
210Pb (Bq/kg)
Hawley and North Raft

0 40 80 12
0

16
0

20
0

24
0

28
0

32
0

36
0

40
0

44
0

48
0

52
0

56
0

60
0

64
0

C
or

e 
D

ep
th

 (c
m

)

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

0 50 100 150 200 250 300 350

Hawley
North Raft
Spruce
Aquatuk

210Pb (Bq/kg)
Spruce and Aquatuk

HAWLEY NORTH RAFT SPRUCE AQUATUK

18
00

18
20

18
40

18
60

18
80

19
00

19
20

19
40

19
60

19
80

20
00

Year (AD)

18
40

18
60

18
80

19
00

19
20

19
40

19
60

19
80

20
00

18
40

18
60

18
80

19
00

19
20

19
40

19
60

19
80

20
00

18
80

19
00

19
20

19
40

19
60

19
80

20
00

Figure S1



-10

-8

-6

-4

-2

0

-14
-12
-10
-8
-6
-4
-2
0
2
4
6

R=0.50
P<0.002

-16
-14
-12
-10

-8
-6
-4
-2
0
2

-16
-14
-12
-10
-8
-6
-4
-2
0
2

R=0.57
P<0.0007

6

8

10

12

14

6

8

10

12

14
R=0.78
P<0.0001

19
55
19

60
19

65
19

70
19

75
19

80
19

85
19

90
19

95
20

00
20

05
20

10
20

15
-8

-6

-4

-2

0

2

4

-8

-6

-4

-2

0

2

4

Churchill
Winisk/Peawanuck

R=0.83
p<0.0001

-30
-28
-26
-24
-22
-20
-18
-16
-14

-30
-28
-26
-24
-22
-20
-18
-16
-14

R=0.81
P<0.0001

Te
m

pe
ra

tu
re

 C
hu

rc
hi

ll 
C

lim
at

e 
St

at
io

n 
(0 C

)

Tem
perature W

inisk/Peaw
anuck C

lim
ate Station ( 0C

)

Annual

Winter

Spring

Summer

Autumn

Figure S2

A

B

C

D

E



SPRUCE

Pen
nate

plan
kto

nic
diat

oms (
4)

Frag
ila

ria
pinnata

co
mplex

 (3
)

Frag
ila

ria
co

nstr
uen

s co
mplex

 (4
)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5

2008
2006
2004
2002
2000
1998

1994

1990
1986
1982
1978
1974
1970
1966
1962
1958

1954

1950
1946

20 40 20 1 2 3 4 5
Total sum of squares

CONISS21
0 Pb ag

e (
ye

ar 
AD)

NORTH RAFT

Cyc
lotel

la
co

mplex
 (7

)

0.00

0.25
0.75

1.25
1.75

2.25

2.75
3.25

3.75
4.25

4.75

5.25
5.75

6.25
6.75

7.25

7.75

2007
2005
2003
2001

1997
1993
1989
1985
1981
1977
1973
1971

1969

1967
1965

1961
1957
1953
1949
1945

20

21
0 Pb ag

e (
ye

ar 
AD)

Total sum of squares

Nav
icu

la
su

bmin/su
bmur/s

ubro
t (3)

Ben
thic 

Frag
ila

ria
co

mplex
 (1

6)

20 20 40 1 2 3 4 5 6 7

CONISS

HAWLEY

Plan
kto

nic
diat

oms (
9)

Amphora 
inari

en
sis

Frag
ila

ria
pinnata

co
mplex

 (3
)

Frag
ila

ria
co

nstr
uen

s co
mplex

 (3
)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0
10.5
11.0
11.5

20 20 40 20 40 1 2 3 4 5 6
Total sum of squares

CONISS
2006

2000
1996
1992
1988
1984
1980
1976
1972
1970

1966

1964

1962
1960

1956
1952
1950
1944

1965

1963

21
0 Pb ag

e (
ye

ar 
AD)

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0
10.5
11.0
11.5

21
0 Pb ag

e (
ye

ar 
AD)

2008

2004

2000

1994
1991
1985
1982

1978

1974

1970

1966

1962
1960
1956

1948

Plan
kto

nic
diat

oms (
7)

