riverine fish whose populations are predicted to decline with

the warmer water temperatures and lower flow conditions

predicted by climate change models in many regions of the

world (Wenger et al. 2011). One of the major theoretical

principles guiding trout conservation is the need to maintain

genetic diversity within and among populations that reside

in interconnected river networks across the landscape (Haak

and Williams 2012). However, most local and regional

management of trout populations occurs at the subwater-

shed scale, rather than the landscape scale, so numerous

efforts are underway to downscale landscape scale conser-

vation models (Peterson et al. 2013). This downscaling

requires detailed information on the geographical features

that shape evolutionary dynamics of metapopulations in

local river networks, including natural disperal barriers like

waterfalls (Rieman and Dunham 2000; Austin et al. 2011).

The extent to which a physical barrier of a given size will

impede gene flow varies within and among trout species

(Whiteley et al. 2004; Reilly et al. 2014).

Brook trout (Salvelinus fontinalis) are native to north-

eastern North America and threatened throughout their

native range due to a suite of factors including land-use

change (Nislow and Lowe 2003; Baldigo et al. 2007),

habitat fragmentation (Poplar-Jeffers et al. 2009; Nislow

et al. 2011; Pépino et al. 2012), and the introduction of

nonnative species (Marschall and Crowder 1996). Within

river networks, brook trout can persist in diverse habitats

from small headwater streams (Whiteley et al. 2013) to

larger mainstem rivers (Kanno et al. 2014), and some

populations are anadromous. Previous research has sug-

gested that some brook trout may be quite mobile, moving

between tributary and mainstem habitats at various stages

of their life history (Gowan et al. 1994; Curry et al. 2002;

Petty et al. 2012; Mollenhauer et al. 2013).

Given their affinity for headwater streams and their

ability to move among streams, brook trout have the

potential to be structured as interconnected populations or

as small isolated headwater populations, depending on the

amount of gene flow. Recent studies have analyzed genetic

structure of brook trout populations within streams of a

single watershed in the U.S.A. in Connecticut (Kanno et al.

2011a) and Virginia (Whiteley et al. 2013) and found that

brook trout structuring is influenced by natural landscape

features, including stream slope and water temperature.

Here we extend this body of work further north to New

Hampshire, one of the few geographic regions within the

native range of brook trout that has not experienced sig-

nificant human impact (Esselman et al. 2011).

The overall goal of this study is to analyze brook trout

population structure in low-impacted, interconnected

streams to help identify factors that shaped metapopulation

structure and genetic diversity of this species before wide-

spread habitat disturbance in their native range. Specifi-

cally, we used genetic structure and assignment methods to:

(1) determine the fine-scale genetic structure of brook trout

including the influence of past hatchery stocking, (2)

determine the origin of migratory adult fish captured in the

mainstem rivers, and (3) understand how waterfalls and

geographic distance influence structure among tributaries

and connecting mainstem rivers. Our data provide critical

information on the natural genetic structure of brook trout

metapopulations in one of the few remaining interconnected

river networks in their native range.

Materials and methods

Study area

The Diamond River system in the Androscoggin watershed

of northern New Hampshire includes the Dead Diamond,

Swift Diamond, and Magalloway rivers (Fig. 1) and is one

of the few remaining systems of heterogeneous, intercon-

nected streams containing brook trout in the United States

(Hudy et al. 2008). This river network provides high

quality brook trout habitats ranging from small headwater

streams to the large, mainstem reaches of the Magalloway

River. We sampled brook trout from tributaries and

mainstem rivers to characterize genetic diversity among

distinct habitats within this system. Specifically, we sam-

pled three tributaries of the Swift Diamond River [Four-

mile Brook (FB), Alder Brook (AB), and Larry’s Brook

(LB)], three tributaries of the Dead Diamond River [South

Branch (SB), Loomis Valley (LOV), and Lamb Valley

(LAV)], as well as the Swift Diamond, Dead Diamond, and

Magalloway rivers (Fig. 1; Table 1). The upper sampling

site on the tributary Fourmile Brook is separated from the

lower site and the downstream Swift Diamond River by a

3.2 m-high waterfall (Fig. 1). Similarly, the South Branch

site is separated from the Dead Diamond River by a series

of three waterfalls, 2.7, 3.0 and 4.3 m high (Fig. 1). In both
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cases, it is likely that the waterfalls are only passable in

high flows. As a genetic outgroup for our analyses, we also

sampled individuals from Tabor Brook and Indian Stream

in the Connecticut River watershed of New Hampshire

(hereafter referred to as ‘outgroup’).

