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Abstract

An integrated stratigraphic, paleoecological, and geochronological study of lake and fen sediments just beyond the terminus of

Berendon Glacier provides insights into late Holocene climate, vegetation, and glacier change in the northern Coast Mountains of

British Columbia. Cores collected from two small lakes in the foreland of Berendon Glacier and pits dug in a nearby fen record

Little Ice Age and older glacier advances. The first Little Ice Age advance in this area began more than 500 years ago and peaked in

the early 17th century. An earlier Neoglacial advance began about 2800–3000 cal yr ago and may have lasted for hundreds of years.

There is also evidence for an intervening advance of even smaller magnitude around 1200–1300 cal yr ago. The advances are broadly

synchronous with those in other parts of western North America, indicating that they were caused by regional, possibly global,

changes in climate. Plant communities within the study area did not change dramatically during the late Holocene. The ranges of

some plants, however, likely retracted or extended near treeline in response to changes in mean temperatures of perhaps 1–2�C, as

well as changes in summer snow cover. The greatest changes in vegetation occurred within and just beyond the forefields of

Berendon, Frank Mackie, and other nearby glaciers. The largest climate shifts of the last 3000 years took place during the late Little

Ice Age and the last century. Climate warmed about 1–2�C during the 20th century, accompanied by a rise in treeline, an increase in

coniferous tree cover in the subalpine zone, and an increase in the temperature and biological productivity of ponds. These trends

are likely to continue if climate, as expected, continues to warm.

r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Climate fluctuations during the last 11,500 years,
although small compared to those of the late Pleisto-
cene, have had significant impacts on humans and the
distribution of plants and animals in many parts of the
world. On a millennial scale, the most significant
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fluctuations in climate occurred during the Neoglacial
interval, a period of generally cooler climate and glacier
resurgence that followed the early Holocene Climatic
Optimum (Porter and Denton, 1967). In western
Canada, Neoglaciation began about 5000 years ago
(Luckman et al., 1993) and peaked, as in other parts of
the world, with the glacier advances of the Little Ice Age
from about AD 1200 through the middle of the 19th
century (Matthes, 1939; Grove, 1988; Luckman, 2000).
Knowledge of Little Ice Age and older Neoglacial

climate and vegetation in the mountains of western
Canada, where the period of written records is short
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(less than 100 years), is derived almost entirely from
proxy geologic and tree-ring records (Luckman and
Osborn, 1979; Leonard, 1985, 1986, 1997; Mathewes,
1985; Luckman, 1986, 1993, 2000; Luckman and
Kearney, 1986; Ryder and Thomson, 1986; Osborn
and Luckman, 1988; Briffa et al., 1992, 1994, 2002;
Luckman et al., 1993; Desloges and Gilbert, 1995;
Clague and Mathewes, 1996; Palmer et al., 2002;
Spooner et al., 2002). These data are unevenly dis-
tributed throughout this vast area. Most of the knowl-
edge is derived from studies done in the Rocky
Mountains of British Columbia and Alberta, the south-
ern Coast Mountains of British Columbia, mountains
on Vancouver Island, and the St. Elias Mountains of
Yukon Territory. Relatively little work has been done in
central and northern British Columbia and Yukon
Territory east of the St. Elias Mountains.
In this paper, we document glacier and vegetation

changes at high elevations in the upper Bowser River
basin in the northern Coast Mountains, British Colum-
bia, during late Holocene time. The study site lies near
treeline, just outside the terminus of Berendon Glacier,
one of the large valley glaciers in the region (Fig. 1). Our
data provide information on the fluctuations of Beren-
don Glacier, as well as those of nearby Frank Mackie
and Salmon glaciers. They also allow us to draw
inferences about vegetation and climate change in the
northern Coast Mountains. The paper builds on and
extends the work of Clague and Mathewes (1996) at
Spillway Pond and Berendon Fen.
2. Study area

Berendon, Frank Mackie, and Salmon glaciers flow
eastward from a large icefield in the Boundary Ranges
of the northern Coast Mountains (Fig. 1). Berendon
Glacier flows about 7 km from its source area to the
head of Bowser River valley at an elevation of 670m asl.
It extended about 2 km farther northeast during the
Little Ice Age and calved into Tide Lake (Fig. 1).
Frank Mackie Glacier flows about 11 km east-north-

east from its source, terminating in Bowser valley at
about 500m asl. At times when the glacier was more
extensive than today, it blocked Bowser River and
impounded Tide Lake (Clague and Mathews, 1992). The
lake, at its maximum, was 9 km long and 200m deep at
the glacier dam. The upper limit of Tide Lake during the
Little Ice Age is delineated by a trimline in forest at
approximately 790m asl, about 10m above the lowest
part of Berendon Fen (Fig. 2). The outermost moraines
and glacial trimlines of Berendon and Frank Mackie
glaciers truncate the uppermost shoreline of the lake. A
lower, less conspicuous trimline about 40m below the
high-water mark is present in a few places. The lake
persisted until about 1930 when outflow completely
breached a moraine that had been built at the toe of
Frank Mackie Glacier (Hanson, 1932).
Salmon Glacier flows 11 km east from its source to the

head of Salmon River valley where it bifurcates into two
lobes (Fig. 1). One lobe flows another 9 km down
Salmon valley, and the other impounds Summit Lake.
When full, Summit Lake is over 5 km long and more
than 200m deep at the ice dam (Mathews and Clague,
1993). Prior to 1961, Summit Lake was stable and
drained northward through a bedrock channel at 826m
asl into the head of Bowser valley (Figs. 2 and 3). Since
then, it has discharged to the south into Salmon valley,
occasionally during j .okulhlaups (Mathews, 1973; Math-
ews and Clague, 1993). At times during the Little Ice
Age, Berendon Glacier advanced across the 826m
channel, forcing Summit Lake to discharge via a
channel 26m higher and 400m to the east into Spillway
Pond, Berendon Pond, and Berendon Fen (Figs. 2
and 3).
The study area is transitional between the British

Columbia coast and interior physiographic regions, and
lies within the wet, very cold subzone of the Englemann
Spruce–Subalpine Fir biogeoclimatic zone (Meidinger
and Pojar, 1991). The area has long cold winters, heavy
snowfall, and cool cloudy summers, which are respon-
sible for distinctive vegetation, especially in parkland
areas at moderate elevations, where subalpine meadows
and heath are interspersed with groves of coniferous
trees. Mountain hemlock (Tsuga mertensiana) and
subalpine fir (Abies lasiocarpa) are the dominant trees
at our study site and are accompanied by a wide variety
of shrubs of subalpine and alpine affinity.
3. Methods