Ach
nan

thes
su

m (2
2)

Small
 N

av
icu

la
tax

a (9)

Amphora 
ped

icu
lus

Ben
thic 

Frag
ila

ria
su

m (1
6)

20 40 60 80 100 1 2 3
Total sum of squares

CONISS

AQUATUK

20

Aulac
ose

ira
su

m (4
)

4

A B

DC

% relative abundance % relative abundance

% relative abundance % relative abundance

Dep
th (c

m)

Dep
th (c

m)

Dep
th (c

m)

Dep
th (c

m)

Figure S3



-4
-3
-2
-1
0
1
2
3
4
5

-6
-4
-2
0
2
4
6

Year

19
40

19
45

19
50

19
55

19
60

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

20
15

-3
-2
-1
0
1
2
3

A

B

D

C
hu

rc
hi

ll 
te

m
pe

ra
tu

re
 a

no
m

al
y 

(°
C

)

Autumn

Winter

Summer

-1.42 +3.62

+0.41 +2.55

+0.12 +1.74

Spring

7
8
9

10
11
12
13
14

C

Figure S4



North Raft Lake

A
nn Tem

p ( OC
)

-8

-7

-6

-5

-4

PC
1 

( λ
= 

26
%

)

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

19
40

19
45

19
50

19
55

19
60

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

20
15

A
nn Tem

p ( OC
)

-8

-7

-6

-5

-4

40

50

60

70

80

90
r= -0.49, P<0.01
df=28

r= -0.55, P<0.003
df=28

%
 b

en
th

ic
 F

ra
gi

la
ria

Spruce Lake

W
in Tem

p ( OC
)

-30

-28

-26

-24

-22

-20

PC
1 

(λ
 =

 2
6%

)

-2

-1

0

1

2

19
40

19
45

19
50

19
55

19
60

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

20
15

A
ut Tem

p ( OC
)

-6

-4

-2

0

2

%
 F

ra
gi

la
ria

 p
in

na
ta

 

25

30

35

40

45

50

r= -0.37, P<0.05
df=34

r= -0.48, P<0.01
df=34

A B

Figure S5

A
nn Tem

p ( OC
)

-8

-7

-6

-5

-4

PC
2 

( λ
 =

 8
%

)

-1.0

-0.5

0.0

0.5

1.0

1.5
r= 0.61, P<0.01
df=28

A
nn Tem

p ( OC
)

-8

-7

-6

-5

-4

%
 C

yc
lo

te
lla

0

2

4

6

8

10

12

14
r= 0.55, P<0.01
df=28 A

nn Tem
p ( OC

)

-8

-7

-6

-5

-4

%
 F

ra
gi

la
ria

 te
ne

ra

0

2

4

6
r= 0.44, P<0.01
df=34

A
ut Tem

p ( OC
)

-6

-4

-2

0

2

PC
2 

( λ
 =

 9
%

)

-2

-1

0

1

2
r= 0.40, P<0.01
df=34



A
nn Tem

p ( OC
)

-9

-8

-7

-6

-5

-4

-3

PC
1 

( λ
 =

 3
5%

)

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5
Aquatuk Lake

19
40

19
45

19
50

19
55

19
60

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

20
15

A
nn Tem

p ( OC
)

-8

-7

-6

-5

-4

%
 b

en
th

ic
 F

ra
gi

la
ria

60

70

80

90

100

r=0.38, P<0.01
df=45

r= -0.37, P<0.01
df=45

Hawley Lake

Spr Tem
p ( OC

)

-12

-11

-10

-9

PC
1 

( λ
 =

 1
9%

)

-2

-1

0

1

2

19
40

19
45

19
50

19
55

19
60

19
65

19
70

19
75

19
80

19
85

19
90

19
95

20
00

20
05

20
10

20
15

A
nn Tem

p ( OC
)

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

%
 F

. c
on

st
ru

en
s 

v.
 v

en
te

r

10

15

20

25

r= -0.39, P<0.01
df=37

r= -0.35, P<0.05
df=37

C D

Figure S5 cont'd

A
ut Tem

p ( OC
)

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

PC
2 

( λ
 =

 6
%

)