Field sampling

We captured individuals from the tributaries and outgroup

sites by electrofishing in August from 2002 to 2011 (not all

tributaries were sampled every year, details in Table 1).

We used a Smith-Root model 12B backpack electrofishing

unit (DC) to conduct three-pass depletion surveys on a 100

m reach at each site, with a block net on the upstream and

downstream boundaries. In the larger Dead Diamond, Swift

Diamond and Magalloway rivers, where the water level

was too high for electrofishing, we instead sampled fish via

hook and line. At capture, we measured each individual’s

mass (g) and standard length (mm), and took an adipose fin

clip for genetic analyses (immediately preserved in 95 %
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Fig. 1 Map of the Diamond

River system. Inset shows the

location of the Diamond River

system in New Hampshire,

U.S.A. On the large map, open

circles show sample sites on six

tributaries (Fourmile Brook has

two sample locations) and on

the Magalloway River. Samples

not shown on map include

migratory adults captured in the

Swift and Dead Diamond rivers.

Short black lines represent

natural waterfalls (3.2 m

vertical waterfall on

Fourmile Brook, series of three

waterfalls of average 3.3 m on

SB). Arrow represents the

direction of river flow

Table 1 Summary of number

of brook trout sampled (N), and

year sampled by stream location

Sub-basin Sample stream Site

divisions

Historic

date (N)

Recent

date (N)

Total (N)

Dead Diamond R. Loomis Valley (LOV) Lower 2003 (4) 2011 (25) 47

– – Upper 2003 (11) 2011 (7) –

Dead Diamond R. South Branch (SB) – 2003 (16) 2009 (24) 40

Dead Diamond R. Lamb Valley (LAV) – 2005 (11) 2011 (32) 43

Swift Diamond R. Larry’s Brook (LB) – 2005 (16) 2011 (30) 46

Swift Diamond R. Alder Brook (AB) – 2003 (16) 2010 (32) 48

Swift Diamond R. Fourmile Brook (FB) Lower 2004 (16) 48

– – Upper – 2011 (32) –

Swift and Dead

Diamond R.

Migratory (MG) – – 2011 (20) 20

Magalloway R. Magalloway (MA) – 2002 (13) 2007 (19) 32

Indian Stream Outgroup (OG) East Indian – 2011 (24) 48

– – Tabor Brook – 2011 (24) –

– Hatchery (HA) – – – 29
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ethanol) and scale samples for aging. The dried scales were

later wet-mounted on glass slides, viewed under a trans-

mitted light, and photographed. Two authors (SK and DT)

aged the fish using annuli on scales following the methods

of Stolarski and Hartman (2008). Overall, we captured a

total of 372 individuals across sample sites and sample

sizes ranged from 20 to 48 fish (representing a range of

ages, from 0 to 3 years) per site.

Hatchery stocking

Historically, the New Hampshire Department of Fish and

Game (NHFG) stocked Rome brook trout, an out-of-basin

domesticated strain, into the Diamond River system in an

effort to improve recreational fishing. The Swift Diamond

River was stocked from 1938 to 1989 with an average of

7,700 Rome hatchery individuals per year, and from 1990

to 2006 with an average of 600 individuals per year. The

Dead Diamond River was stocked from 1938 to 1978 with

an average of 6,300 individuals per year, but has not been

stocked since that time. Stocking events included combi-

nations of fingerlings, yearlings, and adult brook trout. The

effect of interbreeding between hatchery and native brook

trout populations has been argued to be negligible (Marie

et al. 2010), but in other cases, stocking has also been

shown to reduce the fitness of wild brook trout populations

(Hayes et al. 1996; Humston et al. 2012; Harbicht et al.

2014). To explore the potential for introgression between

hatchery and wild fish in our study area, we took adipose

fin clips in 2011 from age-3 Rome broodstock fish at the

Berlin Hatchery, NH (source hatchery for Diamond River

stockings) and incorporated these tissues into our analyses.

