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Recent paleolimnology of three lakes in the Fraser River
Basin (BC, Canada): no response to the collapse of sockeye
salmon stocks following the Hells Gate landslides
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Abstract The use of paleolimnology to reconstruct

the collapse of the Fraser River sockeye salmon
(Oncorhynchus nerka) populations following the

landslides at the Hells Gate section of the Fraser

canyon (British Columbia, Canada) is explicitly
tested. Construction of the Canadian Pacific Railway

caused a series of landslides in 1913–1914, partially
blocking the Fraser River, preventing spawning

salmon migration, and causing a near-complete

collapse of upstream salmon stocks. We selected
three sockeye nursery lakes upstream of Hells Gate,

which varied in spawner density, migration length,

and lake catchment characteristics. In each of the
lakes, geochemical (stable nitrogen isotopes and C:N)

and biological (diatoms) proxies failed to register the

impact of a dramatic decrease in marine-derived
nutrients (MDN). Additional variations in sockeye

abundance, documented by the onset of commercial

fishing and modern escapement records, were also
not imprinted on the sediment record. Changes in

diatom assemblages are coincident with 20th century

climate warming and local catchment disturbances
and are not attributable to variability in MDN

subsidies. These results suggest that MDN do not

remain within lakes in the Fraser River drainage long

enough to become faithfully archived in the sediment

record or that the lakes do not receive sufficient MDN
to produce a recognizable sedimentary signature.
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Introduction

The use of paleolimnology to track changes in

marine-derived nutrients (MDN) from sockeye
salmon (Oncorhynchus nerka) nursery lakes has

provided reliable estimations of historical populations

in southern coastal Alaska (Finney et al. 2002;
Gregory-Eaves et al. 2004; Schindler et al. 2005).

The life history of sockeye sustains nutrient subsidies

to natal lacustrine ecosystems, following spawning.
Variations in MDN with sockeye population size can

be tracked by fossil phytoplankton and zooplankton

(Finney et al. 2000). Sockeye gain approximately
95% of their body mass during the marine portion of

the life cycle at an elevated trophic level (Groot and

Margolis 1991), yielding an enriched nitrogen stable
isotopic composition (hereafter d15N) compared to

solely freshwater salmonids. Spawning sockeye have

been observed to retain a body tissue d15N of
11.2 ± 0.45% (Schindler et al. 2005). As a result,

the sediment (d15N of organic matter in nursery

lake systems can be isotopically enriched relative to
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non-migratory systems, to degrees that relate to the
abundance of spawned-out returns.

The sockeye salmon stocks of the Fraser River

drainage provide the second most productive sock-
eye fishery in the world, after Bristol Bay, Alaska.

Sockeye return to nursery lakes to spawn and die on

an approximate four-year cycle. The individual runs
must navigate a diverse and arduous terrain, with a

maximum migratory distance of *1,100 km. With

the exception of a small number of lakes in the
southern extension of the Fraser River, sockeye

must pass through the narrow portion of the Fraser

canyon known as Hells Gate (49"46.7500N, 121"
26.500W; 106 m.a.s.l.). Construction of the Canadian

Pacific Railway (CPR) into the bedrock of the

canyon (Early-Tertiary quartz diorites) caused a
series of landslides at Hells Gate between 1913 and

1914 (Fig. 1A). The constrained channel prevented

the passage of nearly all returning sockeye, causing
an almost complete collapse of the upstream runs.

Effort was made immediately following and in

subsequent years to clear and bypass the obstruction
(Fig. 1B). However, the legacy of the slides was felt

for years to come, depressing stocks well into the

1940s (Fig. 1C) (Thompson 1945). With the possi-
ble exception of commercial fishing, no single

greater impact to Fraser River sockeye salmon is

documented historically.
Previous paleolimnological investigations into

sockeye nursery lakes in British Columbia (BC),

Canada have focused solely on coastal lakes (Hol-
tham et al. 2004; Brahney et al. 2006). Holtham et al.

(2004) have suggested that high flushing rates,

terrestrial inputs, and low salmon spawning densities
in a coastal BC lake and two coastal Alaskan lakes

resulted in a sedimentary d15N record which did not

track salmon abundance variations. In this study we
present paleolimnological findings from three sock-

eye nursery lakes upstream of Hells Gate in the

Fraser River Basin located in the interior of BC. We
selected lakes which vary in spawning density,

migratory length (420–820 km), and catchment char-
acteristics. Typically, BC interior lakes have a nival-

dominated hydrology with peak inflows during the

summer months, before sockeye run and spawn. This
contrasts rain-dominated coastal catchments which

receive the majority of their hydrologic input during

winter, well after all spawning activity (Stockner
1987). The main focus of this paper is to investigate