-3

-2

-1

0

1

2

3

4

5
r=0.2, P=0.1
df=45

A
nn Tem

p ( OC
)

-9

-8

-7

-6

-5

-4

%
 p

la
nk

to
ni

c

0

1

2

3

4 r=0.30, P<0.05
df=45

A
nn Tem

p ( OC
)

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

%
 p

en
na

te
 p

la
nk

to
ni

c

0

2

4

6

8
r= 0.25, P<0.01
df=37

A
nn Tem

p ( OC
)

-8.0

-7.5

-7.0

-6.5

-6.0

-5.5

PC
2 

( λ
 =

 1
3%

)

-2

-1

0

1

2 r= -0.52, P<0.01
df=37



Su
pp

le
m
en

ta
ry
 T
ab

le
 1
. S
el
ec
t l
im

no
lo
gi
ca
l d
at
a 
fo
r H

BL
 st
ud

y 
la
ke
s.
 D
at
a 
pr
es
en

te
d 
ar
e 
3‐
ye
ar
 m

ea
ns
 (2

00
9 
to
 2
01

1)
. 

LA
KE

 N
AM

E
La
t (
N
)

Lo
ng

 (W
)
La
ke

 D
ep

th
 

pH
Co

nd
uc
tiv

ity
Si
O
3

TP
TN

N
H
4 
+ 
N
O
3

TN
:T
P

TN
:T
P

TI
N
/T
P

D
O
C

N
O
3

Se
cc
hi

(m
)

μS
/c
m

m
g/

L
μg

/L
μg

/L
TI
N
 (μ

g/
L)

m
as
s r
at
io

m
ol
ar
 ra

tio
m
as
s r
at
io

m
g/
L
μg

/L
(m

)

N
or
th
 R
af
t

54
.5
34

3
‐8
4.
75

61
11

.1
7.
9

15
2.
0

0.
9

6.
0

27
8.
0

10
.7

40
.9

90
.4

1.
7

6.
8

4.
0

3.
7

H
aw

le
y

54
.5
26

9
‐8
4.
62

88
34

.6
8.
1

21
3.
0

1.
3

7.
0

24
3.
0

16
.0

28
.9

82
.8

2.
4

6.
3

3.
3

4.
5

Sp
ru
ce

54
.3
28

2
‐8
5.
00

79
10

.9
7.
9

13
5.
0

0.
7

11
.0

36
2.
0

21
.3

33
.4

73
.7

2.
0

7.
9

3.
3

2.
8

Aq
ua

tu
k

54
.3
28

1
‐8
4.
56

86
12

.0
8.
1

18
9.
0

1.
5

14
.0

31
5.
0

25
.3

26
.7

59
.0

1.
8

7.
6

4.
0

2.
2

Si
O
3 =

 R
ea
ct
iv
e 
sil
ic
at
e

TP
 =
 T
ot
al
 P
ho

sp
ho

ru
s

TN
 =
 T
ot
al
 N
itr
og
en

 u
nf
ilt
er
ed

 (T
KN

 (T
ot
al
 K
je
ld
ah
l N

itr
og
en

) +
 N
itr
ite

‐N
itr
at
e 
(N
O
3/
N
O
2)
)

DO
C 
= 
Di
ss
ol
ve
d 
O
rg
an
ic
 C
ar
bo

n

TI
N
 ‐ 
To

ta
l I
no

rg
an
ic
 N
itr
og
en

TN
:T
P 
m
as
s r
at
io
s:
 <
14

 (D
ow

ni
ng

 a
nd

 M
cC
au
le
y 
19

92
) o

r <
9 
(G
ui
ld
fo
rd
 a
nd

 H
ec
ky
 2
00

0)
 =
 N
‐li
m
ita

tio
n 

TN
:T
P 
m
ol
ar
 ra

tio
s:
 <
20

 =
 N
‐li
m
ita

tio
n,
 >
50

 =
 P
‐li
m
ita

tio
n 
(G
ui
ld
fo
rd
 a
nd

 H
ec
ky
 2
00

0)