Our reconstruction of Neoglacial events is based on
several different types of information. We delineated
Neoglacial ice limits from the distributions of moraines
and glacial trimlines. These features were mapped on
aerial photographs and transferred to a 1:10,000-scale
map with a contour interval of 10m. Tree-ring data
provided constraints on the time of moraine formation.
The ages of the oldest trees on moraines were estimated
from incremental cores and cross-sectional disks.
Percussion, Russian, and piston cores were collected
from two small lakes (Spillway and Berendon ponds,
Fig. 2) impounded by the Little Ice Age terminal
moraine of Berendon Glacier. The cores yielded
information on glacier fluctuations, vegetation, and
climate. The cores were split, photographed, described,
and sampled for a variety of analyses (magnetic
susceptibility, pollen, diatoms, chironomids, carbon
and nitrogen content, 210Pb, and 137Cs, and 14C). Dug
pits and cores from a nearby fen (Berendon Fen)
provided complementary records of former flushes of
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Fig. 1. Map showing the locations of Frank Mackie, Berendon, and Salmon glaciers and Tide and Summit lakes. The lighter toned areas bounded by

thick solid lines show the maximum Neoglacial extent of Frank Mackie, Berendon, and Salmon glaciers. The lined box delineates the area shown in

Fig. 2.
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meltwater through the fen from Berendon Glacier and
Summit Lake. They also record inundation of the fen by
the rising waters of Tide Lake, which until early in the
20th century was dammed by Frank Mackie Glacier
(Fig. 1).
Pollen, spore, diatom, and chironomid remains were

extracted from the Spillway Pond, Berendon Pond, and
Berendon Fen cores. Pollen samples were processed
using standard techniques (Fægri and Iversen, 1975),
including treatment with 6% KOH, 10% HCl, and 48%
HF, and acetolysis. The processed residues were
mounted in silicone oil, and slides were counted at
500� magnification. More than 250 pollen and spore
grains were tallied for each sample, with the exception of
those containing only trace amounts of pollen. Filicales
spores dominate the assemblages and were excluded
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Fig. 2. Map and aerial photograph showing the setting of Spillway Pond, Berendon Pond, and Berendon Fen. Numbered dots on the map show

locations of cores and a dug pit depicted in Figs. 5, 7 and 12. (Map modified from Clague and Mathewes, 1996, their Fig. 4; Province of British

Columbia airphoto BC77066-143.)
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when calculating percentages of other pollen and spores.
Samples for diatom analysis were treated with H2O2 to
remove plant matter. The remaining material was
washed in distilled water, decanted to remove fines,
and brought to a near-normal pH. Aliquots of
suspended material were dried on glass slides, mounted
in Hyrax, and counted at 1000� magnification. At least
300 specimens or, in diatom-poor samples, the number
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Fig. 3. View to the south of the toe of Berendon Glacier (BG), Summit Lake (SL), and Salmon Glacier (SG). Other localities: Berendon Fen (BF),

lower overflow channel (lc), upper overflow channel (uc). (Photo by Austin Post, August 8, 1961.)
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of specimens counted on 10 random traverses were
identified for each sample. Identifications were primarily
based on descriptions in Krammer and Lange-Bertalot
(1986, 1988, 1991a, b) using the revised generic taxon-
omy of Round et al. (1990). Pollen and diatom
abundances were calculated in Microsoft Excel, and
pollen diagrams were plotted using Adobe Illustrator.
Processing of chironomid samples followed the proce-
dure outlined in Walker et al. (1991). Samples were
treated in 10% KOH and then washed on a 100 mm
sieve. Screen residues were washed with distilled water
and chironomid head capsules were mounted on slides
with Entellan mounting medium and counted at 25–
50� magnification. Chironomid data were processed
and analyzed using the TILIA and TILIAGRAPH
programs of Grimm (1991a, b).
Plant fossils, including wood fragments, twigs, conifer

needles and cones, and bark were submitted to IsoTrace
Laboratory (University of Toronto) and the Radio-
carbon Dating Laboratory (University of Lund) for
accelerator mass spectrometry (AMS) radiocarbon
dating. Radiocarbon ages were calibrated using the
program CALIB 4.1 (Stuiver et al., 1998).
Samples were collected at 1 cm intervals from the clay

gyttja unit in Berendon Pond core 5 for 137Cs and 210Pb
analysis. The purpose of the analysis was to date the
inception of clay gyttja deposition and thus determine
the time of glacier retreat from the Little Ice Age end
moraine. Anthropogenic 137Cs is derived from atmo-
spheric nuclear weapon testing, which peaked in 1962
(UNSCEAR, 2000). Naturally occurring 210Pb is a
daughter nuclide in the 238U-decay series and is
commonly used to determine the age and accumulation
rates of sediments that are less than about 160 years old
(Appleby and Oldfield, 1978).
4. Results

The complex interplay among climate, glaciers,
vegetation, ice-dammed lakes, and meltwater routing
at the head of Bowser River valley during late Holocene
time is described in the following sections. Data
previously presented by Clague and Mathews (1992)
and Clague and Mathewes (1996) are only briefly
summarized here. The focus in this paper is on new
data from Spillway and Berendon ponds.

