CLIMATE CHANGE AND VEGETATION DYNAMICS AT THE
SUBARCTIC ALPINE TREELINE IN NORTHWESTERN CANADA

By
JULIAN MICHAEL SZEICZ, M.Sc.

A Thesis
‘Submitted to the School of Graduate Studies
in Partial Fulfillment of the Requirements
for the Degree
Doctor of Philosophy

© Copyright by Julian M. Szeicz, September 1994

ABSTRACT

Itis

P that anthropogenic i in pheric levels of CO, and
other greenhouse gases will have a substantial impact on climate in the next 100

years. Knowledge of the response of high latitude vegetation to past climate

variation is useful for ding the possible resp of such ion to

potential future anthropogenic climate changes. The objectives of this thesis were

toinvestigate climate change, treeli and on-cli lationship
at the subarctic alpine treeline in northwestern Canada on a variety of spatial and
temporal scales. In order to address these objectives, three hypotheses were tested:

1) Postglacial treeline change in the Mackenzie Mountains, N.W.T. was driven

by changes in the | and latitudinal distribution of solar radiation; 2)
Establishment and mortality patterns of trees at treeline are episodic, controlled by
climate variations; and 3) The position of the treeline in the Mackenzie Mountains
is in equilibrium with current climatic conditions.

The first hypothesis was tested using the palynological analyses of cores
from three lakes in the tundra, forest-tundra and open forest of the central
Mackenzie Mountains. Although there was no evidence for higher treeline in this
region at any time during the Holocene, the data suggest that 1’_1& populations in
the forest-tundra were greater than present between about 8000 and 5000 yr BP,
and have since declined steadily. These results are consistent with predicted

changes in summer insolation based on the Milankovitch theory.

CLIMATE AND TREELINE DYNAMICS IN NORTHWESTERN CANADA

The second two hypotheses were addressed using tree-ring analyses of white
spruce at a number of sites in the alpine treeline zone of northwestern Canada.
Dendroecological analyses of climate-growth relationships indicated that the
response of trees to climate at these sites varied with tree age, which violates a

basic ion of d dendroclimatic research. Age dependent modelling

was therefore used to produce a 350 year record of summer temperatures in
northwestern Canada from five sites in the N.W.T. and Yukon. Comparison of
this record with white spruce recruitment/survival and mortality patterns indicated

i and iled primarily by climatic variations. A

that the patterns are
warming trend during the last 150 years has resulted in increases in forest-tundra
density, although there is evidence for only minor increases in treeline. The
establishment of white spruce seedlings at sites within the upper forest-tundra,
including several treeline sites, indicates that the treeline is in equilibrium with
current climatic conditions.

These results indicate that 1) climate-growth relationships are complex, and
the simplifying assumptions made in order to reconstruct climatic records from
radial growth records may in some cases be invalid; 2) in this region the response
of white spruce populations to climate change on a variety of timescales has been
manifested primarily as an increase in forest-tundra density, with little change in

treeline altitude; and 3) seedlings are currently being produced within forest-tundra

white spruce populations, and thus a rapid resp to further climati 1i

may be possible.
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CHAPTER ONE
INTRODUCTION
1.1 RATIONALE FOR STUDY
Anthrop ic i in pheric levels of>C01 and other greenhouse

gases are expected to have a substantial impact on global climate over the next 100
years (Houghton et al. 1990; Melillo et al. 1993; Pastor and Post 1993). It has
been suggested that considerable changes in the composition, extent and distribution
of boreal forests may result from these climate changes (Pastor and Post 1988;
Bonan et al. 1990; Prentice et al. 1991; Rizzo and Wilken 1992; Smith et al.
1992). In particular, the potential range of the boreal forest could expand
northwards in North America and Eurasia to include portions of the low arctic
currently supporting shrub tundra (Rizzo and Wilken 1992; Smith et al. 1992).

The relative extents of boreal forest and tundra zones may in turn influence

ic CO, ions through biomass sequestering (D’Arrigo et al.
1987; Callaghan gt al. 1992; MacDonald and Szeicz 1994), feedbacks in radiative
forcing (Bonan et al. 1992) and the reversion of tundra ecosystems from a net CO,
sink to a net source (Oechel et al. 1993). Although the potential limits of the
boreal forest may extend northwards in ‘the subarctic and/or upslope in montane

regions, vegetation response may lag changes in climate (Ritchie 1986; Davis

1

2
1989). Knowledge of the response of treeline and forest-tundra communities to

climate change is

ial for an ing of the p

of boreal forest limits to anthropogenic climate changes and hence the possible

extent of ion induced p

The i igation of vegetati to past changes in climate using

P ques pi a source of information on climate-

vegetation interactions which is not possible using modern ecological techniques

(Deevey 1969), and can assist in the und ding of ial future ch:

The sensitivity of vegetation in high latitude and alpine regions to climate changes

on different ti has been di by various pal logical studies

(eg. LaMarche 1973; Ritchie et al. 1983; Payette and Filion 1985; Kullman 1990;
MacDonald et al. 1993). The subarctic alpine treeline of northwestern Canada, and

the kenzi ins in i could ially be

ponsive to past
climatic change, but few data are available from this region. The mountains of
northwestern Canada are well suited for studies of climate-vegetation dynamics for
several reasons. Firstly, past climatic fluctuations in the subarctic have been
amplified relative to changes at ‘lower latitudes (Hansen and Lel.)edeff 1987), and

it is d that p ial future anth ,.,:?' changes will also be of greater

magnitude at high latitudes (Houghton et al. 1950). Past and potential future
vegetation responses to climate variation at the subarctic alpine treeline, therefore,
may also be amplified in comparison to the response of vegetation at mid- and low

latitudes. Secondly, much of the region was i in the late Plei
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(Figure 1.1), which offers the potential for recovery of long sedimentary records

extending well into the Pleistocene. Thirdly, the Mackenzie Mountains are
characterized by extensive, rolling plateaus above treeline which, given an
altitudinal rise in treeline, have the potential to greatly increase the extent of open
forest and/or forest-tundra. Such increases could amplify the signal of treeline
variations in fossil pollen and macrofossil records. Finally, disturbance by fire,
insect defoliation, or human activity appears to be very infrequent or absent in the

treeline zone of the Mackenzie Mountains.

1.2 CLIMATE AND THE TREELINE
In this study the treeline is defined as the uppermost limit of trees with an

upright growth form (Rochefort et al. 1994). The location of treeline is governed

bya and imes poorly d set of i i climate

and the physiological and rep i istics of trees, but is generally
considered to be thermally controlled (Wardle 1974; Tranquillini 1979; Black and
Bliss 1980; Crawford 1989; Grace 1989; Stevens and Fox 1991; Sirois 1992).
Various bioclimatological explanations have been put forth to account for treeline,

primarily the polar treeline, on a continental to global scale. The simplest of these

is the often cited fact that treeline generally coincides with the 10° C isotherm in .

the warmest month (Grace 1989; Sirois 1992). Bryson (1966) noted that in Canada

both the northern treeline and the 10° C isotherm correspond with the mean July

5

position of the arctic front, indicating the importance of air mass dominance in
determining regional treeline position. The position of the arctic front probably
does not directly affect the location of treeline (Sirois 1992), but rather the effects
are indirect through its influence on growing season energy budgets (Hare and
Ritchie 1972). Vegetation-climate feedbacks appear to be important in establishing
the abrupt nature of the forest to tundra transition in many regions (Hare and
Ritchie 1972).

At the level of individual i iological h  has

P

emphasized the importance of growing season length and water mlaﬁops on the
survival of trees at treeline (Wardle 1974; Tranquillini 1979; Baig and Tranquillini
1980; Goldstein et al. 1985; Hadley and Smith 1986; Hansen-Bristow 1986; Grace
1989). The shortening of growing season below a certain threshold duration may
lead to insufficient development of needle cuticles, which could be further damaged
by abrasion from wind-borne snow (Hansen-Bristow 1986; Hadley and Smith
1986). In late winter and spring, water uptake at treeline may be limited by frozen
or cold soils while evaporative demand is high due to' moderate temperatures, high
radiation levels and often strong winds (Tranquillini 1979; Baig and Tranquillini

1980; Richards and Bliss 1986). This may lead to desiccation of needles (*winter

desiccation’ or ’frost desiccation’) and Ily death of the individual, since

ly )ped and/or

needles may be unable to control
transpirational water losses (Tranquillini 1979; Baig and Tranquillini 1980).

Although this explanation for treeline is not universal (Grace 1990) it is clear that

14,000 yr BP

12,000 yr BP 10,000 yr BP

Figure 1.1: Retreat of Laurentide and Cordilleran ice in northwestern Canada,
18,000 yr BP to 10,000 yr BP (from Dyke and Prest 1987).

6

water relations and the length and magnitude of the growing season are important
factors controlling treeline through their influence on tree physiology.

Finally, treeline has also been explained in terms of tree reproductive
ecology (Sirois 1992). Threshold temperature levels have been determined for: the
germination of black spruce (Ricea mariana; botanical nomenclature in this thesis
follows Porsild and Cody (1980)) seedlings, below which germination does not
occur (Black and Bliss 1980; Sirois 1988). Thus treeline position may be governed
by the ability of trees to successfully regenerate in a certain environment, not
simply to survive once gstablished, and treeline may in some cases be defined as

the uppermost or northernmost limits of sexual regeneration in tree species.

1.3 RETROSPECTIVE STUDIES OF TREELINE AND FOREST-TUNDRA
DYNAMICS AT HIGH LATITUDES

The dynamics of high latitude tree populations at or near their alpine or
polar limits has been the subject of numerous studies employing various
methodologies. The majority of these studies can be classified as either
dendroecological, which here includes the use of radiocarbon and

dendrochronologically dated dead tree remains on the ground surface and from

di y deposits, and palynological, which involves the analysis of fossil

pollen from sedimentary deposits, often supplemented by terrestrial plant

macrofossils such as needles and seeds. A summary of Holocene treeline dynamics



7
at high latitudes is given in Table 1.1.
1.3.1 Dendroecological studies
d logical research prog i igating high latitude

forest-tundra and treeline dynamics at timescales ranging from millennial to decadal
have been carried out at the upper tree-limit in central and northem Sweden, and
at the latitudinal tree-limit in northern Quebec. Five species of trees, Pinug

sylvestris, Picea abies, Betula pubescens, Sorbus aucuparia, and Alnus incana reach

their altitudinal limits in the forest-tundra ecotone of central and northern Sweden

(Kullman 1990). These species have different ecological requirements and

herefore respond to climatic fl ions in different , making this region
appropriate for retrospective studies of treeline dynamics. Radiocarbon dating of
preserved wood from locations above the current treeline has indicated contrasting
histories for the Holocene dynamics of Pinus sylvestris and Betula incana, which
are consistent with the orbital forcing (Milankovich) model of climate change

(Kullman 1990, 1992, 1993). Pinus limits have decreased linearly during the last

8000 years, p: y in response to

seasonality, and in particular lowered
summer temperatures. Betula and possibly Alnus tree-limits increased altitudinally
until about 4000 yr BP, and although they have since declined have remained above
the upper limits of Pinus. This shift is consistent with a reversion towards a
moister climate with milder winters. Similar results have been obtained from the

alpine treeline in southern Norway (Kvamme 1993). Climatic fluctuations on

9

have also i d on treeline populations in Sweden (Kullman

shorter ti

1986a, 1986b, 1987a, 1987b, 1990). Little Ice Age cooling (c. AD 1550-1880)
resulted in lower levels of regeneration in the forest-tundra and drops in the upper
limits for all species. Subsequent warming trends have resulted in the increased
density of populations within the forest-tundra, and increases in the altitudinal tree-
limits of all species on the order of 30-50 m.

The forest-tundra ecotone of northern Quebec is dominated by Picea
mariana and Larix laricina, with Picea glauca achieving local dominance in some
areas (Payette and Gagnon 1979). Extensive fires within the forest-tundra during
the last 3000 years have led to a widespread retrogression of Picea mariana and
Larix laricina populations, since a concurrent cooling trend has limited regeneration
at many sites (Payette and Gagnon 1985; Gagnon and Payette 1985; Payette and
Morneau 1993). The density of forest-tundra has therefore undergone striking

reductions in resp to climate-fire i ions in the late Hol 1 b

shifts in the position of the treeline have been less significant. Further studies at

shorter ti les have d the lexity of climat
interactions in northern Quebec. Altitudinal and latitudinal shifts in response to
climatic variation over the past several hundred years have been of low magnitude,

and the primary response of Picea mariana, Larix laricina, and Picea glauca

treeline populations has been in the form of changing tree densities and shifts in 7

growth forms (Payette and Filion 1985; Payette et al. 1985, 1989; Lavoie and

Payette 1992). The most significant change has been one of increasing 'fo.rest-

8
TABLE 1.1: y of E treeline dynamics at high latitudes (for

references see text).