Migratory fish

Size and age structure of brook trout suggested that in this

system older, larger fish move out of tributaries and into

mainstem rivers (Table S-1). To understand the movement

of the older individuals in these rivers, NHFG conducted

telemetry studies in 2005–2011. Twenty large brook trout

([200 mm, fork length) that were captured in the Swift

Diamond and Dead Diamond River were implanted with

radio tags. The location, and thus movement, of these fish

was documented over the summer months of years

2005–2011 via mobile tracking. Tracking revealed that

these fish made regular movements in the months of June,

July, and August between the Swift Diamond, Dead Dia-

mond, and Magalloway rivers (Timmins 2005, 2006, 2007,

and unpublished data). However, no fish were observed

moving into tributaries during these months. Hereafter, we

refer to the tissues collected from mobile adults captured in

mainstem rivers as ‘‘migratory’’ fish.

Genetic analyses

Genotyping

All individuals were genotyped at 12 microsatellite loci:

SfoC113, SfoB52, SfoD100, SfoD38, SfoD75, SfoD88,

SfoC86, SfoC129, SfoC28, SfoC24, SfoC115, and SfoD91a

(King et al. 2012). We extracted DNA from brook trout fin

or scales using Qiagen Dneasy Blood and Tissue Kit

standard protocol and reagents. We completed polymerase

chain reactions (PCR) using Qiagen Multiplex PCR Kit and

fluorescently labeled primers. PCRs were performed in

10 lL volumes in three multiplexes (Table S-2) using an

Eppendorf Mastercylcer� ep generation Thermal Cycler.

PCR profile included a 15 min activation period at 95 �C,

40 cycles of 30 s of denaturing at 94 �C, 90 s of annealing

at 57 �C, and 90 s of extension at 72, and a 60 �C final

extension. To prepare samples for fragment analysis, we

completed a 1:45 dilution of PCR product, and added

0.5 lL of each sample to 9.30 lL of Applied Biosystems

Hi-Di Formamide and 0.20 lL of Applied Biosystems

GeneScan 500 Rox size standard. We completed a frag-

ment analysis of samples using an ABI 3730 DNA Ana-

lyzer. Multilocus genotypes were scored using the Applied

Biosystems Peak Scanner Software v1.0. To minimize

scoring errors, two authors (SK and WA) scored all

genotypes prior to compilation, and any inconsistent

genotypes (\2 % of all samples) were scored again by both

authors until an agreement was reached.

Population genetic structure

We characterized brook trout spatial population structure

using STRUCTURE version 2.3.1 (Pritchard et al. 2000).

Our analysis assumed the most likely number of geneti-

cally similar clusters (K) of individuals in our complete

data set. We conducted twenty replicate runs of each K,

from K = 1–14, with a burn in of 200,000 iterations, fol-

lowed by 200,000 iterations of data collection. The sym-

metric similarity coefficient (SSC) (Jakobsson and

Rosenberg 2007) was used to determine the similarity of

outcomes among the 20 replicate STRUCTURE runs for

each value of K. Using the LargeKGreedy algorithm of

CLUMPP (Jakobsson and Rosenberg 2007) with 1,000

random input sequences, we determined the number of

distinct modes among the 20 runs at each K by grouping

pairs of runs that had SSC [ 0.9. Graphical displays of

STRUCTURE plots were generated using DISTRUCT

software (Rosenberg 2004) with the membership of each

individual representing the mean membership over the

replicate runs. We used the delta K method of Evanno et al.

(2005) to infer the most likely number of genetic clusters
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(K) for each STRUCTURE analysis. Estimates of delta K

and posterior probability for each K were summarized

using STRUCTURE HARVESTER (Earl and Von Holdt

2012).

In addition to estimating the number of genetic clusters

in STRUCTURE, we included measures of genetic diver-

sity within and among sample sites. To estimate genetic

relationships among sample sites, we used POPULA-

TIONS version 1.2.28 (Langella 2002) to generate an un-

rooted neighbor-joining dendrogram based on Nei’s

genetic distance DA (1972, 1987). We assessed confidence

in the observed topology of the unrooted neighbor-joining

dendrogram via the bootstrap procedure in POPULA-

TIONS based on 1,000 resampled replicates across loci. A

consensus unrooted neighbor-joining dendrogram was

generated in TREEVIEW version 1.66 (Page 1996).

Finally, we calculated pairwise FST values (Weir and

Cockerham 1984) and allelic richness (AR) for sample sites

in FSTAT (Goudet 1995). We evaluated the statistical

significance of FST values at a = 0.05, adjusted sequen-

tially by the Bonferroni method (Rice 1989). We also

checked for deviations from Hardy–Weinberg equilibrium

(HWE) at each locus using the Markov-chain Monte Carlo

methods of Guo and Thompson (1992), with 10,000 de-

memorization steps, 20 batches, and 5,000 iterations per

batch, via the program GENEPOP version 4.0.10 software

(Rousset 1997). Again, we corrected for multiple tests

using the Bonferroni method. The inbreeding coefficient

[FIS, Weir and Cockerman (1984)] for each sample site was

also calculated in GENEPOP.