the association between sediment geochemical

parameters (d15N and C:N), diatom compositional

changes, and the Hells Gate slides, in three well-
dated cores. The Hells Gate event is not represented

in the three records. Furthermore, we failed to

identify paleolimnological trends that may be asso-
ciated with other features of the documented record,

namely the onset and intensification of the Fraser

River commercial fishery after 1890. Escapement
records exist for between 35 and 65 years for the 3

tributaries considered here, allowing further compar-

isons to the sediment record.
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Fig. 1 Photographs of Hells Gate, Fraser Canyon, showing the
channel immediately following a major slide in 1914 (A) and
post-slide clean-up and construction of a temporary wooden
fishway/sluiceway in 1915 (B); Photos reproduced with
permission from BC Archives, Royal BC Museum (#A-
04680) and Per Saxvik, Engineering Department of the
International Pacific Salmon Fisheries Commission (http://
www.saxvik.ca). Fraser River sockeye catch records from the
Pacific Salmon Commission, detailing the collapse and slow
recovery of salmon following the slides (C)
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Study sites

Fraser Lake

Fraser Lake (Table 1; Fig. 2B) is situated within the

Sub-Boreal Spruce biogeoclimatic zone, which is
characterized by Englemann-white spruce and Sub-

alpine Fir, with some lodgepole pine. Approximately

92% of the drainage to Fraser Lake is via the Endako
and Stellako Rivers, producing water residence times

under a year (Carmichael 1985). The geology of the

Fraser Lake catchment is highly variable and frac-
tured, consisting of minor mid-late Jurassic intrusive

granites and quartzites and breccia, basalt, sandstone,

and shales (Massey et al. 2005).
Fraser Lake is dimictic and currently mesotrophic

experiencing a depletion of N during the growing

season, with high P concentrations and stable thermal
stratification (Table 1; Shortreed et al. 2001). The

clearing of land for agricultural activities and

residences has been the main effect on water quality.
Out of the 17 main sockeye salmon nursery lakes in

the Fraser River Basin, Fraser Lake has the fifth

highest mean escapement and the second highest
spawner density behind Chilko Lake (Shortreed et al.

2001). Sockeye salmon primarily use the Stellako

River (migratory distance of 820 km) for spawning,
but also the Endako River and to a lesser extent

Ormond Creek (Fig. 2C). Department of Fisheries

and Oceans Canada (DFO) escapement records for
the Stellako date back to 1938 and document an

increase in escapement post-1970, with highs of
*370,000 fish in 1988 and 2000 (Table 1).

McKinley Lake

McKinley Lake (Table 1; Fig. 2B) straddles the
Interior Cedar–Hemlock and Englemann Spruce–

Subalpine Fir biogeoclimatic zones within the

Horsefly River Basin. The surrounding forests are
composed of Western Hemlock, Western Cedar,

Englemann Spruce, Subalpine Fir and Lodgepole

Pine. The McKinley Lake catchment is composed
mainly of Triassic to Jurassic volcanic bedrock with

sandstone, shales, argillite, draped by Quaternary

alluvium (Massey et al. 2005).
McKinley Lake is impacted almost exclusively by

forestry, with the exception of a number of lakeside

cabins. The lake appears to be oligotrophic (Table 1),
however long-term water monitoring has not been

carried out. It is situated in the Horsefly River Basin,

which provides habitat for one of the largest and most
important sockeye runs within the Fraser River Basin.

The lake is organically stained and there has been

hydrologic control of the outflow to McKinley River
during the sockeye spawning season since 1969. In

response to pre-spawning thermal-stress and mortal-

ity, a pumping system was built at the outflow of
McKinley Lake which discharges cold hypolimnetic

waters from the western basin into McKinley Creek,

lowering the stream temperature during spawning
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(Cooper 1973). The potential biogeochemical

impacts to the lake from the water extraction have
not been studied. Department of Fisheries and Oceans

Canada escapement records for Upper McKinley

Creek (Fig. 2D), the main inflow to the lake, only
date back to 1969 with recorded highs of *15,000

fish in 1981 and 1985 (Table 1).

North Barrière Lake

North Barrière Lake (Table 1; Fig. 2B) is located in

the North Thompson drainage basin, which joins the

Fraser River 60 km north of Hells Gate (Fig. 2B).

The lake catchment is within the Interior Cedar–

Hemlock and Englemann Spruce–Subalpine Fir bio-
geoclimatic zones, where Western Hemlock, Western

Cedar, Englemann Spruce, Subalpine Fir and Lodge-

pole Pine trees compose the surrounding forests.
North Barrière Lake is surrounded by Quaternary till

and alluvium, while catchment bedrock is composed

of Cretaceous quartz monzonite and minor amounts
of siliceous phyllite, quartz-schists, slate, breccia, and

tuffs (Massey et al. 2005).

