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Cold-water fishes are vulnerable to 
climate change

Habitat loss: ~53% of brook trout habitat in 
Southern Appalachians by 2080

Habitat loss: ~58% of cutthroat trout habitat 
in Intermountain West



Population differences in response to 
environmental stress

1. Are there differences in response to heat stress over 
small spatial scales?

2. If so, what are the underlying causes of that difference?

3. Do the patterns we see at small scales translate to range 
wide patterns?

Cliff Kraft



Eastern Brook Trout Joint 
Venture: Status and 
Threats Assessment
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Robinson, Josephson, Weidel and Kraft 2010
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Common garden experiment

1. Sequenced DNA and RNA

2. Evaluated population structure

3. Analyzed RNA data for differences in gene 
expression patterns 

4. Identified DNA changes associated with 
different gene expression patterns

Individual 1: AACGCTTTGATATAGACTTG
Individual 2: AACGCTTTGACATAGACTTG

SNP



22,986 Single Nucleotide 
Polymorphisms
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Populations show differences in gene 
expression patterns
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Linking Genotype to Phenotype: What 
genetic variation is linked with response 

to heat stress?

eQTLs



Linking Genotype to Phenotype: What 
genetic variation is linked with response 

to heat stress?

Increasing temperature



Linking Genotype to Phenotype: What 
genetic variation is linked with response 

to heat stress?

Increasing temperature

FOUND 1192 SNPS 
LINKED WITH 

EXPRESSION OF 292 
GENES!



Linking Genotype to Environment



Linking genotype to environment: How does 
this diversity map to the species range?

RADseq on 201 
samples from across 
81 sites (1-6 
individuals per site)

Grouped samples by 
1o lat/long and 3o C

Tested for 
associations with 
climate variables in 
BioClim dataset

Mamoozadeh, N., Whiteley, A., Letcher, B., Kazyak, D., Tarsa, C., & Meek, M. Evaluating 
genomic relationships across spatial and temporal scales to guide conservation and 

management of imperiled species. Submitted to Molecular Ecology Resources.



−0.3

0.0

0.3

0.6

0.9

−4 0 4 8 12
meanT

X1
29

68
.7

...
G

Adj R2 =  0.2558 , P = 0.001855

0.0

0.2

0.4

−4 0 4 8 12
meanT

X2
63

18
.4

4.
..T

Adj R2 =  0.1027 , P = 0.03868

−0.5

0.0

0.5

1.0

−4 0 4 8 12
meanT

X4
14

29
.1

5.
..T

Adj R2 =  0.2939 , P = 0.0006639

0.0

0.5

1.0

−4 0 4 8 12
meanT

X9
26

78
.4

5.
..T

Adj R2 =  0.2395 , P = 0.002264

−0.25

0.00

0.25

0.50

0.75

−4 0 4 8 12
meanT

X1
02

50
9.

8.
..T

Adj R2 =  0.1004 , P = 0.04049

0.00

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X1
60

16
0.

57
...

T

Adj R2 =  0.09409 , P = 0.04876

0.0

0.5

1.0

−4 0 4 8 12
meanT

X1
79

88
6.

29
...

T

Adj R2 =  0.2569 , P = 0.002127

−0.25

0.00

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X1
86

60
1.

33
...

T

Adj R2 =  0.142 , P = 0.01754

−0.1

0.0

0.1

0.2

−4 0 4 8 12
meanT

X2
06

28
9.

8.
..T

Adj R2 =  0.09615 , P = 0.0441

0.0

0.5

1.0

−4 0 4 8 12
meanT

X3
07

72
7.

56
...

T

Adj R2 =  0.2017 , P = 0.005099

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X5
03

41
9.

55
...

A

Adj R2 =  0.1614 , P = 0.0118

0.6

0.8

1.0

1.2

−4 0 4 8 12
meanT

X6
96

56
2.

47
...

A

Adj R2 =  0.0975 , P = 0.04563

0.5

1.0

−4 0 4 8 12
meanT

X7
20

80
5.

50
...

A

Adj R2 =  0.3603 , P = 0.0001682

0.0

0.2

0.4

−4 0 4 8 12
meanT

X9
17

25
1.