Origin of migratory fish

We used assignment tests in ONCOR (Kalinowski 2008) to

determine the origin of the adult migratory fish captured in

the Swift Diamond and Dead Diamond rivers. Baseline

populations for the assignment test included all of the

sampled tributaries, the Magalloway River, and the

hatchery strain.

Influence of geography on population structure

We tested for patterns of genetic isolation by geographic

distance (IBD) using the one-dimensional model developed

by Rousset (1997) which compares all pairwise

FST/(1-FST) values with pairwise fluvial distances. Fluvial

distances were calculated as the shortest distance between

two points following the river channel. A Mantel test

(Mantel 1967) with 1,000 permutations was conducted

using IBDWS version 3.23 (Jensen et al. 2005) to test for

statistical significance of patterns observed between fluvial

distance and genetic distance in the IBD analysis.

We conducted a STREAMTREE analysis (Kalinowski

et al. 2008) to examine other relationships between the

physical geography and genetic structure for samples sites

within the Diamond River system, following the methods

of Krosch et al. (2011) and using TREEVIEW (Page 1996)

to visualize the results. The STREAMTREE analysis

relates genetic distance between populations to the number

of sections of stream that connects them. Long branches in

a STREAMTREE plot are suggestive of physical barriers

between sites. Mobile migratory fish were excluded from

the STREAMTREE and IBD analyses because they were

collected from several locations. Hatchery fish were also

excluded because they were not sampled from within the

river system.

Sampling considerations

Because many of our samples were collected from small

tributaries, which often have low effective populations

(Kanno et al. 2011b), we were concerned that individuals

sampled in a single sampling event could be from the same

sibship, which can bias genetic structure results (Rodrı́-

guez-Ramilo and Wang 2012; Garza et al. 2014). To esti-

mate the relatedness of our sample groups, we used a

multi-pronged approach, including estimating Wang’s

mean pairwise relatedness (rxy, 2002) and comparing

samples collected at different times to determine the like-

lihood that our genetic analyses were biased from sibship

sampling. A description of these analyses can be found in

Supplemental Material (Appendix S-1). In brief, mean

pairwise relatedness values of sample sites (Table 3) and

other analyses suggested that genetic differentiation was

not an artifact of sibship sampling.

Another concern was the ability to accurately charac-

terize genetic structure with our relatively small sample

sizes. However, simulations conducted by Kalinowski

(2005) suggested that for populations that are substantially

different (FST [ 0.2), reliable estimates of genetic differ-

entiation can be gathered using as few as 16 individuals,

and for populations that are less differentiated

(FST B 0.02), estimates will be reliable with 32 individu-

als. Sample sizes in our study ranged from 32 to 48 fish,

suggesting our analyses should yield reliable estimates of

genetic differentiation. One exception was the hatchery

sample, which included only 20 individuals, but this sam-

ple was substantially different from other sample sites.

Finally, it has been shown that increasing the number of

loci will be more effective in producing reliable results

than increasing the sample size, especially if FST [ 0.2

(Kalinowski 2005). Consequently we amplified all 12 loci

that were available for brook trout (see also Drinan et al.

2011).

Conserv Genet (2015) 16:31–42 35

123



Results

Population structure and hatchery influence

The STRUCTURE analysis revealed the presence of five

genetic clusters: three distinct genetic clusters that were

associated with three sample sites (South Branch, Four-

mile Brook, and Hatchery) and two clusters that were

mixed among the other sites. The estimated natural log

probability of the data peaked at *K = 6, but K = 5 had a

much greater delta K value (Fig. 2a) and was consequently

used for the number of genetic clusters.

Our analyses revealed that two sample sites,

South Branch and Fourmile Brook, both of which contain

waterfalls, were genetically distinct from the other sampled

streams. The STRUCTURE analysis assigned both of these

tributaries a unique genetic cluster (Fig. 2b). Genetic

diversity measures also supported the isolation of these

tributaries: expected and observed heterozygosity and allelic

richness were lower in South Branch and Fourmile Brook

than in other sample sites (Table 3). Additionally, pairwise

comparisons between South Branch or Fourmile Brook and

any other sample site generally resulted in FST values higher

than comparisons between the other sample sites (Table 2).