The oligotrophic North Barrière Lake is the only
sockeye salmon nursery lake within the North Thomp-

son River Basin. The summer epilimnetic nitrate

concentrations drop below instrumental detection

Table 1 Sockeye salmon nursery lakes within the Fraser River drainage, BC: lake morphometry, water chemistry (1992–1993;
2004) and sockeye salmon escapement abundance (DFO Salmon Escapement Database System)

Fraser lake McKinley lake North Barrière lake

Lake morphometry

Longitude 124"450W 120"560W 119"500W
Latitude 54"050N 52"150N 51"200N
Elevation (m.a.s.l.) 670 865 634

Zmax (m) 30.5 65.0 52.6

Zmean (m) 13.4 24.0 24.7

Lake volume (·109 l) 725.3 123.8 112.1

Catchment area (km2) 6707.1 401.3 517.7

Lake area (km2) 54.6 5.1 4.5

Catchment:lake 121.8 77.4 113.0

Water residence time (year) 0.8 0.8a 0.3a

Sockeye escapement (·103 fish)
Mean escapement 95.6 3.6 5.8

Min. escapement 2.6 0.0 0.0

Max. escapement 371.5 15.8 33.0

Spawner density (103 km–2) 1.8 0.7 1.3

Max. spawner density (103 km–2)b 6.8 3.1 7.3

Water chemistryc

Mean NO3 (lg l–1) 3.3 0.01d 16.0

Spring overturn NO3 (lg l–1) 3.0 Unk 21.0

Seasonal minimum NO3 (lg l–1) 0.9 Unk \1.0

Mean TP (lg l–1) 15.4 1.85d 4.2

Spring overturn TP (lg l–1) 17.8 Unk 5.7

Chlorophyll (lg l–1) 4.2 Unk 5.0

pH 7.5 7.2 6.6

a Estimated from Environment Canada Water Survey outflow data
b Based on the maximum sockeye escapement recorded
c Fraser and North Barrière Lakes data from Shortreed et al. (2001)
d Represents a single sample at the time of coring
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limits (Table 1). The catchment is impacted mainly by
forestry, in addition to agriculture and lakeside cabin

septic systems. Sockeye spawning takes place exclu-

sively in Fennel Creek at the east end of the lake
(Fig. 2E). Anecdotal evidence confirms that spawned-

out salmon carcasses generally reach the lake every

year, and can be deposited on the lakeshore midway
down the lake. Department of Fisheries and Oceans

Canada escapement records for Fennel Creek date back

to 1958 and show a high of *32,000 fish in 1996 and
*26,000 fish in 1988 (Table 1).

Methods

Sediment core collection, chronology,
and sockeye salmon escapement

Sediment coring took place between May 18 and May
27, 2004 using a modified Kajak–Brinkhurst gravity

corer to collect a continuous sediment record with an

intact sediment-water interface (Glew et al. 2001). A
42 cm sediment core was recovered from the western

basin of Fraser Lake, while 22 and 51 cm cores were

retrieved from North Barrière and McKinley Lakes,
respectively (Fig. 2C–E). All cores were sub-sampled

on shore following collection and extruded at 0.25 cm

intervals for the first 10 and 0.5 cm thereafter, using a
high resolution sectioning device (Glew et al. 2001).

Relatively little spatial variation has been documented

in both diatom and sediment d15N records from
multiple-core paleolimnological studies from a num-

ber of lakes, justifying use of a single core per nursery

lake (Wolfe 1996; Brock et al. 2006).
Chronostratigraphy of the cores was established

through analysis of 210Pb (measured as 210Po) by

alpha spectroscopy (Fig. 3A–C). Calculation of ages
are based on unsupported 210Pb inventories and the

constant rate of supply (CRS) model (Fig. 3D–F;

Appleby and Oldfield 1978). Sedimentation rates
from the lower portions of the cores were extrapo-

lated to give an estimated age for the base of each
core. The log 210Pb activity (Bq g–1) was plotted

against the cumulative dry mass for each of the lead

inventories to establish variability of mass sedimen-
tation rates (Fig. 4).

Department of Fisheries and Oceans Canada

escapement records for tributaries to the study nursery
lakes were retrieved from the sockeye escapement

database system (NuSEDSV.1.0 2004), while sockeye
catch data was supplied by the Pacific Salmon

Commission.

Sediment geochemistry

Freeze-dried samples were analyzed for d15N by a

continuous flow isotope-ratio mass spectrometry with

a coupled CNS analyzer (Europa Hydra 20/20). We
report sediment d15N (%) as well as %N and %C.