11
...

T

Adj R2 =  0.09767 , P = 0.04548

−0.3

0.0

0.3

0.6

0.9

−4 0 4 8 12
meanT

X9
20

37
3.

38
...

T

Adj R2 =  0.1117 , P = 0.03465

0.0

0.5

1.0

−4 0 4 8 12
meanT

X9
57

45
5.

34
...

T

Adj R2 =  0.1822 , P = 0.007688

0.0

0.5

1.0

−4 0 4 8 12
meanT

X9
80

78
4.

42
...

T

Adj R2 =  0.1697 , P = 0.009947

−0.25

0.00

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X9
84

58
0.

50
...

T

Adj R2 =  0.2211 , P = 0.003376

0.0

0.5

1.0

−4 0 4 8 12
meanT

X1
00

99
50

.3
7.

..T

Adj R2 =  0.1748 , P = 0.008949

0.0

0.4

0.8

−4 0 4 8 12
meanT

X1
18

05
87

.4
9.

..T

Adj R2 =  0.1942 , P = 0.006745

−0.3

0.0

0.3

0.6

0.9

−4 0 4 8 12
meanT

X1
29

68
.7

...
G

Adj R2 =  0.2558 , P = 0.001855

0.0

0.2

0.4

−4 0 4 8 12
meanT

X2
63

18
.4

4.
..T

Adj R2 =  0.1027 , P = 0.03868

−0.5

0.0

0.5

1.0

−4 0 4 8 12
meanT

X4
14

29
.1

5.
..T

Adj R2 =  0.2939 , P = 0.0006639

0.0

0.5

1.0

−4 0 4 8 12
meanT

X9
26

78
.4

5.
..T

Adj R2 =  0.2395 , P = 0.002264

−0.25

0.00

0.25

0.50

0.75

−4 0 4 8 12
meanT

X1
02

50
9.

8.
..T

Adj R2 =  0.1004 , P = 0.04049

0.00

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X1
60

16
0.

57
...

T

Adj R2 =  0.09409 , P = 0.04876

0.0

0.5

1.0

−4 0 4 8 12
meanT

X1
79

88
6.

29
...

T

Adj R2 =  0.2569 , P = 0.002127

−0.25

0.00

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X1
86

60
1.

33
...

T

Adj R2 =  0.142 , P = 0.01754

−0.1

0.0

0.1

0.2

−4 0 4 8 12
meanT

X2
06

28
9.

8.
..T

Adj R2 =  0.09615 , P = 0.0441

0.0

0.5

1.0

−4 0 4 8 12
meanT

X3
07

72
7.

56
...

T

Adj R2 =  0.2017 , P = 0.005099

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X5
03

41
9.

55
...

A

Adj R2 =  0.1614 , P = 0.0118

0.6

0.8

1.0

1.2

−4 0 4 8 12
meanT

X6
96

56
2.

47
...

A

Adj R2 =  0.0975 , P = 0.04563

0.5

1.0

−4 0 4 8 12
meanT

X7
20

80
5.

50
...

A

Adj R2 =  0.3603 , P = 0.0001682

0.0

0.2

0.4

−4 0 4 8 12
meanT

X9
17

25
1.

11
...

T

Adj R2 =  0.09767 , P = 0.04548

−0.3

0.0

0.3

0.6

0.9

−4 0 4 8 12
meanT

X9
20

37
3.

38
...

T

Adj R2 =  0.1117 , P = 0.03465

0.0

0.5

1.0

−4 0 4 8 12
meanT

X9
57

45
5.

34
...

T

Adj R2 =  0.1822 , P = 0.007688

0.0

0.5

1.0

−4 0 4 8 12
meanT

X9
80

78
4.

42
...

T

Adj R2 =  0.1697 , P = 0.009947

−0.25

0.00

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X9
84

58
0.

50
...

T

Adj R2 =  0.2211 , P = 0.003376

0.0

0.5

1.0

−4 0 4 8 12
meanT

X1
00

99
50

.3
7.

..T

Adj R2 =  0.1748 , P = 0.008949

0.0

0.4

0.8

−4 0 4 8 12
meanT

X1
18

05
87

.4
9.