. Early Holocene Mid Holocene Late Holocene
Beglon (107 ka) -3 ka) 3 ka - present)
Quebec = i f‘“z‘ decreasing deasity
extension of treeline retreat;
Ceuc tnll —_ treeline; greater retrogression of
forest-tundra forest-tundra
deasity
North 5
Ameri maximum northward . . .
“® Northwest extension of treeline; "m:om::';f Vegetation similar
Canada greater forest-tundra to present
e forest-tundra
ﬂﬂ'lslty
higher treeline, . N
higher treeline
* SE Alaska ? 5250 yr BP, 3600-
3000 yr BP 2100-1200 yr BP
decreasing Pinus _
higher Pinus, Betula,  limits; maximum vegetation similar
montane Alnus limits Betula, Alnus to present
limits
Scandinavi: : b .
o TR e treeline N vegetation similar
northern extension of Pinus, commencing ¢. to present
Betula 5000 yr BP
higher Larix limits
montane ? ? <. 800 yr BP
Russia northem  extension of Larix, commencing c. vgge:l; o s":“’"

Betuls (and Picea?) 5000 yr BP

10
tundra density during the last 100 years. The main response of Picea glauca and

Picea mariana populations to recent warming at the latitudinal treeline in central
Canada (Scott et al. 1987; MacDonald and Szeicz 1994) has also been manifested
as an increase in forest-tundra density, with little change in species limits.
Dendroecological studies in Alaska (Denton and Karlen 1977) and the polar
Urals of Russia (Gorchakovsky and Shiyatov 1978; Shiyatov 1993) have
reconstructed shifts in the altitude of alpine treeline of 50 to 80 m during the
Holocene (Table 1.1), aithough in some areas such shifts may have been enhanced
by gradual isostatic uplift (Kullman 1993). Data on the response of treeline

population dénsity to climate is unavailable from these sites. Northward extensions

of treeline in north Scotland b 4400 and 3800 yr BP (Gear and
Huntley 1991) and northern Russia between about 9000 and 5000 yr BP (Khotinsky
1984) have also been reconstructed using radiocarbon-dated wood from beyond the

current tree limits.

132 i i
The Holocene dynamics of the latitudinal treeline in northern Canada has

been the focus of a number of palynological studies. Fossil pollen records from

- lake sediments, supported by radiocarbon-dated spruce ils, indicate that

on the Tuktoy Peni of n Canada Picea mariana and Picea
glauca limits were at least 70 km to the north of the current treeline between about

9500 and 5000 yr BP (Ritchie and Hare 1971; Ritchie et al. 1983; Ritchie 1984;
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Spear 1983, 1993). Similar evidence from central Yukon (Cwynar and Spear

1991) a concurrent, wid ion and sub

q

in spruce poulations within the forest tundra. The timing of treeline/forest-tundra
expansion in these regions coincides with the period of maximum solar radiation
at high latitudes as predicted by the Milankovitch theory of global climatic change.
This provides direct support for the Milankovitch hypothesis, although the support
is limited by the fact that the Holocene is short with respect to the lgngth of
Milankovitch cycles. .

The results of early palynological studies on peat deposits north of treeline
in central Canada were interpreted as evidence for several advances and retreats of
treeline during the mid to late Holocene (Nichols 1967, 1975), but sampling

methods were crude, and the inter ion was i and ur ted by

PP

il or sedi y evid (Ritchie 1985). More recent work on
lacustrine deposits (Moser and MacDonald 1990; MacDonald et al. 1993) provides
reliable palynological evidence, supported by sediment, geochemical, isotope and
diatom analyses, of a northward movement of treeline in central Canada between
about 5000 and 3500 yr BP. Pollen evidence from northern Quebec (Richard
1981; Gajewski and Garralla 1992; Gajewsk et al. 1993) suggests treeline position
has changed little since spruce populations first expanded about 4000 yr BP, though
;Sorest~tundm density has decreased over the past 3000 years. These . data
corroborate the results from dendroecological studies in the same region.

Fewer palynological data are avai on Hol dynamics of the
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treeline in this region (Lamb 1985), although supporting macrofossil evidence was
not available. Palynological studies have also been made on the Holocene treeline
history of montane regions in nother Finland (higher treeline c. 8000 - 4000 yr
BP; Hyvarinen 1993) and northern Norway (higher treeline c. 8000 - 4500 yr BP;
Vorren et al. 1993). Interpretation of fossil pollen records in these regions is aided

by the availability of extensive dendroecological records of treeline dynamics.

1.4 RESEARCH OBJECTIVES

The objectives of this thesis are to investigate climate change, treeline

ynamics and ion-climate relationships at the ic alpine treeline in

northwestern Canada, with a focus on the Mackenzie Mountains of the western

Northwest Territories. In addressing these objectives, two points became evident.

Firstly, treeline dy ics are dependent on within the forest-tundra

ecotone as a whole, and thus should not be examined on their own, but rather

should be examined within the broader context of forest-tundra dynamics.

" ical patterns and p operate at different spatial and temporal

scales (Delcourt and Delcourt 1991). The resolution of issues such as vegetation-
climate equilibrium or the causes of veget_aﬁon dynamics depend to a large degree
on the scale of investigation (Prentice 1986; Ritchie 1986; Delcourt and Delcourt
1991). An investigation of forest-tundra dynamics should therefore be carried out

at several spatial and temporal scales. With these points in mind, three hypotheses
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latitudinal treeline outside of Canada. From about 9000 to 5000 yr BP, when

treeline expanded north of its current position in northwestern Canada, both Betula
pubescens and Pinus sylvestris tree-limits were located well north of their current
positions in northernmost Scandinavia (Hyvarinen 1976). Paynological data from
northern Russia (Khotinsky 1984) support the dendroecological evidence for a
northward extension of treeline at 9000 to 5000 yr BP. The northern limit of trees
in Alaska coincides with the altitudinal treeline on the south slopes of the Brooks
Range, and does not appear to have extended northwards or upslope of its current
limits at any time in the Holocene (Brubaker et al. 1983; Edwards et al. 1985).
Spruce dynamics in this region may have been complicated by the presence of the
east-west trending Brooks Range.

Fossil pollen-based investigations of subarctic alpine treeline dynamics are
available from a small number of regions in Canada and Scandinavia. Such
records are more difficult to interpret than those from the latitudinal treeline, owing
to the overrepresentation of pollen from lowland vegetaﬁoﬁ in spectra from tundra

and forest-tundra, and the altitudinal ion of ion zones (Markgraf

1980; Fall 1992). Corroborati id from plant ils is

even more critical in palaeoecological studies of alpine treelines. At a site in the

central Mackenzie M ins of nor Canada, MacDonald (1983) provided
pollen and macrofossil evidence for a treeline which was higher than at present
from 7700 to 5000 yr BP. Declining spruce pollen concentrations at several sites

in Labrador during the past 3000 years are suggestive of a late-Holocene drop in
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were developed in order to resolve climate change, treeline dynamics, and climate-

at the subarctic alpine treeline of northwestern Canada on

a variety of spatial and temporal scales:

1) Postglacial treeline change in the Mackenzie Mountains was driven by

changes in the seasonal and latitudinal distribution of solar radiati

Substantial northward migration of treeline and/or increase in forest-tundra density
has been reconstructed for the period ~9500-5000 yr BP in the Mackenzie Delta
region (Ritchie et al. 1983; Ritchie 1984; Spear 1993) and for the period ~5000-
3500 yr BP in central Keewatin (Moser and MacDonald 1990; MacDonald et al.
1993). The northward movement of treeline in the Mackenzie Delta region has
been attributed to the northward displacement of the arctic front in summer. This
displacement may have in turn been a response to a period of maximum summer

radiation in the early Hol as predicted by the Milankovitch model (Ritchie

and Hare 1971; Ritchie et al. 1983). The later timing of treeline advance in central
Canada may be due to the influence of residual ice masses, or to shifts in the
summer position of the arctic front caused by long-wave frontal characteristics
(Moser and MacDonald 1990; MacDonald et al. 1993). An examination of late
Pleistocene and Holocene forest-tundra and treeline dynamics in the Mackenzie
Mountains allows for study of the influence of orbital forcing on climate and
vegetation in an area well removed from the mean summer position of the arctic

front, and the location of residual ice masses during the Holocene. Since treeline
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position is sensitive to summer insolation (Ritchie et al. 1983), and highest summer
insolation in northwestern Canada occurred between 10,000 and 5000 yr BP
(Kutzbach 1987), treeline in the Mackenzie Mountains may have reached its
maximum elevation at this time. The lack of evidence for treeline advances and/or
shift in forest-tundra density between about 10,000 and 5000 yr BP would lead to

rejection of this hypothesis.

2) Establishment and mortality patterns of trees at treeline are episodic,

lled by climate variations. The imp of climate and disturbance in

driving treeline and forest-tundra d; ics has been d by

studies, although information from the subarctic alpine treeline in northewestern

Canada is lacking. There is little evid for wid d di by non-

climatic factors at or near treeline in the Mackenzi i ing for

evaluation of the role of climate in determining treeline and forest-tundra dynamics

in a disturt -free i Evid for i and/or mortality
patterns which do not correlate with recorded or reconstructed climate records

would lead to rejection of this hypothesis.

3) The position of the treeline in the Mackenzie Mountains is in equilibrium
with current climatic conditions. Some researchers have suggested that spruce
populations at the treeline in central Canada are currently unable to reproduce and

are therefore out of equilibrium with the present climate (Larsen 1965; Elliott-Fisk
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temperatures for northwestern Canada, and in Chapter Five this record is combined

with establishment and mortality data to address the second and third hypotheses
outlined above. The final chapter summarizes the major findings and outlines the

conclusions of the study.
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1983). These studies, however, were carried out during a climatically
unfavourable period in the 1960’s and 1970’s and may therefore only be valid
when climate-vegetation equilibrium is considered on very short timescales
(MacDonald and Szeicz 1994). Research in other regions suggest treeline is often
in a dynamic equilibrium with climate when considered on all but the shortest
timescales (Payette et al. 1985, 1989; Scott et al. 1987; MacDonald and Szeicz

1994). Knowledge of the current state of vegetation-climate equilibrium at treeline

in the Mackenzie M ins will aid in ining its possible resp to any
future climate changes. This hypothesis would be rejected if there is no evidence
for recent tree regeneration at treeline or in marginal forest-tundra stands in the

Mackenzie Mountains.

These hypotheses will be addressed in this thesis using a combination of

fossil pollen and d hronological i In Chapter Two fossil pollen

data from three lakes are used to reconstruct the vegetation history of the central

Mackenzie Mountains on a millenial timescale in order to test the first hypothesis.

Before the second and third hyp could be it was, y to
develop an annually resolved proxy record of climate variation for the region
extending back several centuries. In Chapter Three the suitability of forest-tundra
Picea glauca for dendroclimatic reconstruction in this area is investigated by
examining the relationships between radial growth and climatc. Chapter Four

outlines the development of a 350-year dendroclimatic record of summer

CHAPTER TWO

LATE QUATERNARY VEGETATION HISTORY OF
THE CENTRAL MACKENZIE MOUNTAINS *

2.1 INTRODUCTION

Postglacial i P in the Mackenzie River basin of the
Northwest Territories (N.W.T.) has been the focus of several studies (Ritchie 1984
and references therein; Slater 1985; MacDonald 1987; Spear 1993). However,

publi h from the adjacent Mackenzie Mountains is

restricted to an 8600 year pollen and macrofossil record from a peat profile

(MacDonald 1983; Fig. 1). The Quaternary pal. 1 of the

Mountains is of interest for a number of reasons. Firstly, part of the region was
unglaciated in the late Pleistocene, and formed the southeastern limit of the ice free
area of Beringia (Dyke and Prest 1987). Lake basins within the mountains, west
of the maximum Laurentide ice sheet limits, have the potential to provide long
sedimentary records extending well into the Pleistocene. Lake basins within the

limits of Laurentide ice should provide minimum dates for final retreat of the ice

o
'A modified version of this chapter, authored by J.M. Szeicz, G.M. MacDonald
and A. -Rodkin, has been accepted for publication in Palaeogeography,
1i ) logy.
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at its north N margin. y, the ice-free area and regions which were
deglaciated early may have played a role in the late glacial and postglacial
migration of animals, plants and humans (Ritchie 1984; MacDonald 1987). Lastly,

there have been

but h fl ions in the Hol position
of the northern treeline in central and western Canada. In the Mackenzie Delta
region, treeline was up to 50 km north of its present position between about 9500
and 5000 yr BP (Ritchie 1984; Spear 1993). In central Canada a northward
extension of treeline and/or an increase in density of forest-tundra occurred from
5000 to 3500 yr BP (MacDonald gt al. 1993). It has been suggested that the
asynchronous nature of these treeline events is due to interactions between long
term variations in the seasonal distribution of incoming solar radiation
(Milankovitch orbital forcing), the geometry of the arctic front, and the influence
of residual ice masses (Ritchie 1984; Moser and MacDonald 1990; MacDonald et

al. 1993). Palaeoecological studies at the subarctic alpine treeline of the

Aackenzie N ins offer the potential to ine the infl of orbital forcing
on climate in an area well removed from both the mean summer position of the
arctic front and the location of residual ice masses during the Holocene. As
treeline is sensitive to summer insolation (Ritchie et al. 1983) and highest summer
insolation in Northwestern Canada occurred between 10,000 and 5000 yr BP
(Kutzbach 1987), it is expected that treeline in the Mackenzies would have reached

maximum elevation at that time. Pollen and macrofossil data from Natla bog

(MacDonald 1983) suggest treeline may have been locally higher than present

1) Lateral Pond (Ritchie 1984); 2) Eildun Lake (Slater 1985); 3) LacMeleze

(MacDonald 1987); 4) Bell's Lake (this study); 5) Andy Lake (this study); 6) Keele Lake (this study); 7) Natla Bog
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between about 7700 and 5000 yr BP.