We found that the FST value between the upper and lower site

of Fourmile Brook was zero, despite being separated by a

waterfall, so we continued to treat Fourmile Brook as a

single genetic cluster. The dendrogram also separated

South Branch and Fourmile Brook from all other sample

sites with a bootstrap value of 90, providing further support

that these tributaries are isolated populations (Fig. 3).

Next, we observed mixed ancestry from two genetic

clusters within the migratory individuals, the Magalloway

River, and four tributaries: LB, LOV, LAV, and AB in the

STRUCTURE analysis (Fig. 2b). The majority of the

mixed ancestry of these sample sites was from two clusters,

but some individuals, especially in samples from LOV and

the migratory fish, demonstrated influence from the FB

cluster (Fig. 2b). We observed small but statistically sig-

nificant pairwise FST values between these sample sites,

with an average of 0.03, and none of the values [0.05

(Table 2), suggesting some gene flow between these sites.

These sites were also grouped together in the neighbor

joining dendrogram (Fig. 3), which supported the relative

genetic similarities of these streams.

Finally, the hatchery samples were assigned a unique

genetic cluster in the STRUCTURE analysis (Fig. 2b). The

pairwise FST values between the hatchery samples and

other samples sites were also high ([0.1, Table 2). In

addition, the neighbor joining dendrogram separated the

hatchery and outgroup fish from all others with a bootstrap

value of 94 (Fig. 3). There was little evidence for intro-

gression with the hatchery strain in the Swift Diamond,

Dead Diamond, and Magalloway rivers in the
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Fig. 2 Results from STRUCTURE used to infer the most likely

number of distinct brook trout genetic clusters (K) in the Diamond

River system. Brook trout were sampled from migratory fish and

n = 7 sites in the Diamond River system. Samples from the Rome

Hatchery Strain of brook trout and two outgroup locations in the

Connecticut River Basin of New Hampshire are also included.

a Likelihood values for each K = 1–14; Delta K values for

K = 1–13. b Proportional membership of brook trout individuals to

K = 5 genetic clusters. Each vertical bar represents an individual and

each genetic cluster is represented by a different color. Fish are

grouped by sample site. Full names of sites are listed in Table 1
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STRUCTURE plot, however several individuals from the

outgroup sites were assigned a high probability of

belonging to the hatchery cluster (Fig 2b), which likely

explains why the outgroup sites were branched with the

hatchery samples in the dendrogram (Fig. 3).

Overall, there were no deviations from HWE (Table

S-3), and genotype frequencies conformed to expectations

for randomly mating populations.

Origin of migratory fish

ONCOR assigned one migratory fish to Fourmile Brook

with a probability of 1.00. This same fish was also given a

high probability of belonging to the Fourmile Brook

genetic cluster in the STRUCTURE analysis (Fig. 2b).

ONCOR assigned the other migratory fish to tributaries of

mixed ancestry. Seven fish were assigned to AB, a tributary

to the Swift Diamond River. Twelve fish were assigned to

tributaries to the Dead Diamond (two fish to LOV, ten fish

to LAV). Mean assignment probability for all assignments

was 0.87 ± 0.14 (Table S-4). The assignment probabilities

may be low due to relatively little genetic differentiation

between some of the tributaries (discussed above).

Influence of geography

Geographical distance was not significantly related to

genetic differentiation between sample sites [pairwise

FST/(1-FST) values, F1,8 = 3.52, p = 0.10]. A Mantel test

between genetic differentiation and geographic distance

matrices also supported the conclusion of no relationship

between the two distance matrices (Z = 9.35, r = -0.57,

p = 0.88). The STREAMTREE analysis indicated the

presence of physical barriers between both South Branch

and Fourmile Brook and the mainstem rivers (Fig. 4). The

STREAMTREE model between observed and modeled

genetic distance fit the Diamond River system well

(R2 = 0.96), indicating that barriers and corridors were

likely influential in shaping genetic diversity.