4.1. Geomorphology

A series of moraines is present in the Berendon and
Frank Mackie glacier forefields. The outermost of the
Berendon moraines lies just south and east of Spillway
Pond and extends to near Berendon Pond (Fig. 2).
When Berendon Glacier constructed this moraine, it
covered the present site of Spillway Pond and forced
water escaping from Summit Lake northeast, probably
into Berendon Fen. The moraine has not yet been
directly dated, but dated cores from Berendon Pond
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show that it is more than 3500 14C yr old (see,
‘‘Berendon Pond’’).
A much larger, sharper-crested moraine marks the

maximum extent of Berendon Glacier during the Little
Ice Age and truncates the outermost moraine (Clague
and Mathewes, 1996). Spillway and Berendon ponds lie
just outside this moraine and must have received strong
inflows of sediment-laden meltwater when the moraine
was being built. Some of the meltwater flowed directly
off the glacier, but much of it came from Summit Lake
via the upper overflow channel (Fig. 2). The moraine
supports a mature forest of mountain hemlock and
subalpine fir. The oldest trees on the moraine trees date
to AD 1660. Assuming an ecesis interval of 10 years,
which is a minimum (Desloges and Ryder, 1990), we
conclude that Berendon Glacier retreated from the
moraine before AD 1650.
Several moraine ridges occur inside the Little Ice Age

terminal moraine. They record still-stands and read-
vances of Berendon Glacier since AD 1650. None of the
moraines is dated, although all are older than AD 1905,
which is the date that the first photographs were taken
of Berendon Glacier, during the International Boundary
Survey.
The uppermost shoreline of Tide Lake, at 790m asl,

can be traced to the Little Ice Age terminal moraine of
Berendon Glacier but no farther (Fig. 2). A series of
strandlines and incised deltas below the high-water mark
define lower levels of Tide Lake since the 17th century
maximum (Clague and Mathews, 1992). A trimline
about 40m below the high-water level records an
increase in lake level, probably contemporaneous with
construction of one of the inner moraines of Berendon
Glacier.
The upper overflow channel carried water from

Summit Lake when Berendon Glacier terminated at its
Fig. 4. Exposure along Bowser River, 2.4 km south of Frank Mackie Glaci

sediments deposited when Tide Lake was empty.
Little Ice Age maximum position in the 17th century. At
that time, a gravelly delta was built into Spillway Pond
at the north end of the overflow channel. The delta is
graded to a water level 7m above the present surface of
Spillway Pond. The upper overflow channel may also
have been active in the 18th century, when moraines
within 200m of the terminal moraine were constructed
(see, ‘‘Berendon Pond’’).
Overflow via the upper channel must have ceased

before AD 1730. Gilbert (1969, p. 22) reported conifers
up to 229 years old in the Summit Lake basin below the
elevation of the upper channel (note: the AD 1730 date
incorporates an ecesis period of 10 years). Thereafter,
until 1961, Summit Lake overflowed only via the lower
channel at 826m asl.

4.2. Tide Lake

Sediments underlying the floor of Bowser River valley
south of Frank Mackie Glacier consist of alternating
glaciolacustrine and glaciofluvial units (Fig. 4, Clague
and Mathews, 1992). The stratigraphy provides evidence
for three major phases and one minor phase of Tide
Lake. The four lake phases represent times when Frank
Mackie Glacier blocked Bowser River and thus was
more extensive than today. They were separated by
periods when the lake was either nonexistent or confined
to the northernmost part of the basin near the toe of the
glacier. The oldest lake phase has not been dated and
could be anywhere from late Pleistocene to middle
Holocene in age. The other three lake phases are
Neoglacial; they began about 2800 14C yr BP (3000 cal yr
ago), about 1400 14C yr BP (1300 cal yr ago), and
sometime after 700 years ago during the major Little
Ice Age advances of Berendon and Frank Mackie
glaciers.
er. Tide Lake lacustrine sediments are interstratified with glaciofluvial
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4.3. Spillway pond

4.3.1. Stratigraphy

Five cores ranging in length from 0.5 to 2.7m were
collected from Spillway Pond in water depths of 2–3m
with a Livingstone piston corer and a percussion corer
(Fig. 2), of which three are diagrammed in Fig. 5. Much
of the cored sequence (up to 2.3m in core 2) consists of
laminated to thin-bedded gray mud (unit 1 in Fig. 5).
Many laminae are couplets, but the couplets lack
regularity thus we were unable to recognize an annual
cycle. Parts of the laminated sequence are complexly
folded due to contemporaneous deformation.
This laminated mud is overlain in one core (No. 1,

Fig. 5) by a layer of sandy mud containing abundant
coarse plant detritus (unit 2). Both units are uncon-
formably overlain by a distinctive bed of granule- and
pebble-rich, coarse to very coarse, angular sand (unit 3)
probably eroded from the floor of the upper overflow
channel by meltwater flowing from Summit Lake.
Fig. 5. Stratigraphy of cores collected from Spillway Pond (see, Fig
The uppermost 0.2–0.3m of the sequence consists of
interbeds of laminated gray mud, silt, and sand (unit 4),
capped by clay gyttja (unit 5). The capping clay gyttja
unit, which is present in all cores and is up to about 7 cm
thick, has accumulated since the abandonment of the
upper overflow channel, that is after AD 1730.

4.3.2. Chronology

Two AMS radiocarbon ages from the organic-rich
sandy mud in core 1 and two ages from the interbedded
sand, silt, and mud overlying it range from 400750 to
720750 14C yr BP (TO-4090 and TO-4091; Table 1,
Fig. 6). Calibrated (calendric) ages for the four radio-
carbon ages overlap at the 2s level. Taken together, the
four ages indicate that the dated sediments were
probably deposited between about 380 and 730 years
ago, that is between AD 1270 and 1620, during the Little
Ice Age (Fig. 6). Considering the youngest radiocarbon
age alone, these sediments are younger than AD 1440.
The laminated and thin-bedded, sterile mud unit
. 2 for locations): c, clayey gyttja; m, mud; s, sand; g, gravel.
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Table 1

Radiocarbon ages

Radiocarbon age

(14C yr BP)a
Calibrated age

(cal yr BP)b
Laboratory

no.c
Location Site, Fig. 2 Elevation

(m)d
Depth (m)e Dated

material

Lat. (N) Long. (W)

Spillway Pond

400750 380–560 TO-4090 56�14.50 130�04.00 1 839 0.28 Twig

520760 560–670 TO-4092 56�14.50 130�04.00 3 839 0.29 Twig

600770 590–700 TO-4152 56�14.50 130�04.00 1 839 0.14 Abies needles

720750 700–730 TO-4091 56�14.50 130�04.00 1 839 0.35 Bark

Berendon Pond

505780 550–670 LuA-5113 56�14.50 130�03.70 1 837 1.21–1.40 Conifer cone

fragment

615785 590–710 LuA-5114 56�14.50 130�03.70 3 835 3.42–3.47 Conifer needle

fragments

1780750 1660–1820 TO-8978 56�14.50 130�03.70 3 834 1.57 Wood

fragment

1910750 1870–1970 TO-9662 56�14.50 130�03.00 3 834 1.54 Wood

fragment

2700760 2800–2910 TO-8977 56�14.50 130�03.70 3 834 1.73 Wood

fragment

2710760 2810–2910 TO-8976 56�14.50 130�03.70 3 834 1.77 Twig

3510760 3740–3920 TO-9875 56�14.50 130�03.70 3 834 1.93 Twig

Note: Previously published radiocarbon ages from Tide Lake and Berendon Fen are reported in Clague and Mathews (1992) and Clague and