In this chapter the fossil pollen records from the sediments of three lakes
along an elevational gradient through the open forest, forest-tundra, and tundra

zones of the central Mackenzi: ins are d. These data are used to

provide a minimum deglaciation date for the western edge of Laurentide ice and

to document the vegetation history of the central Mackenzie M i I

is placed on (1) early postglacial envi I iti as these might have

influenced the migration of humans and fauna through the region; and (2) treeline
variations, in order to test the hypothesis that treeline changes in the region were

controlled by changes in the seasonal distribution of solar radiation.

2.2 STUDY AREA
2 Glaci: istos

The central Mackenzie Mountains (Fig. 2.1) are composed of the inner
Backbone Ranges (2000 to 2400 m elevation) and the outer Canyon and Redstone
Ranges (1500 to 2000 m elevation), and incised by the Mountain, Carcajou, Keele

and Redstone river valleys. The mountains are composed primarily of Silurian and

D jan li “dolomite and cal shales, with some Precambrian

quartzites (Aitken and Cook 1974). Permafrost is discontinuous in the central

1 s\

ice retreat dynamics during the late Wisconsin are

illustrated in Figure 1.1. Much of the Backbone Ranges were glaciated by

22

Cordilleran ice and/or large montane glaciers in the late Wisconsin and previous
advances, though many interfluve areas remained ice-free. The Canyon and
Redstone Ranges have been less affected by glaciation (Duk-Rodkin and Hughes
1992). During advances, ice extended along major valleys from sources in the
Backbone Ranges to the west, and smaller cirque glaciers expanded from higher
peaks within the Canyon Ranges (Duk-Rodkin and Hughes 1991). Although
absolute dating of glacial dynamics in this region is poor, a relative chronology has
been established (Table 2.1; Hughes et al. 1981; Duk-Rodkin and Hughes 1991,
1992, in press). The earliest event for which evi is avai isa Iti

advance of montane glaciers, locally named the Mountain River Glaciation, whic

correlates with the Illinoian phase (Reid in the Yukon) and dates to >80,000 yr

BP. The maxi pansion of L ide ice in the late Wisconsin occurred at

25-30,000 yr BP. At this time, the ice sheet abutted the eastern and northern front

of the Mackenzie M ins up to of 1100 to 1400 m, and extended up

major valleys. Following the i L ide ad glaciers

and/or Cordilleran ice advanced to their maximum late Wisconsin limits. This
advance, locally termed the Gayna River Glaciation (correlating with the
McConrell phase in the Yukon), occurred <23,000 yr BP. Finally, a re-advance

of Laurentide ice, the Katherine Creek Phase, took place after 22,000 yr BP.

2.2 Cli Vi ion

The Mackenzie Mountains are located within the Boreal Climatic Region
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TABLE 2.1: Age relationships of L ide and M laciati M

Mountains, N.W.T. (Hughes et al. 1981; Duk-Rodkin and Hughes 1991, 1992, in
press).

Montane Laurentide

Mountain River Glaciation

(Illinoian/Reid) N

> >80,000 yr BP :
maximum Laurentide advance
25-30,000 yr BP
Gayna River Glaciation
(Late-Wisconsin/McConnell)
<23,000 yr BP ? retreat
Katherine Creek Phase re-advance
retreat

22,000 yr BP ?
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(willow) and herbs become prevalent at higher elevations on thin, rocky soils.

22 d:

To examine the influence of elevation on Late Q y

devel in the N ie M ins, and to reconstruct Holocene treeline
fluctuations, three small to moderate sized lakes at varying elevations were sampled
(Fig. 2.1). Sme!l lake basins (< 10 ha) are preferred for palynological studies of
treeline, since they collect greater proportions of local pollen than large lakes
(Tacobson and Bradshaw 1981). This is particularly true in montane environments,
where the pollen from lowland forest communities can dominate samples from
tundra and forest-tundra sites (Markgraf 1980; Lamb 1985; Fall 1992).

Bell’s Lake (65°01'N, 12729'W; all lake names are unofficial) is located
at an elevation of 580 m at the edge of Katherine Creek Canyon. The lake has a
surface area of 1.2 ha and maximum depth of 2.0 m. Bedrock is of the dolomitic
Lower Devonian Little Bear Formation (Aitken and Cook 1974). Bell’s Lake lies
in a depression within a ground moraine, and is within the limits of the Katherine
Creek Phase re-advance of Laurentide ice (Duk-Rodkin and Hughes 1991). The
surrounding vegetation is an open forest of Picea mariana muskeg in lowlying areas
and Picea glauca on uplands. Closed boreal forest grows downslope in the
Mackenzie Valley, 5 km to the northeast. Keele Lake (64°10°N, 127°37'W) lies
at 1150 m at the headwaters of a small tributary of the Keele River. The surface

area of Keele Lake is 9 ha and maximum depth is 1.7 m. This lake lies in bedrock
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(Hare and Thomas 1979). Norman Wells (Fig. 2.1), on the Mackenzie River, has

mean January, July and annual temperatures of -28.7°C, 16.1°C and -6.3°C
respectively, and mean annual precipitation of 335 mm (Environment Canada,

unpublished station data). In the i lity di

mean January temperatures range from -20 to -26°C and mean July temperatures
from 9 to 14°C (Burns 1973). Annual precipitation is also greater in the
mountains, varying from 400 to 750 mm (Burns 1973).
The Mackenzie Valley north to about Norman Wells is occupied by the
Upper Mackenzie Section of the boreal forest (Rowe 1977). Well-drained sites are
dominated by Picea glauca (white spruce), Betula papyrifera (paper birch) and
Populus tremuloides (aspen). Picea mariana (black spruce)-Sphagnum muskeg and
Larix laricina (larch) occur on poorly drained surfaces, and Populus balsamifera
(balsam popular) is found throughout the region on a variety of substrates. With
increasing altitude the forest opens up and grades into alpine forest-tundra.
Scattered individuals and groves of Picea glauca and to a lesser degree Picea
‘mariana grow amongst Betula glandulosa (shrub birch)-dominated tundra. Treeline
. is réached at 800 to 1200 m, depending on aspect, substrate and drainage. Picea

glauca is the dominant treeline species, with Picea mariana, Larix laricina and

Populus balsamifera occuring sporadically. Upslope of the treeline, shrub tundra
dominated by Betula glandulosa and heaths such as Ledum decumbens, Vaccinium
vitis-idaea and V. uliginosum predomi with ive areas of h y

Eriophorum (cotton grass) meadows in more poorly drained locations. Salix
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of the quartzite, dolomite and shale dominated Katherine Group. Laurentide ice
extended up the Keele valley to a point a few kilometres northeast of Keele Lake,

damming a proglacial lake in the valley west of Keele Lake (Duk-Rodkin and ~

Hughes 1991). The lake is d dbya ine deposited during the M

River Glaciation. Keele Lake is located in the upper forest tundra a few tens of
metres below treeline, and is surrounded by scattered Picea glauca with upright
growth forms. More extensive spruce stands grow in the Keele River valley about
3 km to the north. Andy Lake (64°39°N, 128°05°W) is a moderate sized lake
(surface area 50 ha; maximum depth 2.9 m) at an altitude of 1360 m at the
headwaters of Andy Creek. This lake is larger than optimum, but was the only

lake cored above treeline that produced a full Hol i record. Bed

is dominated by ites and dolomites of the Katherine Group, Franklin

Mountain Formation, and Little Dal Formation. Andy Lake is located beyond the

limits of Laurentide ice, and is d: d by a ine of the M in River

Glaciati The sur ding ion is shrub tundra, and Picea occurs within

4-5 km in valleys to the north and northeast.

2.3 METHODS

Cores were raised in April, 1990 from the central, deepest part of each of
the lakes using a modified Livingstone piston corer (Wright et al. 1984). The‘
cores were wrapped in plastic and aluminum foil, and stored at 4°C until sampled.
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Subsamples of 1 cm® of sediment were taken at 2.5 to 10 cm intervals for pollen

and loss-on-ignition (LOI) analyses (Dean 1974). Calibrated Lycopodium tablets

were added to pollen samples to allow calculation of pollen lation rates

(Maher 1972). Sample preparation followed Faegri and Iverson (1975) and
Cwynar gt al. (1979). Counts of =400 terrestrial pollen grains were made at all
levels except the base which had very low pollen concentrations. Morphological
characteristics were used to distinguish Picea cf. glauca and Picea cf. mariana

pollen (Hansen and Ei 1985). Following sub ing, cores were split in

half and contiguous 5 to 10 cm long half-core sections were washed through a 0.6
mm screen to recover plant macrofossils.

Chronological control for the cores was provided by “C dating. Due to the
calcareous nature of much bedrock in the Mackenzie Mountains, AMS dating of
terrestrial macrofossils was carried out wherever possible to avoid the potential of
old carbon contamination (cf. MacDonald et al. 1991). One basal AMS date was
obtained on mollusc shells as no other datable organics were present. Bulk

sediments were dated at levels in which ils were not avail and were

used only if no reaction occurred with HCL. = A total of 9 AMS and 7 bulk
sediment dates were obtained.
All “C dates were converted to calendar years BP using the calibration

program CALIB3 (Stuiver and Reimer 1993). Sedi rates were esti d

by taking the slope of lines extrapolated through the radiocarbon dates. At each

site it was first attempted to fit a linear regression line through the dates, which
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2.4 RESULTS

2.4.1 Sediment Stratigraphy and Radiocarbon Chronology

A 440 cm core was recovered from Bell’s Lake, 265 cm core from Keele
Lake, and 271 cm core from Andy Lake (Fig. 2.2). The lowermost “C date at
Bell’s Lake was 10,230+150 yr BP (Table 2.2). Sedimentation rates obviously
increased from the early to late Holocene, and so were estimated by hand-fitting
curves through the five dates (Fig. 2.2). It is possible that the very low early
Holocene sedimentation rates are actually the result of a hiatus in deposition, but

the pollen stratigraphy (Fig. 2.3a,b) is with continual sedi ion. A

date of 11,990+80 yr BP was obtained on shells at the base of the Keele Lake core
(Table 2.2). Although aquatic mollusc shells may be prone to old carbon’ error,
comparison of the pollen spectra associated with this date and other similarly dated
spectra for the Mackenzie Basin (MacDonal, 1987; Ritchie 1987) suggests the date
is reliable. Sedimentation at Keele Lake for both calibrated and uncalibrated dates
was modelled by linear regression through the six dates and the sediment-water
interface (assumed to be 0 yr BP). Three of the upper dates in the core were
obtained on bulk sediment, but a similar AMS date on a terrestrial macrofossil
from the same level as one of the bulk dates (Table 2.2) suggests that they are
reliable.