DI
N
:T
P 
m
as
s <

1.
0 
= 
N
‐li
m
ita

tio
n;
 >
4.
0=
P‐
lim

ita
tio

n;
 1
.0
 ‐ 
4.
0 
= 
co
‐li
m
ita

tio
n 
(M

or
ris
 a
nd

 L
ew

is 
19

88
)

DI
N
:T
P 
m
as
s <

1.
5 
= 
N
‐li
m
ita

tio
n;
 >
3.
4 
= 
P‐
lim

ita
tio

n;
 1
.5
 ‐ 
3.
5 
= 
co
‐li
m
ita

tio
n 
(B
er
gs
tr
om

 2
01

2)

D
ec
im

al
 d
eg
re
e



Table S2. Mean and standard deviation for each lake of the variables plotted in Figure 3 as z-scores.

North Raft Hawley Spruce Aquatuk
Hill's N2 mean 26.9 25.2 27.2 13.3

SD 5.7 5.6 4.9 6.1
Planktonic diatoms mean 4.4 2.1 2.2 0.6

SD 3.9 1.5 2.1 1
Benthic fragilarioid taxa mean 68.2 16.5 67.7 89.2

SD 8.1 3.7 5.8 8.4
Chl‐a mean 0.008 0.022 0.021 0.024

SD 0.001 0.006 0.003 0.007
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Electronic Supplementary Information 1 
 2 
Electronic Supplementary Figure Legends 3 

Fig. S1. Radiometric dating analysis using gamma spectrometry. 4 
(A) 210Pb activity (black lines) and 214Bi (proxy for background 210Pb activity levels: gray 5 
lines) plotted against core depth for the four study lakes in the Hudson Bay Lowlands. 6 
Estimated year (AD) plotted against core depth for: (B) Hawley Lake; (C) North Raft 7 
Lake; (D) Spruce Lake; and (E) Aquatuk Lake. Dates were calculated using the constant 8 
rate of supply (CRS) model [1]. Associated standard errors with each date are displayed 9 
as horizontal lines. Note the change in x-axes scale in (A). 10 

Fig. S2. Comparisons between temperature data from Churchill and 11 
Winisk/Peawanuck climate stations. Relationships between two climate stations in the 12 
HBL for (A) mean annual, (B) mean winter, (C) mean spring, (D) mean summer, and (E) 13 
mean autumn temperature trends. Because temperature data are missing for one decade at 14 
the Winisk/Peawanuck climate station (due to flooding of Winisk in 1986), the 15 
continuous records from Churchill were used for this study.  16 

Fig. S3. Simplified diatom profiles for Hudson Bay Lowlands lakes. 17 
The most common diatom taxa are presented as stratigraphical sequences with zonations 18 
established through constrained incremental sum of squares (CONISS) using Edwards 19 
and Cavalli-Sforza’s chord distance as the dissimilarity coefficient (TGView v. 1.7.16) 20 
[2], for: (A) Aquatuk Lake; (B) Spruce Lake; (C) Hawley Lake; and (D) North Raft Lake. 21 
For display purposes, planktonic diatom taxa (Cyclotella/Discostella taxa in North Raft 22 
Lake, both pennate and centric planktonic diatom taxa for Aquatuk and Hawley lakes, 23 
and pennate planktonic taxa for Spruce Lake) were grouped. Benthic fragilarioid taxa 24 
were grouped into complexes for Spruce and Hawley lakes and were summed for 25 
Aquatuk and North Raft lakes. Aulacoseira sum for Aquatuk Lake consisted of A. 26 
subarctica, A. granulata, and A. ambigua. Small Navicula taxa including N. 27 
subminuscula, N. submuralis, and N. subrotundata were grouped for North Raft Lake. 28 
Planktonic diatoms consisted mainly of pennate planktonic Fragilara tenera (with minor 29 
contributions by F. crotonensis, F. nanana, F. ulna, Asterionella formosa, and Tabellaria 30 
flocculosa str. III for Aquatuk, Spruce, and Hawley lakes whereas Cyclotella/Discostella 31 
taxa consisted mainly of D. pseudostelligera with minor contributions from C. 32 
michiganiana and C. comensis/gordonensis for North Raft Lake. Numbers following 33 
taxon labels indicate the number of diatom taxa represented by the grouping.  34 