Nitrogen stable isotopes are expressed in d notation,

where d15N = [1 – (15N/14Nsample)/(
15N/14Nreference)] ·

1000. The analytical precision for d15N was ±

0.15%, and ± 0.86% and 0.15% for C and N,

respectively. Total %OM was determined by
loss-on-ignition at 550"C (Heiri et al. 2001).

Diatom preparation, identification, and

enumeration

Aliquots of approximately 0.1 g of dry sediment from

intervals selected for diatom analysis were oxidized

with 30% H2O2 to remove labile organic matter. Slide
preparation and diatom enumeration followed standard

protocols (Battarbee et al. 2001). Slides are perma-

nently mounted using Naphrax1. Between 400 and
500 diatom valves were counted for each sample under

oil immersion at a magnification of 1000·, using

differential interference contrast optics. Taxonomic
identification followed Foged (1981), Krammer and

Lange-Bertalot (1986–19916), Cumming et al. (1995),

Siver and Kling (1996), and Fallu et al. (2000). Quality
assurance of taxonomy was documented using digital

micro-photography and scanning electron microscopy

(SEM) (Fig. 5). The distinction between Stephanodis-
cus minutulus and S. parvus is gradational and not

resolvable in light microscopy (Fig. 5H, I), and

subsequently these two species were combined based
on both morphological and ecological similarities

(Stoermer and Håkansson 1984; Moser et al. 2004).
Diatom counts are expressed as relative frequencies of

each taxon for the total number of valves counted.

Statistical methods

Diatom stratigraphic zones were determined objec-

tively by stratigraphically constrained minimum
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variance cluster analysis (Ward’s method), using
Squared Euclidean distances as the metric (Grimm

1987). In order to assess the significance of the

stratigraphic zonations, we compared the variance
among the clusters against the broken-stick model

using the sum-of-squares total (Bennett 1996).

Compositional changes in diatom assemblages
were summarized using the first axis detrended

correspondence analysis (DCA) performed with

CANOCO v.4.51 (Ter Braak and Smilauer 2002).
The DCA was run on relative frequencies of each

taxon[1% in any one sample in order to eliminate

the influence of rare species, with detrending by
segments to eliminate systematic relations between

the first axis and subsequent axes (Hill and Gauch

1980). The number of taxa per sample included in the
DCA ranged from 8 to 15 in Fraser Lake, 7 to 20 in

North Barrière Lake, and 16 to 26 McKinley

Lake. Plotted stratigraphically, DCA sample scores
graphically depict down-core diatom assemblage

compositional changes (Birks et al. 2000).

Results and discussion

210Pb chronology

Supported 210Pb activities were reached in all three
sediment cores, at 18 cm in Fraser and McKinley

lake, and 12 cm in N. Barrière Lake (Fig. 3A–C). In
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N. Barrière Lake, supported 210Pb activity increases

slightly at the base of the core (Fig. 3C), which is
speculated to be due to the interference of naturally

high 238U-bearing bedrock and the presence of 226Ra
rich material at the base of the core (Brenner et al.

2004). Analysis of the sediments using alpha

spectrometry precludes us from confirming variable
226Ra activity. However, domestic 222Rn levels in

the Barrière—Clearwater region of BC, which are

among the highest in the province and nationally,
support the speculation of a 238U–226Ra–222Rn rich

environment (D. Morley, Pers. commun.). While

variations in 226Ra can suggest disequilibrium with
supported 210Pb activities, the interference evident in

the N. Barrière core occurs below the level of

supported 210Pb activity (Fig. 3C). Therefore, we
feel the CRS model calculated ages presented here

are reliable. Stable sediment accumulation rates are

evident from primarily linear trends in log 210Pb
activity versus cumulative dry mass for North

Barrière and McKinley lakes (Fig. 4). Maximum

ages for these cores can therefore be extrapolated
somewhat beyond the unsupported 210Pb inventories

using the mean CRS mass accumulation rates,

yielding estimated ages of *310 and 260 years
for McKinley and N. Barrière Lake, respectively

(Appleby 2001).

The sedimentation rate for Fraser Lake exhibits
significant variations at 6 and 10 cm in the core,

corresponding to the post-1980 section of the core

(Fig. 3D). Reductions in organic content and
increases in the atomic C:N in this section of the

core suggest the likely cause for increases in

sedimentation at the coring site is allochthonous
contributions of sediment (Fig. 7). High inlet dis-

charges during the 1980s and 1990s, coincident with

land-use changes within the catchment, support this
interpretation (Carmichael 1985; Environment Can-

ada 1997). A similar sedimentological profile has

been documented independently by Cumming (2001),
implying that these phenomena are recorded across

the basin. A stable sediment accumulation is evident

prior to 1980, in the section of core containing the
remaining unsupported 210Pb (Fig. 4). We therefore

used this apparently reliable pre-1980 accumulation

rate (0.05 g cm–2 year–1) to extrapolate a maximum
age of *270 years for the Fraser Lake core.