Wood near the base of the Andy Lake core was dated at 12,060+80 yr BP
(Tab. 2.2). The four -upper dates at Andy Lake were all based on the analysis of

bulk sediments. We reject the date of 10,460+390 yr BP at 165 cm as

depth (cm) depth (cm)

depth (cm)

[ . i

moss or peat layer
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would indicate the simplest solution of a constant sedimentation rate. If a linear
regression line did not achieve an adequate fit, a curve was hand-fit through the

dates, and sedi ion rates were

by determining the slope of the line

tangent to the curve at each ing interval. Sedi ion rates were calculated
using both calibrated and uncalibrated dates. Pollen accumulation rates were
calculated using the calibrated dates owing to the divergence of radiocarbon and

calibrated dates in the early Holocene-late Pleistocene. For comparison with

d records, h , pollen are described with respect to

uncalibrated radiocarbon ages.

The

parative rates and directions of change over time at the
three sites were assesed using Detrended Correspondence Analysis (DCA; Hill and
Gauch 1980). Ordination techniques such as DCA reduce the dimensionality of
pollen percentage data and thereby aid in their interpretation. DCA was carried
out on simplified pollen percentage records for 13 taxa at 500 year intervals. All
samples within 150 years of each 500 year interval were averaged for the analysis.
Taxa were selected if they occurred in two or more contiguous samples at a
minimum of 2% relative frequency, and included Picea cf. glauca, Picea cf.
mariana, Populus, Betula, Alnus, Salix, Myrica, Ericaceae, Artemisia, Cruciferae, -
Gramineae, Cyperaceae, and Sphagnum. Samples from all three sites were

ordinated together to allow direct comparisons of sites.
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Figure 2.2: Radiocarbon dates and sedi h istics for the three sites.



31

TABLE 2.2: Radiocarbon dates (**C corrected) for Mackenzie Mountains sites.

Labiod depth C date (yr. BP) calibrated date material
(cm.) + 1o (calendar yr. BP)
Bell’s Lake
TO-2379 108 234060 2340 wood frags.
TO-2378 240 4430+70 5020 wood frags.
TO-2377 319 5600+70 6360 wood frags.
TO-2376 395 874080 9770 wood frags.
TO-2375 406 10,230+ 150 12,030 wood frags.
Keele Lake
B-65289 50 261080 2750 gyttja
B-65290 80 3290470 3480 gyttja
B-63539 1415 6460+90 7330 gyttia
TO-3988 142 6120+70 7000 wood frags.
TO-3989 195 956070 10,710 wood frags.
TO-2298 260 11,990+80 13,980 st‘lells
Andy Lake
B-54929 25 2340+£200 2340 gyttja
B-54930 90 480070 5530 gyttja
B-54931 125 6290100 7200 gyttja
B-54932 165 10,460+390° 12,370 clayey gyttja
TO-2295 240 12,060+80 14,070 wood f;ags.
! Laboratories: TO, IsoTrace Laboratory (University of Toronto); B, Beta Anaiytic
2 Calibrated using Stuiver and Reimer (1993)
? rejected date
33
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Bell's Lake, N.W.T.

pollen percentages

i § §ig

(s403K vogioo0p0J) AbY

34

Bell's Lake, N.W.T.

32

anomalously old for two reasons. Firstly, the sediments at this level are highly
inorganic; LOI is less than 15%, as compared to 25 to 30% for the other bulk
dates in this core and 40 to 50% for those in the Keele Lake core (Fig. 2.2).
Secondly, including the date in age-depth calculations results in a date for the rise

of Picea pollen at 10,000 to 11,000 yr BP, which does not fit with the records of

other publi; sites in n Canada (Ritchie 1984; Ritchie and MacDonald
1986; MacDonald 1987) or the other two sites in this study. Excluding this date
from age-depth calculations (Fig. 2.2) gives a nearly linear sedimentation rate and

a date for rise of Picea pollen which agrees very closely with that of other sites in

the region.

242 len Stratigraph;

Pollen p and ion rates are p in Figs 2.3-2.5.
Pollen zones were determined visually using the percentage data for major taxa
(Artemisia, Cyperaceae, Salix, Betula, Alnus, Picea). The pollen stratigraphies of
the three lakes were very similar, and therefore are described here as regional
pollen zones. Temporal boundaries of zones varied to a small degree between
sites, so boundaries of regional zones were derived by averaging those at each site.
Zone 1, at the base of all cores, is dominated by pollen of herbs (Artemisia,
Cyperaceae, Gramineae), and shrubs (Betula, Salix). Zone 2 is characterized by
very high proportions of Betula pollen. Zone 3 is characterized by increases in

Picea pollen, and in the uppermost zone at all sites, Zone 4, Alnus increases to
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become a co-dominant pollen type with Betula and Picea. A detailed description

of the zones follows.

Zone 1: Artemisia - Graminoid - Betula Zone (c. 11,800 to 10,200 yr BP)

This zone is ch ized by high p

of herbs and graminoids
(Artemisia, Gramineae, Cyperaceae and others) and shrubs (Betula, Salix).
Artemisia pollen reaches 10-20% at all sites. Gramineae percentages reach 3-12%,
and Salix 5-10%. Betula rises from the base of the zone to reach 70-80% at the
zone 1/2 boundary. Cyperaceae pollen is much more abundant in zone 1 at Keele
Lake than at the other two sites, reaching levels of 30-50%. PAR in zone 1 is

consistently low, averaging less than 500 grains.cm?.yr" at all of the sites.

Zone 2: Betula Zone (c. 10,200 to 8000 yr BP)

Very high proportions of Betula pollen, 70-85% at all sites, characterize this

zone. Cyperaceae occurs at 5-10% at Andy and Bell's Lakes, and 10-25% at
Keele Lake. Populus attains its highest values for each site within this zone,
averaging 2-3%. Salix and Artemisia decline in zone 2. At Andy and Bell’s Lakes
Picea cf. g,lm and Picea cf. mariana percentages rise near the top of this zone
to reach 15-20% total Picea pollen, but subsequently drop to 6-10% before the
main Picea rise which delineates the zone 2/3 boundary. No such initial Picea
increase is seen at Keele Lake. PAR is in the range of 10001500 grains.cm?.yr*

at Bell’s and Andy Lakes, and 500-1500 grains.cm2.yr" at Keele Lake. At Andy
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in the early part of the zone at Bell’s Lake, but subsequently disappears.

Cyperaceae rises from 5% to 10-15% in the upper 15 cm at Andy Lake. Picea cf.
glauca is consistently more abundant than P. cf. mariana at Andy Lake, whereas
the reverse is true at Keele Lake. At Bell’s Lake Picea cf. mariana is dominant
from the base of the zone until about the 80 cm level, where P. cf. glauca
increases. Pinus pollen percentages and PAR increase at all sites over the past
6000 years, but this pollen is assumed to be extra-regional, since the northern

range limit of Pinus banksiana lies in the Mackenzie Valley to the southeast of

Norman Wells. PAR for most taxa decrease throughout this zone at Andy Lake,

h

ges not reflected in pollen p tecords. Total PAR at Keele Lake

remains relatively constant throughout the zone. However, Picea cf. glauca and

P. cf. mariana PAR declines during this time, despite fairly stable percentage

records. PAR at Bell’s Lake follows similar trends to percentage data.

2.4.3 Detrended Correspondence Analysis
The results of DCA were plotted in two manners. Taxon ordinations (Fig.

2.6a) indicate groupings of taxa which demonstrate similar trends through time.

Di t taxon ordirati D logical similarity (points in close

ilarity (points well sep d). On the time-trend
ordination of samples (Fig. 2.6b), the locations of samples from each site are
plotted in ordination space at 500-year intervals. Samples which plot in close

proximity have similar taxonomic composition. The relative importances of
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Lake trends in PAR correspond closely to pollen percentages. At Keele and Bell’s
Lakes, the rapid rise in Betula percentages which delineates this zone is greatly

diminished in the PAR records.

Zone 3: Picea-Betula Zone (c. 8000 to 6300 yr BP)

A sustained increase in Picea marks the beginning of this zone. Total Picea
polien maintains values of 20-30% at Andy and Keele Lakes and 35-40% at Bell’s
Lake. Picea cf. glauca is more abundant than P. cf. mariana at the two higher

altitude lakes, whereas nearly all Picea pollen in zone 3 at Bell’s lake is Picea cf.

mariana. Concurrent with i in Picea are in Betula. Cyp

pollen maintains values of 5-10% throughout zone 3 at all sites. Myrica occurs
consistently at Bell’s Lake and to a lesser degree at Keele Lake. Alnus pollen rises
from negligible proportions at the base of the zone to 10-20% at the zone 3/4
boundary. At Bell’s Lake and Andy Lake, PAR follows very similar trends to
pollen percentages. PAR at Keele lake increase dramatically. at the zone 2/3
boundary to reach a postglacial peak at c. 8000 yr BP. These increases are evident
for Picea, Betula, Salix, Artemisia, and Cyperaceae and are not reflected in the

“percentages records.

Zone 4: P_igg—&g_lg-e\lngs zene (c. 6300 yr BF to present)

Picea, Betula and Alnus pollen maintai istent and high prop

throughout zone 4 following the Alnus rise that delineates this zone. Myrica peaks
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different taxa within each sample can be determined by comparison with the taxon

ordination diagram. The time-trend ordination thus the ch

composition of vegetation (as inferred from polien percentages) over time at each
site. The trends can be compared between sites to determine periods in which
vegetation types were similar and periods in which they were dissimilar.

In the DCA ordination of taxa (Fig. 2.6a), the first axis appears to separate
taxa typical of tundra pollen assemblages (Cruciferae, Artemisia, Salix,
Cyperaceae; high scores) from taxa typical of forest and forest-tundra (Piceg cf.
glauca, Picea cf. mariana, Myrica, Sphagnum, Alnus, Ericaceae; low scores).

Taxa having intermediate first axis scores are found in both forest and tundra

(Gramineae, Betula) or are poorly rep in the late Hol pollen record
(Populus). Taxa indicative of muskeg or bog forest (Myrica, Picea cf. mariana,
Sphagnum, and Ericaceae) have relau'\;ely high second axis scores.

Sample ordinations plotted over time (Figs. 2.6b) show at all sites a
progression from high first axis scores in the basal levels to minimum scores at
4000-5000 yr BP, followed by slight reversions toward tundra taxa up to the
present day. The ordination for Bell’s Lake is well separated from those of Andy
and Keele Lakes along the second axis throughout the length of the records until
1500 yr BP, at which time there is a trend towards lower second axis scores.
Andy and Keele Lake are well separated on the second axis before 10,000 yr BP
and after 6500 yr BP, but converge during the early to ntid;Holocene‘ Rates of

change, approximated by distance in ordination space over time, are most rapid at

45
Some site specific differentiation of ion is in Zone 1, as

evidenced by the DCA ordination (Fig. 2.6b). Most significant are the very high
percémages of Cyperaceae pollen at Keele Lake, compared to sites in the central
and northern Mackenzie basin (Slater 1985; MacDonald 1987). Several sites in
both lowland and mountainous regions of Alaska and the Yukon have late
Pleistocene spectra with high proportions of Cyperaceae pollen (Brubaker gt al.
1983; Edwards et al. 1985; Anderson 1985; Ritchie 1987). Moist sedge meadows
were probably more abundant in the region around Keele Lake than at most other

previously studied sites in the western Northwest Territories.

252 e 2: la Zone (c. 10.200 to
Between about 11,000 and 10,000 yr BP shrub birch became increasingly

impomntinme‘cemml Mackenzie M i D in Artemisia and

Gramineae PAR suggest Betula glandulosa tundra replaced herb tundra on upland

sites, while stable or i

ing Cyp PAR indi sedge d still
dominated wetter areas.

Poplar woodlands occurred with the shrub tundra near these three sites, and
throughout eastern Beringia, at about 10,500 to 10,000 yr BP (Ritchie 1984;
Anderson et al. 1988). Pollen morphological and macrofossil data from several
other sites in Alaska and the Yukon (Brubaker et al. 1983; Cwynar and Spear
1991; Hu et al. 1993) suggest this Populus pollen probably represents Popuius
balsamifera. Mu_;nalgm occurs in isolated stands as the northernmost tree
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all sites b the beginning of the seq and 5000-6000 yr BP. Rates of
change subsequently decreased significantly, although in the last 2000-3000 years
there have been minor rate increases towards higher first axis scores at Andy and

Keele Lakes, and towards lower second axis scores at Bell’s Lake.