..T

Adj R2 =  0.1942 , P = 0.006745

−0.3

0.0

0.3

0.6

0.9

−4 0 4 8 12
meanT

X1
29

68
.7

...
G

Adj R2 =  0.2558 , P = 0.001855

0.0

0.2

0.4

−4 0 4 8 12
meanT

X2
63

18
.4

4.
..T

Adj R2 =  0.1027 , P = 0.03868

−0.5

0.0

0.5

1.0

−4 0 4 8 12
meanT

X4
14

29
.1

5.
..T

Adj R2 =  0.2939 , P = 0.0006639

0.0

0.5

1.0

−4 0 4 8 12
meanT

X9
26

78
.4

5.
..T

Adj R2 =  0.2395 , P = 0.002264

−0.25

0.00

0.25

0.50

0.75

−4 0 4 8 12
meanT

X1
02

50
9.

8.
..T

Adj R2 =  0.1004 , P = 0.04049

0.00

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X1
60

16
0.

57
...

T

Adj R2 =  0.09409 , P = 0.04876

0.0

0.5

1.0

−4 0 4 8 12
meanT

X1
79

88
6.

29
...

T

Adj R2 =  0.2569 , P = 0.002127

−0.25

0.00

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X1
86

60
1.

33
...

T

Adj R2 =  0.142 , P = 0.01754

−0.1

0.0

0.1

0.2

−4 0 4 8 12
meanT

X2
06

28
9.

8.
..T

Adj R2 =  0.09615 , P = 0.0441

0.0

0.5

1.0

−4 0 4 8 12
meanT

X3
07

72
7.

56
...

T

Adj R2 =  0.2017 , P = 0.005099

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X5
03

41
9.

55
...

A

Adj R2 =  0.1614 , P = 0.0118

0.6

0.8

1.0

1.2

−4 0 4 8 12
meanT

X6
96

56
2.

47
...

A

Adj R2 =  0.0975 , P = 0.04563

0.5

1.0

−4 0 4 8 12
meanT

X7
20

80
5.

50
...

A

Adj R2 =  0.3603 , P = 0.0001682

0.0

0.2

0.4

−4 0 4 8 12
meanT

X9
17

25
1.

11
...

T

Adj R2 =  0.09767 , P = 0.04548

−0.3

0.0

0.3

0.6

0.9

−4 0 4 8 12
meanT

X9
20

37
3.

38
...

T

Adj R2 =  0.1117 , P = 0.03465

0.0

0.5

1.0

−4 0 4 8 12
meanT

X9
57

45
5.

34
...

T

Adj R2 =  0.1822 , P = 0.007688

0.0

0.5

1.0

−4 0 4 8 12
meanT

X9
80

78
4.

42
...

T

Adj R2 =  0.1697 , P = 0.009947

−0.25

0.00

0.25

0.50

0.75

1.00

−4 0 4 8 12
meanT

X9
84

58
0.

50
...

T

Adj R2 =  0.2211 , P = 0.003376

0.0

0.5

1.0

−4 0 4 8 12
meanT

X1
00

99
50

.3
7.

..T

Adj R2 =  0.1748 , P = 0.008949

0.0

0.4

0.8

−4 0 4 8 12
meanT

X1
18

05
87

.4
9.

..T

Adj R2 =  0.1942 , P = 0.006745

Genotypes are significantly correlated 
with temperature across the range
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Genotypes are significantly correlated with temperature 
across the range
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Genotypes are significantly correlated with temperature 
across the range
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We can use this information to guide 
reintroduction and translocation efforts 
and identify populations at risk!!



Nick Hudson                  Pete McIntyre

Next steps: Linking Genotype to Phenotype



Conclusions

Genetic variation at particular loci is linked with 
response to heat stress, as well as current  
temperature across the range!



How will this help conservation and 
management?

1. Can use markers that respond similarly across 
populations to monitor for heat stress

2. Identify populations at greatest risk due to 
decreased genetic diversity at important loci

3. Use to inform translocations and reintroductions 



THANKS!



East Lake Panther Lake Rock LakeWilmurt Lake

Kraft and Marcy-Quay, unpublished data