Discussion

While many subpopulations of brook trout in the Diamond

River system were genetically interconnected, two distinct

genetic subpopulations were found in tributaries with

Loomis Brook

Fourmile 
Brook

  Loomis Valley

 Lamb Valley Migratory
 Magalloway

Alder Brook

DA

Outgroup

0.1

     South Branch

90

94

Hatchery

59
74

Fig. 3 Unrooted neighbor joining dendrogram of genetic clusters in

Diamond River system demonstrates the genetic distance between

South Branch and Fourmile Brook and the other tributaries. The

absence of influence of the hatchery strain is apparent. Distance was

calculated according to the Nei’s genetic distance DA (1972, 1987).

Bootstrap values are based on 1,000 permutations on 12 microsatellite

loci. Values over 50 are indicated by grey branches. Full names of

sites are listed in Table 1

Table 2 Pairwise comparisons of population connectivity and distance between sampled streams

FB SB LB AB LOV LAV MG MA HA OG

FB 0.286 0.153 0.175 0.183 0.201 0.17 0.208 0.456 0.134

SB 0.258 0.377 0.344 0.368 0.361 0.325 0.348 0.503 0.107

LB 0.112 0.296 0.072 0.101 0.081 0.096 0.105 0.262 0.29

AB 0.108 0.259 0.028 0.092 0.069 0.080 0.095 0.264 0.418

LOV 0.094 0.279 0.048 0.035 0.060 0.080 0.111 0.325 0.154

LAV 0.116 0.28 0.032 0.012 0.017 0.259 0.076 0.273 0.14

MG 0.095 0.27 0.039 0.012 0.028 0.010 0.094 0.259 0.139

MA 0.129 0.296 0.037 0.023 0.049 0.018 0.026 0.238 0.135

HA 0.370 0.453 0.197 0.117 0.247 0.196 0.215 0.173 0.238

Lower values are pairwise FST values, upper values upper values are Nei’s genetic distance DA (Fig. 3). Bolded FST values represent values that

are not significant (a = 0.05 adjusted for multiple comparisons) after 4,500 comparisons. See Table 1 for full sample site names
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physical waterfall barriers. Despite recent stocking in the

study region, including in the early years that genetic

sampling occurred, we found very little evidence of

hatchery ancestry in wild fish. Mobile adults captured in

the mainstem rivers were assigned to tributaries within the

river network, suggesting that these rivers may provide

important corridors for genetic exchange between tributary

populations. Our results provide insight on the character-

istics of brook trout metapopulation structure in a low-

impacted river network within the species’ native range.

Below we discuss the implications of these results,

including for brook trout management and conservation.

Population structure and gene flow is influenced

by barriers

We found relatively high genetic similarity among four of

the tributaries, the Magalloway River, and migratory fish

(Figs. 2, 3; Table 2). Although the observed genetic dif-

ferentiation between tributaries was low, it should not be

disregarded as it could be related to the homing behavior of

brook trout (O’Connor and Power 1973; D’Amelio et al.

2008). However, the mixed ancestry of these subpopula-

tions indicate that there was some exchange of individuals

among sites, providing further empirical support for

maintaining river corridor habitats that connect headwater

tributaries (Perkin and Gido 2012).

Our analyses identified two isolated populations above

waterfalls, suggesting the importance of physical landscape

features in structuring these populations. Both of these

tributary populations were separated into unique clusters in

STRUCTURE, were characterized by high FST values, and

exhibited low heterozygosity, evidence that supports that

both were small isolated peripheral populations subject to

fast rates of genetic drift. The STREAMTREE analysis

(Fig. 4) also suggested the existence of barriers as a

mechanism for isolation. Patterns of genetic diversity in

these isolated tributaries are similar to other highly distinct

salmonid populations located above waterfalls (D’Amelio

and Wilson 2008; Gomez-Uchida et al. 2009; Ardren et al.

2011; Scribner et al. 2012).

Interestingly, the upper and lower sample sites on one of

the isolated streams, Fourmile Brook, were divided by a

waterfall, but were grouped together genetically, indicating

high migration rates within the tributary. Moreover, there

was no obvious physical barrier between the lower sample

site on Fourmile Brook and the mainstem, leaving open the

mechanism for the separation of the lower site from the

mainstem river. One possibility is that the lower population

was comprised mostly of migrants from the upper site (i.e.,

downstream gene flow, see below), which may swamp out

the genetic signal of the few migratory fish that swim up this

tributary to the barrier from downstream mainstem reaches.

Alternatively, behavioral and temporal differences may have

prevented interbreeding with adults from other tributaries in

this reach. For example, salmonid species breeding within

connected streams can fail to interbreed due to differences in

spawn timing (e.g., pink salmon: Gharrett et al. 2013) and

microhabitat site selection (e.g., brook trout: Franssen et al.