2.5 VEGETATION RECONSTRUCTION
1: Artemisia- inoid- 00 to 10.200 yr BP!
The initial tundra vegetation at all three sites was similar to that found
throughout northwestern Canada and adjacent Alaska in the late Pleistocene

(Brubaker et al. 1983; Ritchie 1984, 1987; Edwards et al. 1985; MacDonald 1987;

Lamb and Edwards 1988). Upland areas supported Artemisia-domis d herb
tundra with some low Salix shrubs. Sedge meadows dominated by Carex and

Eriophorum, with some ericaceous shrubs, occurred in wetter areas. Betula

became i ingly abundant throughout this period. Grain-size measurements
and macrofossils at a number of other sites in northwestern North America suggest
this early Betula pollen represents shrub birch, B. glandulosa (Brubaker et al.
1983; Ritchie 1984; Edwards et al. 1985; MacDonald 1987; Hu et al. 1993). Low
pollen accumulation rates (<500 to 1000 grains.cm?2.yr") and low organic content
of sediments at all three sites may, in part, reflect inwashed mineral soil and
suggests the late Pleistocene vegetation of the central Mackenzie Mountains was

quite sparse. In addition, lake productivity may have been low.
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species in the Brooks Range of northern Alaska (Edwards and Dunwiddie 1985),

and is occasionally present in association with white spruce at treeline in the
Mackenzie Mountains.

The first evidence of Picea in the Mackenzie Mountains comes from the
continuous appearance of Picea cf. glauca and Picea cf. maziana pollen at Andy
and Bell’s Lakes at about 8500 yr BP. However, due to the overrepresentation of
lowland pollen types in montane terrain (Fall 1992) such changes can only be used
to indicate regional presence of Picea. Scattered Picea mariana and Picea glauca
were therefore probably present at lower elevations in the regions around Andy,

Bell’s and Keele Lakes by ~8500-8000 yr BP.

-Be ne (c. 6!

Widespread expansion of Picea glauca and P. mariana occurred at about
8000 yr BP in the central Mackenzie Mountains. Picea forest and forest-tundra
rapidly replaced shrub tundra up to the elevation of at least Keele Lake. At Bell’s
Lake, high proportions of Picea mariana, Sphagnum and Myrica pollen and spores
and the presence of Ericales suggest the establishment of Picea mariana-dominated
muskeg around the site, with only minor amounts of Picea glauca. DCA scores
reflect the relative predominance of muskeg at Bell’s Lake during Zone 3; sample
ordinations trend towards lower first axis and higher second axis scores between
8500 yr BP and 6500 yr BP, separating this site from the two higher elevation

sites.
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Rapid increases in Picea pollen percentages and accumulation rates indicate

the increase in Picea, primarily Picea glauca, occurred very rapidly in the vicinity

of Keele Lake. This is coincident with increased LOI suggesting increased lake
productivity or decreas_ed erosion of mineral soil at this time. Picea glauca forest-
tundra or open forest with an understory dominated by Betula glandulosa
predominated at this time. Picza mariana-Sphagnum muskeg occurred to a more
limited extent on poorly drained sites. Populus populations decreased in Zone 3

relative to the early Hol Two lines of evid suggest the density of Picea

populations around Keele Lake may have been higher at this time than at present.
Firstly, accumulation rates of Picea pollen were substantially greater in the early
to mid Holocene than in the latest Holocene. The initial maximum between 8000
and 7000 yr BP may be an artifact of sediment focusing (Davis et al. 1984).

‘ However, steadily declining Picea PAR relative to total PAR throughout the
Holocene (Fig. 2.4) is suggestive of gradual declines in Picea abundance.
SecQ{ldIy, very high LOI (70-80%; Fig. 2.2) at the base of Zone 3 could indicate
a mc;re productive, densely forested basin with reduced catchment erosion.

The history of Picea in the Andy Lake region is more difﬁcuit to
reconstruct due to the size of the lake and the resulting high proportion of regional
pollen. Picea PAR at Andy Lake is substanitially greater in _Zorfe 3 than at present,
though Picea pollen percentages do not show any strong, consistent trends after
initial increases. This higher PAR may result from sediment focusing, a higher

treeline, greater Picea population densities in forest and/or forest-tundra at lower
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2.5.4 Zone 4: Picea-Betula-Alnus Zone (c. 6300 yr BP to present)

Alnus pollen increased throughout Northwestern Canada between 7000 and
6000 yr BP (Ritchie 1984; MacDonald 1987). Alnus expansion in the Mackenzie
Mountains appears to have been more rapid at higher elevations, perhaps owing to

the more open cover of Betula and Picea and thus reduced competition.

The DCA ordinations suggest retrogression of Picea-dominated vegetation
at Andy and Keele Lakes, towards increased importance of tundra taxa over the
last 5000 years. These changes may be interpreted as an indication of decreasing
regional forest-tundra densities. In particular, the ordinations suggest the mid-
Holocene vegetation at Keele Lake was similar to the present-day open forest
surrounding Bell’s Lake. This interpretation is supported by gradual reductions in
Picea PAR during Zone 4 at both Andy and Keele Lakes. Picea glauca has been
the dominant spruce throughout the Holocene around Andy Lake (but not locaily).
At Keele Lake both spruce species occurred during Zone 4, with Picea mariana
being slightly more abundant.

A shift from Picea mariana dominance to P. glauca-P. mariana co-

dominance took place at about 1700 yr BP at Bell’s Lake. This may represent
déclines in Picea mariana and replacement by Picea glauca, but the absence of

concurrent drops in local taxa indicative of peatlands (Sphagnum and Ericaceae;

Myrica populati declined in the mid Hol suggest the mai of
boggy areas. The present vegetation around Bell’s Lake of Picea mariana muskeg

in lowlying areas and open Picea glauca forest on adjacent uplands and ridges has
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elevations, increased Picea pollen productivity, or a combination of these factors.
Sediment focusing is unlikely to be a major factor due to the shallow bathymetry
of Andy Lake. Careful sieving of continuous core segments yielded no macrofossil
evidence to support a higher Holocene treeline from this site. Therefore the higher
Picea PAR in Zone 3 at Andy Lake likely reﬂe;:ts increased density of Picea glauca
forest-tundra near Andy Lake, as suggested by the Keele Lake PAR record.
Decreases in Betula PAR following the arrival of Picea at Andy and Keele
Lakes indicate the reduction in open sites as open forest and forest-tundra replaced
Betula glandulosa - dominated shrub tundra up to the elevation of treeline. At

Bell’s Lake, however, Betula PAR increases concurrently with that of Picea,

probably owing to the expansion of m papyrifera in the Mackenzie Valley and
lowlands adjacent to Bell’s Lake.

In addition to the changes in abundances of major pollen taxa at the three
sites, an elevational gradient is apparent with respect to minor components of the
flora throughout Zones 3 and 4. Although it is indicative of muskeg or bog
environments, the northern limit of Myrica coincides approximately with that of
the boreal forest and is probably climatically determined (Ritchie 1984). The

increasing abundance of Myrica pollen with decreasing elevation at these sites in

the kenzie M ins may be an indication of the i ising boreal affinities

of the lower elevation forests. The relative abundance of forbs such as Artemisia,

Thalictrum, Oxyria, Dryas and Gramineae has been greater at higher elevations

throughout the Holocene.
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therefore established only in the past 2000 years.

2.6 DISCUSSION
2.6.1 Glacial Histor

Both Andy and Keele Lakes are located west of the maximum Laurentide
Ice limits (Fig. 2.1; Duk-Rodkin and Hughes 1991), so these ~ 12,000 year records
may not represent the full sedimentary records from the sites. Coring terminated
in inorganic clays at both sites, but additional organic sediments may have been
present below these late Pleistocene clays. A full-glacial or older sedimentary

record therefore still remains to be recovered from the ice-free section of the

Mackenzie M ins. - The polated date of c. 11,500 yr BP for the onset of
sedimentation at Bell’s Lake provides the first minimum date for final retreat of
Laurentide ice in this region, following the Katherine Creek phase readvance
(Table 2.1). A minimum deglaciation date of ¢. 16,000 yr BP for I,aureﬁtide ice
at Lateral Pond, in the southern Richardson Mountains (Fig. 2.1; Hughes et al.
1981; Ritchie 1982), suggests the Katherine Creek phase considerably postdates
initial ice retreat to the northwest of our region. Nonetheless, it is clear that
additional dating control is necessary before an accurate glacial chronology can be

developed for this region.
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2.6.2 Late Pleistocene to early Holocene transition
The data from this study help clarify the nature of vegetation at the south-
eastern fringe of Beringia during the Pleistocene-Holocene transition. In the latest

Plei Artemisia dominated herb-shrub tundra occurred at all elevations of

the central Mackenzie Mountains and adjacent Mackenzie Valley. This open

vegetation at low and high elevations extended from the northern Mackenzie Valley

and the Mackenzi ins southward to Alberta between c. 12,000 yr BP and
10,000 yr BP and may have provided a biogeographic corridor of similar habitat
for the southward and northward migration of fauna and humans at the close of the
Pleistocene (MacDonald 1987). A cool, dry climate probably prevailed in the
region during this time (Ritchie 1984; COHMAP 1988), though increased
precipitation due to local orographic effects may have led to the development of
extensive sedge tundra at some montane sites such as Keele Lake and Lateral Pond
in the Richardson Mountains of the northern Yukon (Fig. 2.1; Ritchie 1984).

The expansion of Betula glandulosa in northwestern Canada at 11,000~

10,000 yr BP is postulated to be a response to rapid, major climatic warming
(Ritchie 1984). Exp‘ansions of Populus balsamifera populgtions at the same time
have been attributed to the same warming trend (Brubaker et gl.v 1983; Ritchie
1984; Edwards et al. 1985). In western North America Populus pollen is
extremely rare in modern sediment samples from lakes outside the range of “the
genus (MacDonald and Ritchie 1986). The consistent presence of E_qw_hg pollen

at >1% frequency in the Andy Lake sediments suggésts that a warm late
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Delayed migration due to'slow upvalley seed dispersal may have been

important in restricting the arrival of Picea at the Natla Bog site, which is near the
Yukon-N.W.T. border, 180 km from the western edge of the Mackenzie Valley
(Fig. 2.1). Al sites in this study, however, are in close proximity to the
Mackenzie Valley. This suggests that slow Picea expansion in the Mackenzie
Mountains may be due to less favourable climatic conditions at high elevations until
8500 yr BP. This question remains to be resolved.

Tunnlagieal 1 anal

Paly and yses from several sites in northwestern

Canada indicate that the northern range of Picea ded a iderable di
beyond current limits between c. 9500 yr BP and 5000 yr BP (Ritchie and Hare
1971; Cwynar and Spear 1991; Spear 1993). These and other ancillary data, such
as the early Holocene Populus expansion and northward advances in the range
limits of boreal species such as Myrica gale and Typha laiifolia, provide strong
evidence for a period of greater than present summer warmth from c. 10,500 to
5000 yr BP (Ritchie et al. 1983; Cwynar and Spear 1991). This period coincides
with the period of maximum Northern Hemisphere summer insolation as predicted’
by the Milankovitch Astronomical Theory (Kutzbach 1987).

There is no evid for ive treeline ad at these sites in the

central Mackenzie Mountains similar to that for the central Yukon and far

northwestern N.W.T." hel the Hol variations in forest-

tundra Picea populations, along with other community changes, are consistent with

variations in summer radiation as predicted by the Milankovitch model (Kutzbach
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Pleistocene-early Holocene climate in the central Mackenzie Mountains may have
led to the establishment of Populus balsamifera groves up to the elevation of Andy
Lake, above the current limit of Populus or Picea. MacDonald (1987), Anderson
et al. (1988) and Hu et al. (1993), however, suggest caution be exercised in

invoking climate as the sole cause of the Papulus rise. The ability of Populus to

colonize di

d or recently d d sites may have contributed to its rapid,

early expansion.

2.6.3_Holocene Treeline Change
Picea populations do not appear to have expanded in the Mackenzie
Mountains until 1000 or more years after the arrival of ‘spruce in the adjacent
Manker;zie Valley. 'The main increase in Picea pollen occurred at about 8500 yr
BP at Andy Lake, 8000 to 8500 yr BP at Keele and Bell’s Lakes, and 7700 yr BP
at Natla Bog (MacDonald 1983). In contrast, Picea pollen increases occurred at
9000 to 9500 yr BP at Lac Meleze and Eildun Lake in the Mackenzie Valley (Fig.
2.1; Slater 1985; MacDonald 1987). These apparent lags in the expansion of Picea
pupulaﬁcris may be due to delayed migration owing to the difficulty of dispersing
. seeds up valley intp the mountains (MacDonald 1983) or to errors and inaccuracies
in radiocarbon dating. The similarity of dates from the study area and Natla Bog
) for montane expansion of Picea and from Lac Meleze, Eildun Lake; and other sites
for lowland expansion (Slater 1‘98‘5; MacDonald 1987; R'{tchie 1987) argue against

" the latter possibility being a major factor.
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1987). Early to mid Holocene warming was probably manifested as an increase
in forest-tundra density and perhaps local treeline advances, the development of
Populus groves at the elevation of Andy Lake, and the proliferation of Myrica at

mid-elevation open forest sites such as Bell’s Lake. The Natla Bog pollen and

macrofossil record in the M i ins to the of our sites

suggests treeline was locally higher than present from c. 7700 yr BP to 5000 yr
BP, the timing of which coincides well with maximum Picea PAR at Andy and
Keele Lakes. Reversion of the forest-tundra towards a more open association has
occurred during the last 5000 years in the Mackenzie Mountains, a change
consistent with the predicted gradual reductions in summer radiation
(Kutzbach,1987).