Mathewes (1996), respectively.
aAges have been corrected for natural and sputtering fractionation to a base of d13C=�25.0%.
bReference datum is AD 2000. Determined from atmospheric decadal data set of Stuiver et al. (1998) using the program CALIB 4.1. The range

represents the 95% confidence limit calculated with an error multiplier of 1.
cLaboratories: LU-A—Lund University, Radiocarbon Dating Laboratory; TO—IsoTrace Laboratory (University of Toronto).
dApproximate elevation of sample.
eDepth below lake floor.

Fig. 6. Plot of calibrated radiocarbon ages bearing on the times of the Little Ice Age (LIA) and Tiedemann (T) advances of Frank Mackie and

Berendon glaciers. A probability distribution, determined using the program Oxcal, is shown for each age. M and m are limiting age (maximum and

minimum, respectively) for the Little Ice Age and Tiedemann maxima. The line labeled ‘‘Upper spillway’’ indicates the minimum age of the last

overflow from Summit Lake via the upper overflow channel. The line labeled ‘‘Moraine’’ denotes the minimum age of the moraine that impounds

Spillway and Berendon ponds. Modified from Clague and Mathewes (1996, their Fig. 7).

J.J. Clague et al. / Quaternary Science Reviews 23 (2004) 2413–24312420
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Fig. 7. Stratigraphy of representative cores collected from Berendon

Pond (see, Fig. 2 for locations): c, clayey gyttja; m, mud; s, sand;

g, gravel.
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underlying the interbedded sand, silt, and mud is
undated, but may also have been deposited during the
Little Ice Age.

4.3.3. Paleoecology

Results of pollen analysis on Spillway Pond core 1
(Fig. 2) are reported by Clague and Mathewes (1996)
and are only briefly summarized here. Clague and
Mathewes (1996) identified three pollen zones. The
lowest pollen zone (SP1) corresponds to the laminated
and thin-bedded mud unit, which constitutes most of the
cored sequence. It has very low total pollen and spore
concentrations (o1000ml�1). Pollen is dominantly T.

mertensiana (mountain hemlock), but a variety of
herbaceous types are also present. No plant macrofossils
were found in this zone.
The middle pollen zone (SP2) spans interbedded sand,

silt, and mud, from 7 to 36 cm depth in core 1. It
contains abundant pollen and spores, and pollen
concentrations are relatively high in the lower half of
the zone (10,000–20,000ml�1). Nonarboreal taxa,
mainly Alnus viridis-type (mountain alder), fern spores,
and a variety of herbs and dwarf shrubs typical of
subalpine meadows and heaths, dominate the pollen
spectrum. Macrofossils, including mosses, fungal scler-
otia, and fir needles, are common. The uppermost pollen
zone (SP3, 0–7 cm depth), which corresponds to the
surface clay gyttja unit, has high total pollen concentra-
tions (>10,000ml�1), high percentages of arboreal
pollen, and corresponding low percentages of shrub
and herb pollen. Pollen of Abies (probably subalpine
fir), Picea (probably Englemann spruce), Tsuga hetero-

phylla (western hemlock), and T. mertensiana are all
more abundant in the clay gyttja than in the interbedded
sand, silt, and mud below.

4.4. Berendon Pond

4.4.1. Stratigraphy

Percussion and Russian cores ranging in length from
0.5 to 2.0m were collected at five locations in Berendon
Pond (Fig. 2), four of which are shown in Fig. 7. A
laminated to thin-bedded gray mud up to 1.15m thick
(unit 2)1 is overlain by up to 0.65m of interbedded, fine
to very coarse sand, silt, and mud (unit 3), which in turn
is capped by up to 0.25m of clay gyttja (unit 4) (Fig. 7).
The gray mud unit has total carbon concentrations of
0.1% or less. Carbon values are also low in the clay
gyttja (1–4%), but systematically increase upward.
An older unit (unit 1), which is not present in any of

the Spillway Pond cores, occurs in one of the Berendon
Pond cores. In core 3, the laminated to thin-bedded gray
mud unit is sharply underlain by 0.54m of organic-rich
1Separate sequential numbering is applied to Berendon and Spillway

Pond lithostratigraphic units.
mud, gyttja, and clayey silt. Organic carbon percentages
decrease irregularly upward through the unit from as
much as 15% near the base to 5% near the top, with
very low values (o1%) in laminae and thin silt beds in
middle and upper parts of the unit. Rip-up clasts of
these sediments occur in the overlying gray mud unit.

4.4.2. Chronology

Berendon Pond sediments were dated using 14C,
137Cs, and 210Pb techniques. 137Cs and 210Pb profiles
through the 20 cm thick clay gyttja unit in core 3 (Fig. 8)
are in agreement and indicate an age of about 270 years
for the inception of clay gyttja deposition in Berendon
Pond and an average sedimentation rate of
0.74mmyr�1. The age compares favorably with an
estimated age of the time of abandonment of the nearby
Little Ice Age terminal moraine of about 353 years.
A fragment of a conifer cone recovered from the

lowest sand bed in core 2 yielded a radiocarbon age of
505780 14C yr BP (Fig. 7, Table 1). Needle and
broadleaf fragments from the middle of the laminated
to thin-bedded mud unit in core 3 gave an age of
615785 14C yr BP. These sediments thus are less than
670 years old (AD 1330), but more than 353 years old
(AD 1660), and were deposited during the Little Ice
Age.
The basal, organic-rich unit in core 3 yielded five

radiocarbon ages ranging from 1780750 14C yr BP near
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Fig. 8. Cesium-137 and lead-210 profiles through the clay gyttja unit

(uppermost 20 cm of profile) in Berendon Pond core 5 (see, Fig. 2 for

location).
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the top to 3510760 14C yr BP at the base (Table 1). The
unit was eroded before the overlying gray mud was
deposited; there is a hiatus in the sequence, probably of
the order of 1000 years.