Diatom stratigraphy

There is sufficient floristic change in the study lakes
to define three significant diatom zones in the Fraser

and McKinley cores and two zones in the N. Barrière

core (Fig. 6). To assess whether diatom assemblages
from the study lakes reacted to the Hells Gate slides,

compositional changes were summarized using the

diatom DCA axis scores (Fig. 7). The amount of
variance explained by the first DCA axis for Fraser,

McKinley, and N. Barrière was 24.0%, 28.9%, and

15.9%, respectively. In none of the cores is there a
shift corresponding to either the time of the slides, or

the onset of commercial fishing. In both the Fraser

and McKinley cores there are statistically significant
zones defined in the *mid-1800s, while the N.

Barrière core exhibits its only significant zonation in

the mid-1900s (Fig. 6). The upper (near surface) zone
boundaries in Fraser and McKinley lakes occur

within the last 30 years. No further significant diatom
zones were defined by comparison to broken-stick

models, implying that the period coeval to the Hells

Gate slides did not result in significant diatom
community changes.

Generally, the mesotrophic-planktonic diatom

Aulacoseira subarctica dominates the assemblages
in Fraser and McKinley Lakes (Fig. 6). In both lakes
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the abundance of A. subarctica decreases in zone 2,
starting in the mid-1800s, being replaced largely by

Achnanthes minutissima (a benthic species with wide

nutrient tolerances), eutrophic-planktonic Fragilaria
capucina, Stephanodiscus sp. (S. minutulus-parvus
complex in Fraser Lake; S. hantzschii, and S. medius
in McKinley Lake), and mesotrophic-benthic or
planktonic Tabellaria flocculosa (Reavie et al.

1995; Stevenson 1995; Gregory-Eaves et al. 1999).

There is further indication of the eutrophication of
both lakes into zone 3 (surface) of the core based on

the continued increase of S. minutulus–parvus in

Fraser and increased S. hantzschii and Fragilaria
capucina in McKinley Lake. McKinley Lake

experienced the most significant compositional
changes of the last 300 years, in the early to mid-

1970s (Fig. 6). This zonal shift could be related to a

change in the stratification and mixing of the lake due
to removal of hypolimnetic waters during the late-

summer salmon runs in the downstream McKinley

Creek, which started in 1969–1970. The coincident
reduction in abundance of the tychoplanktonic A.
subarctica following the water removals suggests that

an increase in stratification has occurred, given the
autecological requirements for this genus include a

well mixed water column and high Si concentrations

(Kilham et al. 1996). While the planktonic diatom
species assemblages have all changed slightly,

Fig. 5 SEM (A–F) and light (G–L) micrographs (LM) of
problematic diatom taxa. (A) Mantle view of Aulacoseira
subarctica with spines rising from the spines rising from the
interstriae and showing spiral arrangement of mantle areolae,
both of which can be discerned in LM (K). (B) Valve view A.
subarctica showing a peripheral ring of areolae aligned with
the base of the spines, also evident in LM (J). (C) Mantle view
of A. ambigua with linking spines and external openings of
rimoportulae (arrows) evident as perforations of the velum;
comparable valve also shown in LM (L). (D) Stephanodiscus

medius showing marginal spines at the termination of each
inter-fascicular zone, and convex punctate central area; an
equivalent specimen is also shown in LM (G). S. minutulus
external (E) and internal (F) views in SEM; in LM this taxon
can not be differentiated from S. parvus, so that forms such as
those shown (H–I) are assigned to ‘S. minutulus–parvus
complex.’ Fultoportulae are evident on the internal valve view
(F). All SEM scale bars are 5 lm, and LM photos are at 1500·
with a 10 lm scale bar in G, and a 5 lm scale in I

302 J Paleolimnol (2008) 40:295–308

123



0 20 40

Cyc
lot

ell
a ste

lli
ge

ra

0 20

Sta
ur

os
ira

co
ns

tru
en

s

0 20

Sta
ur

os
ire

lla
pin

na
ta

0 20

Ach
na

nth
es

minu
tis

sim
a

0

Pse
ud

ota
ur

os
ire

lla
br

ev
ist

ria
ta

0

Aste
rio

ne
lla

for
mos

a

0 20 40 60 80

be
nth

ic
su

m

zone 2

zone 1

de
pth

(cm
)

ag
e (C

RS ye
ar)