Additional community changes at Andy and Bell’s Lake provide evidence
for more pronounced cooling in the past 2000 years. Increases in percentages of
Cyperaceae pollen and decreases in Alnus at Andy. Lake may result from an
expansion of sedge meadows around the site, due to a reduction in active layer
depth and/or a cooler and moister climate. At Bell’s Lake the same cooling trend
may have been responsible for a shift in species composition, from extensive Picea
mariana-dominated muskeg to a mixed Picea glauca - Picea mariana association
similar to the mid Holocene vegetation at the higher elevation Keele Lake. The

of

P &

to late Hol cooling in the Mackenzie Mountains has
therefore vaﬂed with altitude. Higher elevation sites have undergone variations in

Picea population densities, while at mid elevations there has been a shift in
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community composition.

complexities, most traditional d ic and i yses have
assumed that relationships between climate and radial growth are independent of
tree age, once the biological growt}; function has been removed (Pittock 1982;
Smith 1985; Fritts 1989; Van Deusen 1990). If this assumption is invalid, climatic
reconstruction based on an even-aged sample may be valid for only the more receat
part of the record. Developing a climate record or investigating climate-growth
relationships employing indices produced from trees of different ages could lead
to further errors, because at any one time different trees within the chronology
would be responding in a different manner to climate depending on their age.
Response function analysis (Fritts 1976) and linear regression (Dang and
Lieffers 1989; Colenutt and Luckman 1991; D’Arrigo et al. 1992) are the most
commonly applied methods of relating climatic data to tree ring parameters and
selecting those climatic variables which account for the greatest variance in ring
width or density. These methods normally assume the climate-growth function to
be both time- and age-invariate. The temporal stability of climate-growth
relationships have been examined b); dividing the ting width and climate records
_into two or more sequences, and comparing the response function results (€.g..
Smith 1985; 'l.‘essier 1989; Serre-Bachet and Tessier 1989). The introduction of

the Kalman filter into dendroclimatological analyses (Visser and Molenaar 1988,

1989; Van Deusen. 1990) has resulted in"the develdpment of continuously variable -

time dependent i:elaﬁonships between climate and growth. -Time dependent

have been employed to i igate the effects of stand dynamics (Tessier

CHAPTER THREE

AGE DEPENDENT TREE-RING GROWTH
RESPONSES OF SUBARCTIC WHITE SPRUCE TO
CLIMATE!

3.1 INTRCDUCTION

Tree rings are the most widely used proxy data for annually resolved

r ions of climate ding back several centuries to millennia (Bradley
and Jones 1992). Dendrochronological techniques are also commonly used to
evaluate current climate-growth relationships of trees (Dang and Lieffers 1989;
Tessier 1989; .D’Arrigo et al. 1992) and investigate trends such as growth
enhancements due to the direct and indirect effects of increased global CO, levels

(LaMarche gt al. 1984; Graumlich 1991; Innes 1991). The physiological

by climatic p are lated into radial growth and
wood density variations are complex, because radiél growth in any one year
integrates the effects of both climate and growth over the ptéceding several years,

and is further modified by site-specific envi factors, di and

stand dynamics (Fritts 1976; Tessier 1989; D’Arrigo et al. 1992). Despite these

'A modified version of -this chapter, authored by J.M. Szeicz and G.M. ™

MacDonald, has been published (Canadian Journal of Forest Research, 24: 120-
132, 1994)

6
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1989), changing pollution levels (Innes and Couk’ 1989; Peterson et al. 1991;
Visser and Molenaar 1992), insects (Van Deusen 1988) and climatic change (Cook
and Johnson 1989) on radial growth. Without the disaggregation of ring-width data
into age classes, however, these methods cannot be used to examine the effects of
tree aging. Visser and Molenaar (1988) suggest the Kalman filter may be used for
this purpose, but to date this has not been carried out.
The validity of assuming a constant climate-growth response throughout the
life of a tree was challenged by Pittock (1982), though the assumption was not .
tested rigorously. He reascned that if the root system of a tree increases in extent
and spreads into different soil environments with age, then it is questionable to

assume its response to climate does not vary with age. Gray (1982) noted that

pancies t the resp functions from tree stands of different ages at

a site in France may be due to age d d hysiological On the

piy p

other hand, Colenutt and Luckman (1991) found no significant differences between
the responses of old (average age 303 years) and young (average age 81 years)
Larix lyalii chronologies in the Canadian Rocky Mountains, based on linear
regression analysis. Fritts (1976) also fouhd no significant differences between

chronologies produced from young and old Pinus longaeva trees in California.

In this chapter the fi 1 ption that the climate-growth system
is age invariate after removal of the biological growth function is tested. This
assumption is tested using response function and linear regression analyses of white

spruce (Picea glauca) ring-width data from three sites in northwestern Canada. The
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impact of age depend limate-growth relati ips on

reconstruction is then investigated by developing records of June-Fuly temperatures
at Norman Wells back to 1909, using both traditional and age dependent models.

These models are calibrated over the period 1944-1988 and verified using an

ded

Ip record ing from 1909 to 1943.

3.2 STUDY SITES

Much dendrochronological work has been carried out in the circumpolar
subarctic (eg. Garfinkel and Brubaker 1980; Jacoby and D’ Arrigo 1989; Briffa et
al. 1990; Graybill and Shiyatov 1992) because trees at or near their latitudinal
limits are likely to demonstrate a strong climatic signal. Sampling for this study
was carried out in the Mackenzie and Franklin Mountains near Norman Wells in
the western Northwest Territories, Canada (Fig. 3.1). The Mackenzie and
Franklin Mountains are underlain by Devonian and Silurian limestones and
calcareous shales (Clague 1989), and in the region of the study sites reach aititudes
of about 2000 m asl and 1000 m asl respectively. - Permafrost is discontinuous in

the central Mackenzie Valley and sur ding ins. The glacial history of

this region is complex, as it lies near the confluence of the Laurentide ice sheet °

with Montane glaciers from the west (Duk-Rodkin and Hughes 1991). The study

area lies within the limits of a Late Wi inan read of the I ide ice,

dated at about 12,000 yr BP (Duk-Rodkin and Hughes 1991).
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The Upper Mackenzie Section of the boreal forest, dominated by Picea

glauca, Picea mariana, Betula papyrifera, and Populus balsamifera, extends up the
Mackenzie River valley as far as Norman Weils (Rowe 1977). These forests
become more open with increasing altitude in the mountains on either side of the
river, with treeline being reached at altitudes of 800 to 1200 m, depending on
aspect, substrate and drainage. Picea glauca is by far the most important species
at treeline, with Picea marjana and Larix laricina occasionally present. Norman
‘Wells is in the Boreal Climatic Region (Hare and Thomas 1979), and from 1951-
1980 had a mean annual temperature of -6.3°C and mean annuai precipitation of
335 mm (Environment Canada, unpublished station data).

Within the study area, three Picea glauca-dominated sites on flat to

moderately inclined south fa‘cing slopes with well drained, relatively thin soils were
selected (Fig. 3.1). None of the selected stands showed any evidenc;e of
disturbance, and the maximum age of spruce varied from about 360 to 500 years.
Stands supporting open-grown spruce with an upright form were selected to
minimize the effects of stand dynamics and tree form on radial growth records.
The Skipping Bullet site (64°59°N, 127°34’W) is located in Picea glauca forest-
tundra at an elevation of 950 m, about 20 to 30 m below the upper tree limit.
Mature trees reach a maximum height of 3-4 m, and the density\of stems greater
than 5 cm diameter is about 11 per 100 m2. The site is on a well but not

excessively drained south facing slope of 24°. Soils are 10-15 cm thick over stony

till or bedrock. The Katherine Creek site (64°58°N, 127°29'W) is on a level

5001000 m elevation
il > 1000 m elevation

W TreedngStios

‘ Figure 3.1: Locations of the study sites.
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terrace above Katherine Creek, at 680 m elevation. Much of the terrace is poorly

drained and dominated by Picea mariana and Larix laricina. Well-drained areas,

like the sampled stand, support open Picea glauca forest on soils about 20 cm thick

overlying stony fluvial deposits. Mature trees reach a maximum of 10-12 m
height, and the density of stems >5 cm diameter is 19 per 100 m?. Both of these

sites are in the front range of the Mackenzie M ins, 50 km of

Norman Wells. A stand was also sampled on Discovery Ridge (65°21'N,
126°42°W), in the Franklin Mountains 10 km northeast of Norman Wells. This site
is in forest-tundra on a south-facing slope at and elevation of 820 m, about 20 to
30m Below the upper tree limit. Picea glauca, growing in open stands, is the
dominant tree and the only species sampled, but Larix laricina was also fairly
common at Discovery Ridge. Mature trees reach about 6-7 m in height, but stem
density data are not available. Soils are thin and stony, with many areas of

exposed bedrock.

3.3 METHODS
1_Ch construction
At each of the stands, between 30 and 33 trees of all ages were double
cored (at approximately ?O’) or diskedy. ‘To obtain an accurate age estimate, coring
or disking was carried ;:ul as close to the ground level as possible. Suppressed

trees or trees of obviously vegetative origin were avoided. Basal flaring, which
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may distort radial growth trends on radii very near the ground, was generally not

apparent. Once sanded with progressively finer grades of sandpaper, cores and

disks were cross-dated using the technique of Y hi (1991). Cross-dating was
simplified by the presence of very few missing rings, and a number of distinctive
light rings (Filion et al. 1986) which were present on the majority of trees. Two
radii were measured for most but not all trees. Fifty-one radii were included from
Katherine Creek, 54 from Skipping Bullet, and 52 from Discovery Ridge.
Measurement was carried out on a Velmex UniSlide traversing table connected to
an AcuRite I digital counter with a precision of +0.001 mm.

At each site, trees were grouped into 100-year age classes based on their
age in 1989. 100-year age classes were chosen as a compromise between sufficient
sample size and sufficient disaggregation of the data. Individual chronologies were
standardized using modified negative exponential detrending or a straight line of
negative or horizontal slope (Fritts 1976; Jacoby and Cook 1981). At open

ic or arid sites,

gati p ial detrending the growth trends
from raw ring-width series while retaining most low frequency variations which are
potentially climate-driven (Jacoby and Cook 1981; Cook 1985; Graumlich 1991).

Mean chronologies for each age class at each site were calculated from the

P

1 indices by autc ive modelling using the program ARSTAN to

maximize the climatic signal (Holmes 1992).

If the ption of age-invariate to climate is violated at these

sites, the unmodified age class indices should not be used in the analyses. As tree
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as the previous year. The use of response functions reduces the effects of
interdependancies between climate variables, but results can vary drastically
depending on the number of months of climate data used in the analysis, whether
or not prior growth variables are included, and the choice of confidence level at

which variables are admitted to the i ion (Blasing et al. 1984). For

these reasoms, correlation coefficients between ring-width indices and
untransformed climatic variables were calculated along with the response function
coefficients. B<_Jth of these analyses assume that linear relationships occur between
climate and radial growth (Warren 1989). Linear relationships were tested for by
plotting ring width indices against climatic variables.

Mean monthly temperatures and monthly precipitation data from Norman
Wells (65°17°N, 126°46'W; elevation 64 m) were used in the response function
analyses and calculations of correlation coefficients. These data are available from
1944 to 1989. Climate data extending from August of the growth year back to
May of the previous year were included in the analyses, which therefore covered
the period 1945 to 1989. These analyses were carried out for each age class at
each site. The 400-500 year classes at Katherine Creek and Discovery Ridge were
developed from only four and three radii respectively, but response function
analyses indicated climate accounted for a large proportion of variance in rings
width in both cases. - It was nevertheless decided to eliminate these age classes
from the subsequent multiple regression modelling due to the small sample sizes.