4.4.3. Paleoecology

Pre-Little Ice Age sediments at Berendon Pond (unit
1) span the period 1800–3500 14C yr BP (1700–3800 ca-
l yr BP). They contain pollen assemblages with high
arboreal/nonarboreal pollen ratios (Fig. 9). Up to about
20% of the pollen are herbs, mainly Cyperaceae. The
other 80% consist mainly of T. mertensiana, Picea,
Pinus contorta-type, and A. viridis pollen.
Three pollen zones were identified in unit 1 in core 3

by visual assessment of the relative and absolute pollen
and spore abundance data (Fig. 9). The lowest zone
(BP1) extends from the base of the core at 200 cm depth
to about 177 cm depth (ca 3500–2800 14C yr BP). It is
characterized by a high relative abundance of coniferous
pollen, mainly T. mertensiana, but also Abies, Picea, and
Pinus.
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Fig. 10. Diatom diagrams for (A) unit 1 and (B) unit 4, Berendon Pond core 2 (see, Fig. 2 for location and Fig. 7 for lithostratigraphy).
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The middle zone (BP2), from about 177–170 cm depth
(2800–>1800 14Cyr BP), is dominated by Alnus viridus-
type pollen. Coniferous pollen concentrations are ap-
proximately half of the values in zone BP1. Most
herbaceous species have slightly lower values than in
BP1, with the exception of Cyperaceae, which declines
steadily to the top of BP2. Thalictrum (meadowrue) and
Caryophyllaceae (pink family) first appear in BP2. Total
pollen concentrations are higher in this zone than in BP1.
The upper zone (BP3) extends from 170 cm depth to

the top of unit 1 at 148 cm depth and spans an unknown
length of time centered around 1800 14C yr BP. Relative
concentrations of coniferous pollen return to levels
found in BP1, with T. mertensiana the dominant species.
Herbaceous pollen, however, remain relatively high, as
in BP2. Total pollen concentrations are considerably less
than in BP2, with an abrupt decrease at the BP2-BP3
boundary.
Members of the family Fragilariaceae dominate the

diatom assemblage of stratigraphic unit 1 (Fig. 10A).
Staurosira construens comprises, on average, 70% of the
diatom assemblage from the base of the unit to 177 cm
depth (i.e., the lowest 17 cm of the unit). The sample at
176 cm depth has a much more diverse diatom
assemblage, including the planktonic genus Aulacoseira

and periphytic diatoms such as Achnanthes minutissima

and Encyonema spp. From 175 to 147 cm, the diversity
of the diatom assemblage gradually declines, and a
diatom flora similar to that at the base of the unit is
reestablished. The diatom assemblage at the base of the
clayey gyttja (unit 4) is similar to that in the uppermost
sediments of unit 1 (Fig. 10B). The uppermost 4 cm of
unit 4 has a substantially different assemblage, with
abundant Cocconeis neodiminuta and Planothidium

calcar.
Unit 1 has the greatest abundance and diversity of

chironomids at Berendon Pond (Fig. 11). Much of the
diversity is represented by the subfamily Orthocladiinae,
Fig. 11. Composite chironomid diagram, based on Berendon Pond cores
but the most abundant taxon is the subtribe Tanytarsina

of the subfamily Chironominae. Chironomid remains
are rare in the Little Ice Age sediments at Berendon
Pond. The two analyzed samples are entirely of two
genera, Pseudodiamesa and Heterotrissocladius. Chiro-
nomids increase in the overlying clay gyttja. The
dominant taxa are Stictochironomus, Cricotopus/Ortho-

cladius, Heterotrissocladius and the subtribe Tanytarsi-

na. Tanytarsina and Heterotrissocladius decrease
systematically toward the top of the clay gyttja,
accompanied by a systematic increase in the numbers
of Stictochironomus.

4.5. Berendon Fen

4.5.1. Stratigraphy

Clague and Mathewes (1996) describe sediments
found at 15 sites in Berendon Fen. In brief, the
stratigraphy is dominated by herbaceous and fibrous
peat, which overlies gray mud. The peat sequence
contains layers of massive to stratified mud and sand,
which record sudden influxes of mineral sediment into
the fen. The number of mud and sand layers differs from
site to site, but Clague and Mathewes (1996) were able
to correlate some of the layers on the basis of texture
and radiocarbon ages. In particular, a thick, coarse sand
layer near the top of the succession occurs through
much of the fen and is one of two clastic layers that
occur at easternmost sites well above the level of the
adjacent stream (Fig. 12). Clague and Mathewes (1996,
p. 16) argued that, because of their elevated topographic
position at the easternmost sites, the two layers could
only have been deposited when the fen was inundated by
Tide Lake.

4.5.2. Chronology

Fourteen radiocarbon ages, ranging from 70790 to
7060790 14C yr BP have been obtained on Berendon
2 and 3 (see, Fig. 2 for location and Fig. 7 for lithostratigraphy).
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Fen sediments (Clague and Mathewes, 1996). Several
mud layers, present only in the western part of the fen,
closest to the stream flowing into the fen from Berendon
Pond, are bracketed by radiocarbon ages of 1070790
and 2870790 14C yr BP. The widespread coarse layers
near the top of the peat sequence, as well as a much
thinner clastic layer above it, are less than 470790
14C yr BP (600 cal yr) and possibly less than 210780
14C yr BP (360 cal yr).

4.5.3. Paleoecology

Sedge pollen is abundant (20–70%) throughout the
peat sequence in Berendon Fen (Clague and Mathewes,
1996). Most tree and shrub pollen, as well as fern spores,
were derived from the surrounding slopes and uplands.
Two notable features of the pollen record are worth
emphasizing. The highest percentages of mountain
hemlock pollen are in the uppermost sediments, much
as in the Spillway Pond record. There are also two
prominent spikes of monolete fern spores (Filicales).
The lower spike coincides with the lowest mud layer in
the peat sequence, and the upper spike occurs near the
Fig. 12. Stratigraphy of a representative pit dug at Berendon Fen (see,

Fig. 2 for location). Most of the mud layers were deposited by

meltwater flowing from Summit Lake and Berendon Glacier (see, text

and Clague and Mathewes, 1996, for additional details).