0

5

10

15

20

1875
1905
1935
1950
1965
1980

1995

2004

~1740

B

dia
tom

zo
na

tio
n

zone 2

zone 3

zone 1

0 20

Ste
ph

an
od

isc
us

minu
tul

us
-

co
mple

x

pa
rvu

s

0 20 40 60

Aula
co

sei
ra

su
ba

rct
ica

0

Aula
co

sei
ra

am
big

ua

0 20

Fra
gil

ar
ia

ca
pu

cin
a

0

Coc
co

ne
is

pla
ce

ntu
la

0 20

Sta
ur

os
ire

lla
pin

na
ta

0

Sta
ur

os
ira

co
ns

tru
en

s

0

Tab
ell

ar
ia

flo
cc

ulo
sa

0 0 20 40 60

be
nth

ic
su

m

de
pth

(cm
)

ag
e (C

RS ye
ar)

0

10

20

30

40

1922
1946
1958
1970

1982
1994
2004

~1865

~1735

A

dia
tom

zo
na

tio
n

Ach
na

nth
es

minu
tis

sim
a

Cyc
lot

ell
a bo

da
nic

a va
r.

lem
an

ica

0

5

10

15

20

25

30

35

40

45

50

0 0 0 0 0 0 20 0 20 40 0 0 0 0 0 0 20 0 20 0 20 40 60 80

1910
1930
1950
1970
1990

2004

C

Ste
ph

an
od

isc
us

med
ius

Aula
co

sei
ra

su
ba

rct
ica

Aula
co

sei
ra

am
big

ua

Fra
gil

ar
ia

ca
pu

cin
a

Cyc
lot

ell
a ste

llig
era

Sta
ur

os
ire

lla
pin

na
ta

Sta
ur

os
ira

co
ns

tru
en

s

Tab
ell

ar
ia

flo
cc

ulo
sa

Ach
na

nth
es

minu
tis

sim
a

be
nth

ic
su

m

de
pth

(cm
)

ag
e (C

RS ye
ar)

dia
tom

zo
na

tio
n

Ste
ph

an
od

isc
us

ha
ntz

sch
ii

Sta
ur

os
ire

lla
lap

po
nic

a

Pseu
do

sta
ur

os
ira

br
ev

ist
ria

ta

Fra
gil

ar
ia

na
na

na

~1685

zone 2

zone 3

zone 1

~1840

Fraser Lake

McKinley Lake

North Barrière Lake

Fig. 6 Diatom
assemblages for Fraser
(A), McKinley (B), and N.
Barrière (C) lakes in
percent relative abundance.
Taxa are ordered by DCA
axis 1 scores, with the
highest scores on the left of
the stratigraphic plots. The
solid black horizontal line
and shading identifies 1913
and associated CRS
standard deviation.
Estimated maximum ages
are in italics

J Paleolimnol (2008) 40:295–308 303

123



relative habitat preferences have remained constant

(i.e., benthic sum, Fig. 6).
North Barrière Lake is located in the drainage of

the North Thompson River (the largest tributary to

the Fraser River), and the observed diatom flora is
slightly different from McKinley and Fraser. The

stratigraphy shows the least amount of composi-

tional change, with a single definable diatom
cluster zonation occurring at *1950 (Fig. 6). The

dominant species are Cyclotella stelligera, an

oligotrophic-planktonic diatom, and Achnanthes
minutissima. A very subtle progressive decrease in

C. stelligera is evident towards the surface of the

core, where the assemblage becomes dominated by
A. minutissima and Staurosirella pinnata, with the

presence of Asterionella formosa. Asterionella for-
mosa has a high N:P requirement, and can form
impressive blooms in a range of environments
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(McKnight et al. 1990; Yang et al. 1996). Ulti-
mately, the diatom assemblages of all three lakes

show no evidence of changes associated with MDN

variations.
Additional lakes within the Fraser River Basin

were also cored at the inception of this study and

analyzed for changes in the diatom communities at the
top and bottom of the cores (Bowron Lake: 53"140N,
121"230W; water residence time 0.6 years; maximum

spawning density: 3.4 · 103 km–2; Momich Lake:
119"210N, 51"190W; water residence time: 0.2 years;

maximum spawning density: 4.7 · 103 km–2; Hobbs

unpubl. data). Neither of these lakes showed pro-
nounced stratigraphic changes in diatoms. Reavie

et al. (2000) reported diatom stratigraphies from two
210Pb-dated cores from François Lake, upstream of
Fraser Lake, which also showed a minor decrease in

Aulacosiera subarctica with an increase in Stephan-
odiscus sp. starting in the mid-1800s. The François
Lake data do not preserve evidence of impacts

associated with the 1913 Hells Gate landslides. Unlike

the lakes we have considered, François has a water
residence time of 36 years and estimated spawner

density of 0.8 103 km–2, suggesting that the low

flushing rate does not enhance a lake’s capacity to
track changes in MDN in the Fraser River Basin.