To determine if any age-related trends in the results were a consequence of
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ages decrease back in time, their response to climate would diverge from that of
the calibration period, even when the data are disaggregated into age classes. For
this reason it was necéssa:y to modify the chronologies for each age class so that

the ages of comp trees remain approximately equal to the age at calibration

throughout the record. To do this the ages of all individual trees at each site in
1939 were recalculated, fifty years before the most recent year of analysis (1989).
The trees were then reassigned into the 100-year age classes based on those ages.
ARSTAN was used to standardize indices and calculate chronologies for these
rearranged age classes. The final age-corrected chronologies for each age class
used indices from the 1989 age classes during the period 1940 to 1989, and indices
from the 1939 age classes during the period 1890 to 1939. The mean age of trees
used to calculate the index chronology for each age class is thus approximately the

same in 1890 as it is in recent years.

3.3.2 Analysis of climate-growth relationships

Relationships between climate and radial growth were investigated using
response function analysis and linear regression, both performed by the program
RESPO (Holmes 1992). The response function technique involves multiple
regression analysis using the principal components of monthly climate data as the
predictors and the detrended indices of ring widths as predictands (Fritts 1976;
Briffa and Cook 1989; Warren 1989). The climate data generally used include

monthly mean temp and monthly precipitation for the growth year as well
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the conservative d employed, function analysis was

P

carried out and correlation coefficients calcul d ded with a

d using indices
more flexible cubic spline (Cook and Peters 1981) having a 50% frequency cutoff
of 128 years. This detrending removes most variance in the ring-width records
with a frequency of more than 128 years. The effects of stand dynamics and other
non-climatic factors may be reduced, at the expense of long-term climatic

information.

3.3.3_Dendroclimatic modeiling

Tree-ring records from the subarctic are commonly used to develop
reconstructions of summer temperatures or growing season degree-days (Garfinkel
and Brubaker 1980; Jacoby et al. 1985; Briffa et al. 1988, 1990, 1992). To
examine the potential impact of age dependence on climatic reconstruction, tree-
ring data from the three sites were used to develop two estimates of summer
temperatures at Norman Wells extending bacic to 1909 using stepwise muitiple
regression. An extended Norman We;lls temperature record (1909-1989) has been
developed by correlation and combination with the record from Fort Norman,
about 60 km SE:of Norman Wells; as a part of recent work by the Canadian
Climate Centre to produce a database of long-term temperature records'iyn Canada

(Guilett et al. 1992). In its different forms, multiple r ion is the techni

~ most commonly applied in dendroclimatic reconstruction (Hughes et al. 1984;

Tacoby et al. 1985, 1989; Briffa et al. 1988, 1990). June-July temperature was
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selected as the parameter to be estimated based on response function results and TABLE 3.1. Variables available for d imatic modelfag. ¢ er of radii
preliminary multiple regression analyses which indicated it provi the comprising index record).
calibration statistics (see Results). AgeDep  Models n Standard  Models n
‘The first analysis took age dependent climate relationships into account by KC 0-100 KC 0-100 t+1 14 KC >200 KC >200t+1 28
using each modified age class from each of the sites as a separate predictor of KC 100200 KC 100-200t+1 9 SB >200 SB >200 t+1 30

temperature (Tab. 3.1). Ring width indices in year t+1 from each age class were
KC 200300  KC200-300t+1 13 DR >200 DR >200t+1 31
also included as predictors, as other studies at or near treeline (Jacoby et al. 1985;

KC 300400 KC 300-400t+1 11

Briffa et al. 1988) have indicated previous summer often correlate
. . SB 0-100 SB 0-100 t+1 13

well with ring width in the current year. Standard reconstructions of climate were
. . SB 100200  SB 100-200t+1 11

developed using all trees over 200 years old at each of the three sites (Table 3.1).
Again, ring width indices for the current year and year t+1 were used as predictor SB200-300  SB200300t+l 16
variables. These indices were produced using the same standardization and SB 300400  SB 300-400t+1 14
autoregressive modelling techniques as were used to calculate the age class indices, DR 0-100 DR 0-100 t+1 10

but did not take into account tree aging. Many dendrochronclogical studies in DR 100200 DR 100-200t+1 11

northern North America use only trees greater than about 200 years old (Cropper
DR200-300 DR200-300t+1 12
and Fritts 1981; Jacoby and Cook 1981; Arquilliere et al. 1990; Colenutt and

DR 300-400 DR 300-400t+1 16
Luckman 1991).

Stepwise multiple regression was carried out using the program SYSTAT.
The level of significance at which variables enter and are removed from the
regression can greatly affect the reliability of results (Arbaugh and };eterson 1989).
The alpha for entry and removal were therefore set at «=0.05. These rigorous

criteria minimize the selection of incorrect or insignificant variables while
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maximizing the percent variance explained by the model (Arbaugh and Peterson

Katherine Creek

1689). - In order to maintai i y with the

p function analyses,

Ll ity

multiple regression modelling used the 1944-1988 temperature record from Norman

Wells for calibration. The calibration period was cut off at 1988, because ring

[

widths in year t+1 were included as predictor variables and our ring width data

end in 1989. 1900 1920 1940 1960 1980

Verification of the modelling results was carried out using the extended R
Skipping Bullet

temperature records from 1909 to 1943. The verification statistics included the

correlation coefficient (r), reduction of error statistic (RE), and coefficient of

efficiency (CE). The level of significance cannot be tested for RE and CE, but

ring-width index

positive values indicate a significant reconstruction (Jacoby and D’Arrigo 1989;

Briffa et al. 1990). An RE or CE of 1 indicates a perfect reconstruction. The CE 1900 1920 1940 1960 1980

provides a better measure of verification when the actual mean temperatures are

1 Discovery Ridge
significantly different between calibration and verification periods (Briffa et al. 2
1988). E
1
. 0
3.4 RESULTS 1900 1920 1940 1960 1980
Year
3.4.1 Radial growth records — 0-100years 7 200-300 years
The age-adjusted ring-width index records extending back to 1890 ate given -~ T 100-200 years 300-400 years
in Fig. 3.2. Atany given site, different age classes display differing trends during T Figure 3.2: Detrended ring-width indices during the period 1890-1989, by

age class. The records have been adjusted for tree age by reassigning
most of the last 100 years. However, convergence is seen in some instances, for individual trees into age classes in 1939 and recalculating indices.
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Preliminary analyses suggested that linear relationships exist between the
tree-ring width. At Katherine Creek (Fig. 3.3), the percent variance explained

(Figs. 3.3-3.5) indicate that climate accounts for a high amount of the variance in

climate and ring-width data. Response function and linear regression analyses
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precipitation does not appear to be an important factor at Katherine Creek, except
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perhaps for a negative correlation with June precipiiation in older trees.

The percent variance in ring-width explained by climate at Skipping Bullet
(Fig. 3.4) ranges from 45% to 73%. Like Katherine Creek, young trees at
Skipping Bullet respond positively to summer warmth in the growing season but
show no strong response in the previous year. Trees greater than 200 years old

show no significant resp t0 summer

in the growing season, but
strong negative response to spring and previous summer temperatures. Results of
the precipitation analyses demonstrate no trends and very few significant variables.

At Discovery Ridge (Fig. 3.5), the variance explained ranges from 58% to
76%. The trends in response function and linear regression results by age class are

generally reversed in comparison to the Mackenzie N ins sites, although

temperatures in the previous year are less important. Young trees display
significant negative correlations with current spring temperatures but little response
to current or previous summer temperatures. Radial growth of trees greater than
200 years old correlates significantly with June and sometimes July temperatures.

In comparison to the two kenzie N ins sites, precipitation appears to be

a more important factor at Discovery Ridge. Precipitation in the previous summer
is often correlated significantly with growth, and older trees display significant
correlations with current spring precipitation. ‘

3.4.3 Dendroclimatic modelling

Although growing season temperature trends are often developed from

7

TABLE 3.2. Comparison of variables sclected and calibration R’ for differeat

multiple regression models (SB is Skipping Bullet, DR is Discovery Ridge).

Season Modd Ry
sune JunTecpm13.663+ 1.797(SB 200-30014.373(SB 200-300
03
(Age Depeadent) 1) +3.23UDR 200300 t+1)
Joge
unTempe 17.0464.408(SB >200 t+}+2.025(DR >200t+1) 035
(Staadard)
Jaly
024
(Ago Dependent)
Tuly
TuiTempn19.430:2.338(SB >200 1+ 1) 016
(Standard)
Temmp=15.662+3.673(SB 200-300)-4.067(SB 200-300 t+ 1)~
Juse-luly
2424(SB J00-400)+2.676(DR 200:300 t+)-400)+ 2676(DR  0.61
(Age Dependent)
200300 t+1)
Juse-luly I Tecnpre16.188+1.190(SB >2001+ L6G2DR >200 t+1)-
047
(Standacd) 3.536(SB >200 t+1)
Tuge-August
HATemp=16.516-1.467(SB 20¢-300 t+1) o
(Age Dependent)
Juoe-August
IATermpe 16.845-1657(SB t+1) o1z
(Sundzrd
TABLE33. Norman Wells
MOEL  Caum. N s R R, VERR ¢ RS CE
AnDel | IR M 4 0W o8 bowsa 0% os 03
Skl sMBM 6 3 om0 B0 0% os o

NOTE: N is the intial number of candidate predictor variables in tie stepwise
multiple regression, and n is the final number of predictor viriables afier
elimination of insignificant variables by stepuise procedure. R is the multiple
correlation coefficient and r is the corelation coefficient (all significant at
p<0.t‘)1)A Rl is the variance in climate explained by the model, adjusted for
degreas of freedom. RE is the reduction of error statistic and CE is the coefficient

of efficiency.
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subarctic ring width records, the exact parameters reconstructed tend to vary.
Preliminary multiple regression analyses was used to determine the climatic

parameters to be reconstructed. Results (Table 3.2) indicated that for both standard

and age d dent models, June-July provided by far the highest

p P

of vari lained. The models produced by multiple regression
analyses to reconstruct June-July temperatures are also given in Tabie 3.2, and
their calibration and verification statistics are given in Table 3.3. The stepwise
procedure reduced the number of predictor variables from 24 to 4 for the age
dependent model (AgeDepl) and from & to 3 for the standard model‘(Standa:dl).
AgeDepl uses Skipping Builet 200-300 year old trees for yéu's t and t+1,
Skipping Bullet 300-400 year old trees for year t, and Discovery Ridge 200-300
year old trees for year t-+1. The Standardl reéonsn'ucﬁon uses trees >200 years
old from Skipping Bullet for years t and t+1, and trees >200 years old from
Discovery Ridge for year t+1.

The validity of multiple regression assumptions regarding independence of

of variance and normality was examined using

plots of residuals against time, resi against esti d values, and exp
normal values of the residuals against observed normal values of residuals. These
plots suggest these assumptions were not violated. o

The results of these analyses indicate that AgeDepl provides a better
‘estimation of June-July temperatures than Standard] (Table 3.3; Fig. 3.6). During

the period of calibration, AgeDepl explains 61% of the variance (adjusted for loss

1980

- Standard]

calibration

1960

1940
year
~ AgeDepl

verification

1920
instrumental temperature record. The horizontal line indicates the 1951-1980 mean June-July temperature.

— lnstfmnental

(o]
—
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T T T T T
e~ o gl < o
— — — — —

Figure 3.6; Norman Wells June-July temperature estimations (1909-1989) for AgeDepl and Standard] models, compared to the

(D.)dwey Amp-oung
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of degrees of freedom) in the temperature record, while Standard1 explains 47%.

Verification of these models during the period 1909 to 1943 shows both
reconstructions are significant, with AgeDepl in all cases providing the better
verification statistics. The correlation coefficients are nearly identical at r=0.56
for AgeDepl and r=0.54 for Standard1, both significant at p<0.01. Values of RE
are also similar, but again higher for AgeDepl. Age dependent modelling results
in a more substantial improvement in the CE. June-July temperatures at Norman
Wells during the verification period (mean=14.2°C) are substantially cooler than
during the calibration period (mean=15.4°C). Because the CE is more sensitive

than the RE to changes in d b calibration and

verification periods (Briffa et al. 1988), its higher value for AgeDepl indicates that
model’s improved ability to reconstruct the cooler temperatures during the period
of verification. Both models tend to overestimate temperatures before about 1920,

but this tendency is"much more pronounced with the Standardi model.