Fig. S4. Step changes in seasonal air temperatures in the Hudson Bay Lowlands. 35 
(A) The mean autumn (B) mean winter (C) mean spring (D) mean summer air 36 
temperature anomalies from the Churchill, Manitoba climate station (see Fig. 1 for 37 
location) from 1943 to 2011. Temperature anomalies are relative to the 1971 to 2000 38 
baseline. To improve the clarity of the figure, a LOESS smoother (span = 0.15) was 39 
applied to the climate data to highlight trends. Gray-shaded vertical lines represent the 40 
breakpoint and standard errors determined by a 2-segment piecewise linear regression 41 
(P<0.0001, Autumn = 1991±0.6, Winter = 1992±1.5, Spring (no breakpoint was 42 
identified and therefore a linear regression was applied), Summer = 1978±2.2). Arrows 43 
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indicate the magnitude of temperature changes (i.e. the slope of a linear regression over 44 
the time period of interest) prior to, and following, the identified breakpoints. 45 
 46 
Fig. S5. Step changes in diatom trends from the four study lakes relative to regional 47 
temperature records. A selection of diatom trends (principal components analysis 48 
sample scores (PCA) for axis 1 (PC1), axis 2 (PC2), percent relative abundances for 49 
planktonic diatom taxa and for benthic fragilarioid taxa) compared to averaged air 50 
temperature data from the Churchill (Manitoba) climate station from 1943 to 2011 for the 51 
four study lakes: (A) North Raft Lake; (B) Spruce Lake; (C) Aquatuk Lake; and (D) 52 
Hawley Lake. Gray vertical lines represent the breakpoint and standard errors determined 53 
by a 2-segment piece-wise linear regression (P<0.0001, annual air temperature = 54 
1991±0.6, autumn air temperature = 1991±0.6, winter air temperature = 1992±1.5). No 55 
significant breakpoint was identified for spring air temperature. For each lake, the diatom 56 
assemblage trends were summarized through PCA using the default options available in 57 
the program CANOWIN, version 4.5 [3]. Only diatom species that occurred in at least 58 
1% relative abundance in at least two lakes were included in the analysis. All percent 59 
relative abundance species data were square-root transformed prior to analyses to 60 
equalize the variance among taxa. Results of correlation analysis (Spearman rank) are 61 
given in each panel for the diatom trends in relation to the temperature data. The timing 62 
of breakpoints for PCA axes one and two, % relative abundance for planktonic and 63 
fragilarioid taxa are presented by a black dashed line in each panel. For each sedimentary 64 
interval in each lake, the average air temperature during the period of its accumulation 65 
was calculated, thereby integrating the temperature data with the diatom data [4].  66 
 67 
Electronic Supplementary Table Legend 68 
 69 
Electronic Supplementary Table 1. Select limnological data for HBL study lakes. Data 70 
presented are 3-year means (2009 to 2011). 71 
 72 
Electeronic Supplementary Table 2. Mean and standard deviation for each lake of the 73 
variables plotted in Figure 3 as z-scores. 74 
 75 
 76 
 77 
 78 
 79 
 80 
Electronic Supplementary Information: Materials and Methods 81 
 82 

Each HBL sediment core was sectioned into 0.25-cm, continuous intervals for the 83 

entire core using a Glew [5] extruder. Lakes were sampled off the pontoon of a floatplane 84 

with the exception of Hawley Lake which was accessed by motor boat. Because 85 

bathymetric maps were not available for these study lakes, attempts were made to sample 86 
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near the deepest part of the lake by taking several depth readings from the float plane and 87 

in Hawley Lake, by taking several readings from a hand-held depth sounder. In addition, 88 

the approximate location of the deepest point of these lakes (e.g. North Raft) was known 89 

from local traditional knowledge (Albert Chookomolin, personal communication, August 90 

2009). For each lake, limnological data were collected each field season between 2009 91 

and 2011 from late July to early August. All chemical analyses were undertaken at the 92 

Ontario Ministry of the Environment’s (MOE) Dorset Environmental Science Centre 93 

using standard MOE protocols (Ontario Ministry of the Environment, 1983). Further 94 

details on the water sampling procedures can be found in [6]. 95 

 96 
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