2014), both of which could explain reduced gene flow

between subpopulations. The processes that maintain

genetic differentiation when physical barriers are lacking

merit further attention.

Beyond revealing specific patterns of fine scale struc-

turing in our system, our study also highlights that simple

geographical distance cannot be used to infer genetic

structuring of brook trout populations at fine spatial scales.

Instead, genetic structure appeared to be driven by barriers

between tributaries, which occur independently of geo-

graphic distance and location (Fig. 4). The genetic diver-

gence of subpopulations in tributaries above waterfalls

supports the idea that physical features (e.g., waterfalls,

stream temperature, stream slope) can play a strong role in

structuring riverine fish populations. Fine-scale structuring

in streams by landscape features has been demonstrated for

brook trout (Kanno et al. 2011a; Whiteley et al. 2013) and

other freshwater fishes (e.g., Salmo salar, Dillane et al. 2008;

Etheostoma raneyi, Sterling et al. 2012; Salvelinus namay-

cush, McCracken et al. 2013). These results suggest that

local conservation management requires information about

fine-scale genetic structuring to supplement larger-scale

landscape genetics studies of brook trout (Castric et al. 2001;
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Fig. 4 STREAMTREE analysis shows the genetic distance between

stream segments, displayed here as sections between an upstream and

downstream dot (Kalinowski et al. 2008). Non-zero distances are

shown in bold font. Arrows represent direction of flow. The high

genetic distance between South Branch and Fourmile Brook and the

respective adjacent stream segments suggests a physical barrier. The

lack of distance between other tributaries suggests that the location

below barriers in the Swift Diamond, Dead Diamond, or Magalloway

River has not shaped genetic structure

38 Conserv Genet (2015) 16:31–42

123



Castric and Bernatchez 2003; Poissant et al. 2005) and

other organisms (see Manel et al. 2003 for a review).

Large migratory fish connect subpopulations

To explore a mechanism for gene flow between tributaries,

we genetically assigned large mobile fish to their tributary

of origin. We found that the majority of radio-tracked adult

trout in the Swift Diamond and Dead Diamond rivers

originated from the four tributaries that were of mixed

ancestry (Table S-4). Although we could not track the

individuals to their spawning sites due to the limited bat-

tery life of the tags, the relative genetic similarity of these

tributaries indicates that there must be gene flow between

them. Similarly, a study by Kanno et al. (2014) demon-

strated that some brook trout may move between and breed

in both tributaries and mainstem rivers. In their system,

adult brook trout movements resulted in substantial gene

flow, with adult mainstem trout producing nearly half of

their surviving offspring in tributaries (Kanno et al. 2014).

Similarly, the earlier radio-tracking study in the Diamond

River system suggests that brook trout move between

tributaries and mainstem sites (Timmins 2005, 2006,

2007), and our genetic data provide evidence of gene flow

between these same sites.

We also observed a pattern of one-way, downstream

gene flow via migratory individuals from an isolated pop-

ulation in Fourmile Brook. One of the migratory individ-

uals captured in the Swift Diamond River was assigned to

Fourmile Brook, as the most likely source population.

Evidence of fish dispersing from Fourmile Brook into other

tributaries was also observed in the STRUCTURE plots,

with two fish sampled in the LOV displaying high

assignment probability to Fourmile Brook (Fig. 2). Thus

one-way gene flow appears to be contributing to the higher

allelic richness and observed heterozygosity found in the

other sample sites (Table 3). Patterns of one-way down-

stream gene flow have been reported in other brook trout

populations in the Connecticut (Kanno et al. 2011a) and

Salmon Trout river basins (Scribner et al. 2012). We

concur with Allendorf and Luikart (2007) that important

sources of genetic variability, such as isolated populations

that provide one-way gene flow to larger populations,

should be given consideration in conservation efforts.

Absence of hatchery influence despite historic stocking

Both the STRUCTURE analysis (Fig. 2) and the neighbor-

joining dendrogram (Fig. 3) grouped the hatchery indi-

viduals into a unique cluster, suggesting that any intro-

gression between hatchery and native fish did not have a

lasting impact on native fish genetic diversity in the Dia-

mond River system. Annett et al. (2012) found a similar

lack of introgression with hatchery strains in Cape Cod

brook trout due to the low survival and reproductive suc-

cess of hatchery fish in natural habitats. Indeed, hatchery

strains are known to have decreased reproductive abilities

relative to wild strains (Araki et al. 2007; Leonard et al.