Fig. 13. Schematic diagram showing fluctuations of Berendon and Frank Ma

inferred maxima of glacier phases.
base of the thickest and coarsest clastic layer. Many of
the fern spores in both layers are highly corroded,
suggesting exposure to aerobic conditions prior to
deposition. Clague and Mathewes (1996, pp. 19, 20)
suggested that the spores were stored in soil on the
surrounding uplands and were eroded by meltwater
from Berendon Glacier or Summit Lake and redeposited
in the fen.
5. Discussion

The diverse data presented in this paper allow us to
reconstruct, at a general level, the late Holocene history
of Berendon and Frank Mackie glaciers, and changing
drainage in upper Bowser River valley. They also
provide information on past vegetation and climate in
this area.

5.1. Glacier fluctuations

5.1.1. Little Ice Age advances

Radiocarbon ages from Tide Lake sediments indicate
that the Little Ice Age in this part of the northern Coast
Mountains began before 500 years ago (Fig. 13, Clague
and Mathews, 1992). Sometime after AD 1300 (prob-
ably around AD 1400–1500), Frank Mackie Glacier
advanced into Bowser River valley and blocked Bowser
River, causing Tide Lake to expand into the southern
part of the basin. Berendon Glacier probably also
advanced at this time. The moraine just northwest of
Spillway Pond was constructed before AD 1660, and
Little Ice Age sediments in both Spillway and Berendon
ponds are at least several hundred years old.
The oldest Little Ice Age sediments in the two ponds

are laminated to thin-bedded gray mud deposited after
Berendon Glacier advanced and blocked the lower
overflow channel from Summit Lake, but before it
reached the ponds. We postulate that this advance
occurred early during the Little Ice Age, probably at the
time of the early Frank Mackie Glacier advance.
Blockage of the lower overflow channel caused Summit
Lake to rise, thus activating the upper channel and
funneling clay- and silt-laden meltwater into Spillway
ckie glaciers over the last 3500 years. Thicker portions of lines represent
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and Berendon ponds. Meltwater from Summit Lake
eroded the organic-rich substrate of Berendon Pond,
which suggests to us that the pond was not as deep as it
is today. This inference is supported by the difference
between the sediments accumulating in Berendon Pond
today (clay gyttja) and those deposited just before the
Little Ice Age (peat, organic-rich silt, and mud) and by
differences in chironomid and diatom assemblages in the
two units.
Eventually, Berendon Glacier advanced to the mar-

gins of the two ponds, raising their levels and delivering
coarser clastic sediment. We infer that the sand layers in
the upper parts of all Spillway and Berendon cores were
deposited by meltwater flowing directly off Berendon
Glacier, probably during the early or middle 17th
century while the Berendon terminal moraine was being
constructed.
Spillway Pond cores may record a period of glacier

retreat within the Little Ice Age. The organic-rich sandy
mud bed directly overlying laminated gray mud in core 1
has the greatest abundance of plant macrofossils in the
core, as well as high pollen concentrations (Clague and
Mathewes, 1996, their Figs. 8 and 9). Its high organic
content is consistent with slow deposition without inputs
of meltwater from Berendon Glacier or Summit Lake. A
shallow pond or wetland may have existed at the site at
that time, but Berendon Glacier probably was suffi-
ciently retracted to allow Summit Lake to discharge
northward via the lower overflow channel, rather than
into Spillway and Berendon ponds. Radiocarbon ages
from core 1 show that this plant-rich mud bed is
probably younger than AD 1440. The bed, however, is
older than the overlying interbedded sand and silt unit;
that is, it is more than 340 years old. We thus conclude
that Berendon Glacier retreated sometime during the
Little Ice Age between AD 1440 and 1660.
Evidence for two phases of Little Ice Age advance

separated by retreat was also found at Berendon Fen.
Two silt and sand layers were deposited in the fen during
the Little Ice Age at times when Tide Lake was at or
near its limit (Fig. 12). The two layers are separated by
up to 20 cm of peat; both were deposited after AD 1400.
The origin of the granule-pebble-rich, coarse sand

layer in the Spillway Pond cores is problematic.
Although possibly a product of overflow along the
upper channel, the coarse bed has high pollen concen-
trations, which seems inconsistent with rapid deposition.
Instead, slopewash processes during a low-stand of the
pond may have deposited it. Whatever its origin, the bed
was deposited directly on top of the plant-rich mud bed,
just before the first unequivocal influx of meltwater from
Berendon Glacier.
In summary, the data suggest that Frank Mackie and

Berendon glaciers advanced early in the Little Ice Age,
probably in the 15th or 16th century, but did not achieve
their maximum extents until the middle of the 17th
century (Fig. 13). The advance of Berendon Glacier was
probably interrupted by retreat sometime between AD
1440 and 1660. This chronology is broadly similar to
Little Ice Age chronologies from other areas of western
Canada (see, review in Luckman, 2000).

5.1.2. Pre-Little Ice Age advances

Frank Mackie Glacier advanced shortly after 3000
years ago, blocking Bowser River and impounding Tide
Lake. The advance was preceded by a long period
during which Tide Lake was either empty or very small
(Clague and Mathews, 1992).
Berendon Glacier also advanced at about the same

time. We interpret silt layers in Berendon Pond
and Berendon Fen, which date to 2700–2800 14C yr
BP, to have been deposited by meltwater flushes, either
directly off Berendon Glacier or indirectly from Summit
Lake via the upper overflow channel. We interpret
marked increases in A. viridus pollen in the Berendon
Pond core just before 2800 14C yr BP (3000 cal yr ago)
to be the result of landscape disturbance due to
cooling and the local advance of Berendon Glacier to
near the lake.
Correlative advances have been recognized in many

areas of northwestern North America. They include the
Tiedemann advance in the British Columbia Coast
Mountains (Ryder and Thomson, 1986), the Peyto
Advance in the Rocky Mountains (Luckman et al.,
1993), and an unnamed advance in the St. Elias
Mountains of Yukon Territory (Denton and Karl!en,
1973). At most sites where deposits of this advance are
well documented, glaciers did not extend as far down-
valley as they did during the Little Ice Age; this appears
to be true in the case of Frank Mackie and Berendon
glaciers. No Holocene glacial deposits were found
outside the Little Ice Age limit of Frank Mackie
Glacier. The moraine just east and south of the Little
Ice Age terminal moraine of Berendon Glacier near
Spillway Pond, however, is older than 3000 years,
because sediments in Berendon Pond spanning the
interval 1900–3500 14C yr BP include no sand or gravel,
which would be expected if Berendon Glacier termi-
nated at the moraine.
Our data provide little information on the duration of