Sediment geochemistry

The sediment d15N from the Fraser River drainage
lakes ranges from 0.8% to 3.4% (McKinley

0.8–3.1%; Fraser 2.0–3.4%; N. Barrière 1.4–2.1%)

(Fig. 7). The relatively enriched sediment d15N
(4.7–9.8%) found in Alaskan lakes where compelling

sediment records of historical salmon abundance

have been established (Finney et al. 2002; Gregory-
Eaves et al. 2004; Schindler et al. 2005) suggests our

study lakes are not recording variations in MDN. In

an attempt to confirm this, we compare the sediment
d15N as a proxy of salmon returns to well-docu-

mented variations in the salmon returns to the BC
nursery lakes, namely; (1) the Hells Gate slides, (2)

the onset of commercial fishing, and (3) recent

sockeye escapement data. In none of the lakes does
sediment d15N become depleted, as expected from

loss of MDN following the Hells Gate slides (Fig. 7).

Furthermore, the predicted decline of MDN associ-
ated with commercial fishing since the 1890s does not

register in the sediment d15N records of any of the
lakes. This contrasts with the fishing impact to

sockeye populations in Alaska, which firmly imprints

the paleolimnological record (Finney et al. 2002;
Schindler et al. 2005). In order to compare escape-

ment data and 210Pb-dated sediment d15N intervals,

we averaged sockeye numbers over the correspond-
ing age increments represented by each sediment

interval. Given reduced age uncertainty at the top of

the cores (Fig. 3), this approach smoothes the inter-
annual variability inherent in the escapement data

(Fig. 7). There is no significant statistical relation

(P[ 0.05) between sediment d15N and the DFO
sockeye escapement data (Fig. 7).

The absence of MDN signatures in sediment d15N
records has been documented elsewhere in coastal BC
nursery lakes (Holtham et al. 2004). This has been

attributed alternately to rapid flushing, dominance of

allochthonous OM sources, and N-limitation. We feel
the case is strongest for allochthonous nutrient inputs

to Fraser River lakes, given that many fractions of

terrestrial organic matter have depleted d15N signa-
tures (Nadelhoffer and Fry 1994) and the large

catchment:lake ratios (Table 1). Rudimentary esti-

mates of the annual N provided by sockeye salmon to
Fraser Lake, which has the greatest spawner density of

the study lakes, is only *3% (Carmichael 1985). It

therefore appears that the proportion of MDN incor-
porated by the lakes in the Fraser River drainage is not

sufficient to be registered by the lake sediments. We

also acknowledge that water residence times are less
than a year in all three study lakes, limiting the ability

of aquatic production to fully assimilate MDN

(Holtham et al. 2004; Hobbs and Wolfe 2007).
Sediment molar C:N can provide an effective

means of inferring sediment OM source (Kaushal and

Binford 1999). The sediment C:N of Fraser Lake
(mean = 11.8 ± 0.8) and McKinley Lake (mean =

14.5 ± 0.7) suggest that the OM is derived from both

aquatic and terrestrial sources, while N. Barrière
Lake (mean = 18.0 ± 0.8) is near ratios of terrestrial

sources (Meyers and Teranes 2001). Following the
Hells Gate slides the C:N for each of the lakes

decreases, suggesting an increasing autochthonous

OM which is the opposite to what would be expected
in a lake receiving diminished MDN (Fig. 7).

Furthermore, the %OM increases following the

slides, which is also counter to the expected response
to decreased production from less MDN.
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A further component of the Fraser Lake record is
the *1.5% depletion of d15N in surface sediments,

which is associated with minor increases of eutro-

phic Stephanodiscus minutulus–parvus diatoms
(Figs. 6, 7). N-fixing cyanophytes presently bloom

in Fraser Lake (Shortreed et al. 2001), potentially

contributing to this light isotopic excursion. The
concurrent drop in C:N, as well as the subtle diatom

changes, suggest a limnological change towards

increased algal production, and not diagenetic
effects, as the origin of changes in surface sediments

from Fraser Lake. Increased catchment agriculture

and fertilizer use is also consistent with this record,
all the more because it is not witnessed in the other

lakes, where agriculture is limited. Once again there

is no evident correlation to salmon records.