2013), as well as reduced survival and growth (Vincent

1960; Fraser 1981). It is important to note, however, that

this is not the case in all systems. Humston et al. (2012)

found the colonization and natural reproduction of hatch-

ery-hybridized brook trout to be common in headwater

streams in Virginia. Previous studies have noted that usable

habitat size and stocking density influences the extent of

hatchery hybridization (Marie et al. 2010, 2012), suggest-

ing reasons for different outcomes in different regions. In

the Diamond River system recent stocking has been at low

levels and only in headwater regions, both of which likely

contributed to the lack of hatchery ancestry in wild fish. In

contrast, the outgroup sample from Indian Stream (Con-

necticut, USA), which is currently stocked, appears to have

some individuals with hatchery ancestry, in addition to full

hatchery individuals. This result highlights the fact that it is

not safe to assume a lack of hatchery introgression in all

river systems, especially in currently stocked streams.

Conservation implications and conclusions

Our characterization of a complex brook trout metapopulation

in a dendritic stream network demonstrates the importance of

understanding structure at a fine spatial scale in river networks.

We found higher levels of genetic differentiation between

populations within a watershed than has been previously

documented for brook trout (Kanno et al. 2011a; Whiteley

Table 3 Summary of sample sites shows expected heterozygosity

(HE), observed heterozygosity (HO), rarefied allelic richness (AR), the

inbreeding coefficient (FIS), and mean pairwise Wang (2002) relat-

edness (rxy)

Sample

Site

HE HO AR FIS rxy

FB 0.48 (0.28) 0.43 (0.25) 3.8 (2.4) 0.088 -0.096

SB 0.35 (0.31) 0.30 (0.29) 3.3 (1.9) 0.136 -0.090

LB 0.62 (0.15) 0.65 (0.17) 5.5 (2.3) -0.053 0.12

AB 0.70 (0.12) 0.64 (0.09) 6.8 (2.7) 0.085 -0.095

LOV 0.66 (0.17) 0.57 (0.17) 5.3 (2.1) 0.142 -0.015

LAV 0.70 (0.12) 0.67 (0.14) 5.7 (2.9) 0.04 -0.0080

MG 0.62 (0.18) 0.55 (0.17) 6 (2.4) 0.114 0.0011

MA 0.60 (0.11) 0.56 (0.09) 5.6 (1.6) 0.052 0.030

HA 0.54 (0.16) 0.50 (0.16) 4.6 (1.6) 0.072 -0.079

OG 0.34 (0.15) 0.32 (0.15) 6.6 (2.8) 0.057 -0.050

For HE, HO, and AR, standard deviations are in parenthesis. Calcu-

lations were averaged over 12 microsatellite loci. See Table 1 for full

sample site names
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et al. 2013), possibly because of fast rates of genetic drift in

small, isolated populations. In addition, our evidence of one-

way gene flow from an isolated, genetically differentiated

population provides empirical support for the importance of

maintaining isolated populations, despite their isolation and

small size, as such populations may serve as source popula-

tions (Allendorf and Luikart 2007; Letcher et al. 2007).

Our results also suggest that fragmentation at a fine

spatial scale (i.e., implementation of a single barrier in a

headwater stream) may significantly alter genetic structure,

producing an isolated, above-barrier population. For brook

trout, headwater streams often maintain small effective

population sizes (Kanno et al. 2011b), and thus isolated

populations may be even more susceptible to demographic

stochasticity. A series of isolated peripheral populations

could pose a greater challenge for conservation manage-

ment than similarly sized populations connected via dis-

persal and gene flow (Letcher et al. 2007). On a landscape

scale, fragmentation of naturally interconnected tributaries

via human land use (e.g., construction of dams and cul-

verts, channelization of streams) is widespread throughout

the native range of brook trout (Hudy et al. 2008), and

many other river networks (Fullerton et al. 2010).

Our study highlights the importance of interconnected,

heterogeneous stream networks for maintaining diverse

brook trout populations and resilient metapopulations.

Given the importance of small tributaries as breeding

habitat and potential source populations, management

actions should preserve headwater tributaries located above

presumed barriers and the downstream mainstem habitats

that provide dispersal corridors among subpopulations.

Conservation efforts that include both headwater and

mainstem populations of trout should greatly increase the

resilience of trout stock complexes.
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