the Tiedemann phase, although two silt layers in
Berendon Fen were deposited between about 2300 and
3000 cal yr ago. It seems likely that the Tiedemann event
has all the complexity of the Little Ice Age (Grove, 1988;
Luckman, 2000).
Berendon Fen and Tide Lake sediments may also

record limited glacier advances between the Tiedemann
phase and the Little Ice Age. A few, thin, discontinuous
silt layers at Berendon Fen date to about 900–1200 cal yr
ago and may record advances of Berendon Glacier,
although other origins are possible. The silt layers
appear to be younger than lacustrine sediments depos-
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Fig. 14. (A) Drainage pattern when Salmon Glacier is less extensive than today. Summit Lake is empty and meltwater from Salmon Glacier flows to

the south. (B) Reconstruction of drainage pattern when Summit and Berendon glaciers were slightly more extensive than today, for example during

the middle of the 20th century. Summit Lake drained northward into the head of Bowser River valley via its lower overflow channel. (C)

Reconstruction of drainage pattern when Berendon Glacier achieved its maximum extent in the 17th century. Arrows indicate meltwater flow

direction. Summit Lake overflowed to the north into Spillway Pond (SP), which in turn drained into Berendon Pond (BP) and Berendon Fen (BF).

Berendon Fen is inundated by Tide Lake at this time. (D) Present drainage.
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ited in the northern part of the Tide Lake basin shortly
after about 1300 years ago (Clague and Mathews, 1992).
Because the lacustrine sediments do not occur through-
out the basin, Clague and Mathews (1992) concluded
that Frank Mackie Glacier was much less extensive 1300
years ago than it was during peak cold periods of
Tiedemann and Little Ice Age time.

5.2. Drainage changes

Drainage in upper Bowser River valley has changed
repeatedly during Neoglacial time. At times when
climate was as warm as it is today, Summit Lake
drained to the south underneath or past Salmon Glacier
(Fig. 14A). Frank Mackie Glacier terminated short of
Bowser River valley, and Bowser River flowed unim-
peded along the valley to Bowser Lake, 25 km down-
stream.
In contrast, at times when climate was slightly cooler
or wetter than today, Salmon Glacier extended some-
what beyond its present terminus. A stronger dam
impounded Summit Lake, forcing it to overflow
continuously to the north into upper Bowser River
valley (Fig. 14B). Berendon and Frank Mackie
glaciers were also probably larger than they are
today, although the latter may not have blocked
Bowser River. This drainage pattern prevailed from
1930, when Tide Lake last drained until 1965, when
the lower overflow channel from Summit Lake was
abandoned. Comparison of present-day and middle
20th century climatic data from Stewart, B.C., the
nearest climate station, suggests that no more than 1�C
warming has occurred over that period. Thus, the
drainage shifts outlined in this paragraph require
only a small change in climate over a period of a few
decades.
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Sustained cooling of about 2�C, perhaps coupled with
increased snowfall, forces a radical reorganization of
drainage. Berendon Glacier would advance and block
the lower overflow channel into Bowser valley, causing
Summit Lake to rise 26m and overflow along the upper
channel into Spillway Pond. If Berendon Glacier were to
reach the margins of Spillway and Berendon ponds,
about 1 km beyond the present glacier snout, meltwater
would be forced into Berendon Fen, bypassing the head
of Bowser valley (Fig. 14C). Before this happened,
however, Frank Mackie Glacier would have blocked
Bowser River, creating a lake that inundated upper
Bowser valley. Berendon Glacier would terminate
in this lake, as well as the meltwater stream flowing
from Summit Lake. J .okulhlaups from this lake would
sweep the valley to Bowser Lake, as happened during
the Little Ice Age (Clague and Mathews, 1992).
These floods, involving as much as 1� 109m3 of water
would completely alter the character of the Bowser
valley floor.

5.3. Environmental change

Environmental change during the last three millennia
can be inferred from sediments and associated fossils
recovered from Spillway Pond, Berendon Pond, and
Berendon Fen. The pre-Little Ice Age, organic-rich
sequence at Berendon Pond spans the period 1800–3500
14C yr BP. It has pollen assemblages with high arboreal/
nonarboreal pollen ratios. Up to about 20% of the
pollen are herbs, mainly Cyperaceae. The remainder
consists mainly of T. mertensiana, Abies, Picea, P.

contorta-type, and A. viridis-type pollen. The most
striking characteristic of the pollen succession is the
increase in A. viridis-type pollen and parallel decrease in
T. mertensiana pollen around 2800 14C yr BP (3000 cal yr
ago). We attribute these changes to local establishment
of shrub alder vegetation near Berendon Pond early
during the Tiedemann phase. The increase in shrub alder
may be due to climatic cooling or simply to the
approach of Berendon Glacier to the site. The alder
peak coincides with deposition of a silt layer in
Berendon Pond, probably from Berendon Glacier melt-
water. A. viridis and T. mertensiana values return to
their pre-Tiedemann levels shortly after 2700 14C yr BP
(2800 cal yr ago). Alder pollen gradually decreases from
about 20% at about 2700 14C yr BP to 15% at 1800
14C yr BP (1700 cal yr ago), at the top of the succession.
Corresponding values of mountain hemlock pollen are
20% and 35%. The trend suggests an increase in
conifers at the expense of alder under perhaps a
gradually warming climate. Mountain hemlock pollen
percentages in sediments dated 1800 14C yr BP, however,
are lower than values both at the top of the clay gyttja
unit and in the modern meadow surrounding Spillway
and Berendon ponds. The differences suggest that the
forest may have been more open than today.
Chironomids recovered from unit 1 at Berendon Pond

are mainly cold-adapted taxa found today in high-
latitude and alpine habitats. In addition to typical lake
and pond taxa, the fauna includes many rheophilous
(‘‘stream-loving’’) midges (Doithrix/Pseudorthocladius,
Eukiefferiella/Tvetenia, Limnophyes, and Rheocricoto-

pus). These midges are clearly derived from an inflowing
stream.
The benthic diatom assemblages of the pre-Little Ice