Regional context

Diatom stratigraphies have been presented from non-

salmon bearing lakes in the Fraser River Basin, where
minor species shifts have been attributed to human

settlement (Reavie et al. 1995, 2000), deforestation,

and climate (Laird and Cumming 2001). There is
some regional coherence in the timing and character

of diatom changes within Fraser River Basin lakes,

despite often-subtle expressions. An example is the
slow decline of A. subarctica and increase of more

eutrophic Stephanodiscus taxa starting in the mid-

1800s in both Fraser and McKinley Lake, as well as
nearby Norman, Tchesinkut, and François lakes, the

latter two located within the Fraser Lake drainage

(Reavie et al. 1995, 2000). Tchesinkut and Norman
lakes do not support any anadromous sockeye

salmon. Dendroclimatic models from BC Interior

treeline sites suggest rising temperatures from the
1880s to the 1940s (Wilson and Luckman 2003).

Warmer temperatures can prolong stratification dur-

ing summer months, encouraging the growth of
diatoms that exploit the thermocline (Bradbury

1988; Rühland and Smol 2005), exemplified in our
record by increasing abundance of Stephanodiscus sp.
and Cyclotella stelligera and decreasing abundance

of Aulacoseira subarctica. While we concede dating
constraints, the climatic shifts inferred from dendro-

climatology coincide reasonably with subtle and

time-transgressive diatom shifts expressed in each
of the study lakes, perhaps suggesting a causal

linkage. More importantly to the present study,
sediment records from salmon lakes regionally have

comparable stratigraphic variability as non-salmon

lakes, implying that regional factors including cli-
mate and land use exert greater influences than MDN.

More recent (post-1970) evidence of eutrophica-

tion is evident in Fraser and McKinley lakes, where
Stephanodiscus spp. increase gradually, likely in

response to increased anthropogenic nutrient inputs

from agriculture and land development in the Fraser
catchment (Carmichael 1985), coupled to effects

from deforestation, construction, and hydrologic

modification of the McKinley drainage. Within the
Kamloops region of BC, Reavie et al. (1995) present

a sediment record from Dutch Lake, a terminal lake

located to the north of N. Barrière, where assem-
blages change from being dominated by Cyclotella
stelligera to Asterionella formosa at the surface of the
core in response to similar factors. A less dramatic
and more recent decline in C. stelligera and presence

of A. formosa in N. Barrière Lake is likely also driven
by the development of cabins and septic tanks
adjacent to the lake, in addition to deforestation and

land development within the catchment.

Conclusion

By using the documented collapse of Fraser River

sockeye salmon returns as a potential natural marker

in nursery-lake sediment records, we have tested the
sensitivity of paleolimnology for reconstructing

sockeye population changes in the Fraser River

Basin. We have searched for additional paleolimno-
logical responses to the onset of commercial fishing

in the Fraser River Delta, as well as any meaningful

covariance between sediment records and sockeye
escapement records. No features of the historically

documented Fraser River sockeye salmon fishery are

expressed by the geochemical and biological proxies
in sediments from three nursery lakes which vary in

salmon density, migratory length, and catchment
characteristics. Moreover, these nival-dominated

catchments, which receive the majority of their

hydrologic input in summer prior to spawning, show
no greater capacity to record the influence of MDN

than previously published sediment cores from

coastal rain-dominated catchments. The sediment
records thus appear more strongly shaped by 20th
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century climate warming and local catchment distur-
bances than by variability in MDN subsidies. Our

results show that paleolimnology is incapable of

tracking changes in the delivery of MDN to three
Fraser River sockeye nursery lake ecosystems, sug-

gesting this technique may not be applicable in the

greater Fraser River Basin.
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Stoermer EF, Håkansson, H (1984) Stephanodiscus parvus:
validation of an enigmatic and widely misconstrued taxon.
Nova Hedwigia, Band 39, J.Cramer, pp 497–511

Ter Braak CJF, Smilauer P (2002) CANOCO: software for
cannonical community ordination (version 4.5). Micro-
computer Power, Ithaca, NY, pp 401–439

Thompson WF (1945) Effect of the obstruction at Hell’s Gate
on the sockeye salmon of the Fraser River. International
Pacific Salmon Fisheries Commission Bulletin 1, New
Westminster, BC, Canada

Wilson RJS, Luckman BH (2003) Dendroclimatic reconstruc-
tion of maximum summer temperatures from upper
treeline sites in Interior British Columbia, Canada.
Holocene 13:851–861

Wolfe AP (1996) Spatial patterns of modern diatom distribu-
tion and multiple paleolimnological records from a small
non-glacial Arctic lake, Baffin Island, Northwest Terri-
tories. Can J Bot 74:345–359

Yang J, Pick FR, Hamilton PB (1996) Changes in the plank-
tonic diatom flora of a large mountain lake in response to
fertilization. J Phycol 32:232–24

308 J Paleolimnol (2008) 40:295–308

123

http://www.srmapps.gov.bc.ca/apps/fidq/
http://www.srmapps.gov.bc.ca/apps/fidq/