Age sediments at Berendon Pond are characteristic of
boreal and alpine ponds with short growing seasons and
limited littoral habitat availability. The more diverse
benthic assemblage and the increase in planktonic
diatoms about 2800 14C yr BP (3000 cal yr ago) may
have been stimulated by an increase in meltwater
delivery to Berendon Pond, or may simply represent
enhanced transport and redeposition of species char-
acteristic of streamside environments.
Low arboreal/nonarboreal pollen ratios in the upper

part of the Little Ice Age sequence (the interbedded silt–
sand unit) at Spillway Pond indicate that extensive
herbaceous and shrub vegetation was present around
the pond in the 16th and 17th centuries. High
percentages (5–10%) of pollen of the subalpine herb
Valeriana sitchensis are particularly significant because
this meadow species is not a large pollen producer.
These percentages are much higher than those in local
surface samples, suggesting that tree cover was reduced
in the vicinity of Spillway Pond prior to the Little Ice
Age maximum. Whether this was a local effect, related
to the approach of Berendon Glacier to the site, or a
regional one is unknown.
Chironomid remains are rare in the Little Ice Age

sequence of Berendon Pond. The two analyzed samples
contained chironomids, but they are entirely of two
genera, Pseudodiamesa, which is an extremely cold-
water taxon found in meltwater streams, and Hetero-

trissocladius, which is found in cold, oligotrophic lakes
(Walker and Mathewes, 1989). Conditions were appar-
ently unsuitable for chironomids in Berendon Pond
during much of the Little Ice Age. Ice-free periods in the
summer may have been too short or sedimentation rates
too high.
The Spillway Pond and Berendon Fen pollen records

provide clear evidence for warming after the peak
advance of the Little Ice Age in the 17th century.
Percentages of tree pollen in the uppermost, clay gyttja
unit at Spillway Pond and at the top of the Berendon
Fen sequence are significantly higher than in underlying
sediments. Declines in sedge pollen and increases in
willow and alder pollen at Berendon Fen many reflect
drying of the fen surface, possibly due to warmer
summers and/or decreased precipitation over the last
few hundred years (Clague and Mathewes, 1996). The



ARTICLE IN PRESS
J.J. Clague et al. / Quaternary Science Reviews 23 (2004) 2413–2431 2429
clay gyttja unit at Spillway Pond contains abundant
planktonic algae, unlike the underlying sediments. The
recent increase in algal production is probably due to
warming and an increase in the length of the growing
season. Similar increases in diatom productivity have
been documented in high-arctic ponds in the 19th and
20th centuries (Douglas et al., 1994; Overpeck et al.,
1997).
The diatom assemblage at the base of the clay gyttja

unit at Berendon Pond records an environment with a
limited array of littoral and periphytic species. The
assemblage becomes more diverse higher in the clay
gyttja, suggesting a substantial amelioration of the
environment. The rise to dominance of C. neodiminuta

(an epipsammic species) may be the result of coloniza-
tion of slightly deeper marginal habitats than those
occupied by benthic Fragilariaceae. The changes imply
greater habitat availability, perhaps as a result of longer
summer growing seasons and higher lake temperatures
in the 19th and 20th centuries. Alternatively, because
small Cocconeis species such as C. neodiminuta are
characteristic of lakes with very low supplies of
phosphorus and silica and relatively high nitrogen
availability, their rise to dominance may track changes
in lake chemistry associated with changing sources of
precipitation and global nitrate contamination (Eugene
Stoermer, 2003, pers. comm.).
Climatic amelioration during the last three centuries is

also recorded in the chironomid assemblages of the clay
gyttja unit at Berendon Pond. Pseudodiamesa disap-
peared and Heterotrissocladius declined gradually to-
ward the end of the Little Ice Age, suggesting that
summer surface water temperatures increased during
that period. The modern fauna is similar to that
recovered from pre-Little Ice Age sediments (unit 1),
except that it lacks rhephilous midges.
6. Conclusions

An integrated geomorphic, stratigraphic, paleoecolo-
gical, and geochronological study in the upper Bowser
River valley has provided insights into glacier fluctua-
tions, drainage changes, and climate and vegetation
change in the northern Coast Mountains of British
Columbia during the late Holocene.
Three intervals of more extensive glaciation have been

identified. The first began about 3000 cal yr ago and
extended for an unknown length of time. It correlates
with the Tiedemann phase, which has been recognized
elsewhere in the mountains of western Canada and the
US. A second, minor phase of activity began about
1300 cal yr ago but was of short duration. The third and
most extensive Neoglacial interval began shortly after
AD 1200 and ended in the late 1800s. It probably
peaked in the 17th century when Berendon and Frank
Mackie glaciers terminated about 1 km beyond their
present limits. At that time, meltwater from Summit
Lake bypassed its most direct route into upper Bowser
River valley and flowed through two ponds at the
margin of Berendon Glacier into Berendon Fen and,
from there, into Tide Lake.
Berendon Glacier advanced at least twice, and

perhaps many times, during the Little Ice Age. The
two documented advances were separated by a period of
retreat sometime between AD 1440 and 1660. There
may have been additional readvances after AD 1660,
but if so, they were smaller than the climactic Little Ice
Age advance of the 17th century. At the time the first
photos of Berendon Glacier were taken in 1905, the
glacier terminated over 500m inside its limit in the 17th
century and Summit Lake was overflowing directly into
Bowser valley via its lowest overflow channel. The
glacier continued to retreat through much of the 20th
century under a warming climate.
Vegetation and climate have fluctuated within rela-

tively narrow limits over the last three millennia. During
much of the period from 1800 to 3500 14C yr BP,
vegetation in the study area was similar to that of today,
although more open space may have existed in the
mountain hemlock–subalpine forest. Shrub alder in-
creased around 2800 14C yr BP (3000 cal yr BP) at the
beginning of the Tiedemann glacial phase, when climate
was probably about 1�C cooler than today. Even cooler
and perhaps moister conditions characterized parts of
the Little Ice Age, when glaciers achieved their greatest
extent of the past 3000 years and probably the last
10,000 years. Tree cover in the vicinity of Berendon and
Spillway ponds became sparse and was replaced by
shrubs and alpine and subalpine herbs. Climate began to
ameliorate in the 18th century and, by the 20th century,
the present vegetation was established.
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