3.5 DISCUSSION
3.5.1 Causes of age dependent climate-growth response

The results of the dendroecological analyses. indicate that at these sites the
radial growth response of trees to climate varies significantly with tree age. Trees
Iess than 200 years;old respond differently to climate, and summer temperatures

in particular, than trees greater than 200 years old. ' The assumption of an age
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Figure 3.7: Correlations between radial growth of individual trees and Norman Wells June-July

temperature, by age. Dotted lines indicate the 95% confidence limits,
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invariate climate-growth response may be invalid at these sites. Differences

I the Mackenzie » ins and Franklin Mountains sites indicate there is

also a site-specifi p to these resp There are several potential
explanations for the age dependent results. First, the age dependent responses may
reflect genotypic differences between the cohorts that comprise each age class.
White spruce is known to display a high degree of site specific selection
(Nienéraedt and Zasada 1990). For example, seedlings that were established during
the mid-19th century may face selective pressure imposed by cool climatic
conditions during that period (Grove 1988) and could respond to climate in a
different manner than trees which established during a warmer period. If this were
true, the growth response of an individual to climate would depend on the time of
its establishment and the prevailing climate at that time. In the absence of any
genetic data, this possibility is addressed by calculating the correlations between
the radial growth of individual trees at each site, standardized using modified

gati p ial d ding or a horizontal line, and the Norman Wells June-

July temperature for the period 1944-1989. The correlation coefficients were

plotted against tree age, and for illustrative purposes only (recognizing that many

of the data points have a:correlation coefficient with p>0.05), linear regression
(p<0.05 in all cases) was performed on these scatter plots. The plots (Fig. 3.7)

suggest generally linear trends between tree age and the response of the trees to

¢ maté, with the transition in response occurring at ~ 200 years of age. There are

no apparent age specific groupings that would suggest relationships between this
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response and variations in genotypes due to the climate at time of establishment,
such as the ending of cool Little Ice Age conditions in the late 19th century (Grove
1988). At these sites it therefore appears unlikely that climate-driven genotypic
differentiation led to age dependent radial growth responses to climate.

Second, the age dependent responses may simply be artifacts of the
conservative detrending techniques employed. Radial growth of trees in temperate
regions is often influenced to a large extent by stand dynamics or other nonclimatic
factors (Conkey 1986), necessitating the use of cubic spiines (Cook and Peters
1981) or other flexible detrending techniques. ~Open growth trees at their
altitudinal or latitudinal limits, héwever, are unlikely to be influenced by stand
dynamics. Spline detrending of indices from these trees can lead to a suppression
of long-term climatic trends (Briffa et al. 1992). Response function and linear
regression analyses of spline detrended indices at Katherine Creek (Fig. 3.8) and
the other two sites either show similar trends to those in Figs. 3.3-3.5, or had a

lower percentage of ring width variance explained by climate. This-suggests the

el P

detrending d, which are dard for trees at or near treeline

(Jacoby and Cook 1981;‘ Jacoby and D’Arrigo 1989; Graumlich 1991), are
sufficient for these analyses and do not contribute to the age dependent climate-
growth responses.

Finally, the responses rnay reflect physiological changes related to aging.
Changes in hormone‘relaﬁons, root, shoot and cambial growth patterns, the ratio

of photosynthetic to nonphotosynthetic tissues, and the availability and translocation
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Figure 3.8: Response function results and correlation coefficients for temperature at
Katherine Creek, detrended using a cubic spline. Legend as in Fig. 3.3.
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significant positive correlations between summer temperatures and radial growth
(Garfinkel and Brubaker 1980; Jacoby and Cook 1981; Jacoby et al. 1988; Briffa

et al. 1990; D’Arrigo et al. 1992; Graybill and Shiyatov 1992). Significant

gative correlations with spring temp are found at many sites (Garfinkel
and Brubaker 1980; Jacoby and Cock 1981; D’Arrigo et al. 1992), indi‘catjve of

winter desiccation. Cool summer temperatures and a warm autumn can lead to

d storage of carbohy and improved growth in the following year,
resulting in negative correlations with previous summer and positive
correlations with previous fall temp (Garfinkel and Brubaker 1980; Jacoby
and Cook 1981)."

Second, the age dependent response of trees in this study appears to be
different at Discovery Ridge compared to the Mackenzie Mountains sites. Notably,
only younger trees at Skipping Bullet and Katherine Creek and older trees at
Discovery Ridge display the positive response to summer temperatures normally
noted at treeline or subarctic sites. Older trees at Katherine Creek show decreased
growth in response to warm summer temperatures, while at Skipping Bullet older
trees show no significant respoﬂg; to warm summer temperatures. In contrast, it
is the young trees at Discovery m;g% which do not respond in a significant manner
to warm summers. :

Water relations are one potential cause for agé and site dependent
differences in the relationships between tree growth and climate in our study area.

Many workers (e.g. Wardle 1974; Tranquillini 1979; Baig and Tranquillini 1980;

84
of water and metabolites that occur during aging (Duff and Nolan 1953; Kozlowski

1971; Kramer and Kozlowski 1979; Harcombe 1987) could affect the relationship
between tree growth and climate and be sensitive to intersite variability. Because
genotypic differences and stand dynamics appear unlikely to be causal factors, it
is concluded that the age dependent response of radial growth to climate at these

three sites is likely due to physiological changes that aging and can be

site-specific. Identifying the precise physiological factors causing age dependent

responses of the trees to climate is difficult for two reasons.

First, tree growth at treeline depends on a system of ph

and environmental controls (Frith 1976; Tranquillini 1979; Hansen-Bristow 1986;
D’Arrigo et al. 1992). Summer temperatures are important to tree growth at
trecline as cool conditions and a short growing season can restrict dry matter

.

production and lead to i tissue jon (Tranquillini 1979; Gold

et al. 1985). In spring, water uptake.at treeline may be limited by frozen or cold
soils while evaporative demand is high due to moderate temperatures, high

radiation levels and often strong winds (Tmnquil]irti 1979; Baig and Tranquillini

1980; Richards and Bliss 1986).“ ‘When bined with i letely developed

needle cuticles, warm spring temperatures can lead to desiccation damage of
needles and eventually death of the individual (Baig and Tranquillini 1980). The
importance of spring and summer temperatures during the growth year are
commeonly reflected in dendmecologi_cal analyses of trees at the arctic and northern

alpine treelines. Response function and linear regression analyses generally exhibit
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Goldstein et al. 1985; Hadley and Smith 1986; Richards and Bliss 1986) have

stressed the importance of water relations in controlling tree growth and survival
at treeline. Goldstein et al. (1985) report that resistance to the translocation of
water in Picea glatica at treeline in the Brooks Range of northern Alaska increases
when soil temperatures drop below 9°C. To avoid desiccation, stomata close in
response to cool soil temperatures. The efficiency of water translocation through
a tree also decreases with increasing age, due in part to increasing root to shoot

d

di the devel of non

heartwood, and a progressively
thinning sheath of new xylem (Kozlowski 1971; Kramer and Kozlowski 1979). As
a result, water deficits may become more pronounced with age. It is possible that
the strong negative response to spring temperatures in older trees at Skipping Bullet
and Katherine Creek could result from the increasing effects of winter and spring
desiccation with age as water translocation becomes less efficient. Though warm
summers are generally important at treeline in order to maintain a positive carbon
balance and allow for tissue maturation (Tranquillini 1979; Crawford 1989), they
can also have a negative impact because CO, uptake may be reduced by stomatal
closure in response to high evaporative demand (Goldstein et al. 1985). Water
translocation deficiencies of older trees may accentuate the negative impacts of high
summer temperatures, and this could account for the insignificant or negative

responses to summer temp at the two Mackenzi ins sites. The

precipitation response function and linear regression results at Skipping Bullet and

Katherine Creek indicate no consistent trends in terms of moisture stress affecting
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growth. However, moisture stress due to reduction in translocation efficiency
would not necessarily depend on meteoric water supply, but instead on the ability
to transport that moisture from roots to photosynthetic tissue. In addition, northern
precipitation data are subject to both greater measurement errors and greater site-
to-site variability than temperature data (Hare and Thomas 1979).

The possibility that water relations cause the age-dependent behaviour of
trees at the Skipping Bullet and Katherine Creek sites cannot be tested without
ecophysiological analyses. It also does not explain why responses were rever:.ed
at Discovery Ridge. Younger trees there appear to be more stressed by warm
summer temperatures, perhaps as a result of poor root development in the shallow,
rocky soils. Older trees display climate-growth responses more characteristic of
traditional subarctic dendroecological analyses. If spring and summer stress of
older individuals does result from reductions in efficiency of water translocation,
the mechanism is highly site-specific and does not appear to be operating at

Discovery Ridge.

3.5.2 Tmplications for dendroclimatic reconstruction

The improved performance of the age dependent model of climatic
estimation over the standard mod;al ‘i.ndicates the age of component trees making up
a chronology should be taken into account when reconstructing climate at a site

4,

where age dep

has been d. As tree ages decrease back in time

in the standard model, their response to climate diverges from that of the
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3.6 CONCLUSIONS

This study has demonstrated that, at certain sites, the assumption of age
invariate climate-growth responses may be invalid. This conclusion is subject to
some limitations imposed by the data and analytic methods, however. Firstly, the
study is limited to a relatively small sample of one species at three sites in the same
region. Secondly, site differences are important in determining the nature of tree
responses to climate, and these three sites are somewhat diverse. The age
dependent responses, though, are evident between groups of trees within each site,

where the envi is more hc than between sites. Site differences

appear to modify the manner of age dependent responses but do not affect the
conclusions. It is true that when constructing zonal or hemispheric dendroclimatic

records from a network of sites, ct logies di ing strong trends at

play

high and low frequencies are favoured (Jacoby and D’ Arrigo 1989). Sites at which
age dependence occurs are likely to be eliminated from such analyses, since they
would be less likely to demonstrate common trends due to site-specific responses.
Thirdly, in using response function and linear regression analyses it is assumed that
linear relationships exist between climate and growth. Preliminary analyses

indicated that this was generally true for these data. The use of response surfaces

(G lich 1991) ci this ption by ining the nonlinear
interactions of two separate climate variables with radial growth. Fourthly, the
method of reclassifying trees into age classes in 1939 in this study is admittedly

crude, and the Tusi are dependent on the ion that climate-growth
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calibration period. This divergence results in an overestimation of temperatures
early in the record.

This study has demonstrated that at these three sites, there is a shift in
correlations between climate and tree growth at about 200 years of age. Age-
corrected radial growth records extending back 100 years (Fig. 3.2) suggest that
this has not occurred solely during the period of response function calibration

(1944-1988). The devel of a droclimatic record using ’traditional’

techniques from a site at which age dependent relationships are present could lead
to errors in reconstruction for two reasons. The mixing of signals from trees of
substantially different ages (;;)uld confound climatic reconstructions produced from
mixed-age samples. The mean age of trees used to develop a reconstruction may
vary markedly with time, particularly when dead trees are included in the analysis
(see Fig. 2 in Briffa et al. 1992). In addition, a climate-growth model based upon
a calibration data set of trees >200 years in age may provide spurious estimates
of past climate for the early part of the dendroclimatic record when the trees are
<200 years old. This problem may be more significant, since much
dendrochronological research in northern North America has used only trees
greater than about 200 years old (Cropper and Fritts 1981; Jacoby and Cook 1981;
Arquilliere et al. 1990; Colenutt and Luckman 1991). This potential source of
early error can occur even with samples of homogenous age, and cannot be

removed through time dependent analyses (Van Deusen 1990).
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relationships for a given age class of trees remains constant in time. Ideally, a
continuous function describing tree response to climate in relation to age would
provide a much more elegant solution, and the Kalman Filter (Visser and Molenaar
1988; Van Deusen 1990) is promising in this respect. Finally, determining the
physiological causes of age dependent responses is difficult, due in part to a limited
literature on the ecophysiology of the subarctic alpine treeline. There is little direct
evidence with which to support the tentative hypothesis that at some sites increasing
moisture stress with age can lead to negative growth responses of older trees to
summer temperatures. It is clear that further research into the physiological
processes of tree aging as they relate to climate-growth relationships is needed.
The results of this analysis are highly suggetive of the potential importance
of age dependent response of tree growth to climate, but are by no means
definitive. However, these results do suggest that data for other species and other
sites should be collected to determine the extent of age dependent responses and
their influence on dendroclimatic reconstruction. Testing for age dependent
relationships is straightforward and should therefore be an essential part of
dendroclimatic analyses. Once identified, age-dependent refationships can be used
to recover a detailed climatic signal by taking into account the ages of component
trees in a reconstruction. The disaggregation of trees into age classes may allow
a greater number of predictor variables to be incorporated into dendroclimatic

analyses.



CHAPTER FOUR

DENDROCLIMATIC RECONSTRUCTION OF
SUMMER TEMPERATURES IN NORTHWESTERN
CANADA SINCE AD 1638

4.1 INTRODUCTION

The subarctic is an important zone in which to examine past climatic
change, since past and potential future climatic fluctuations have been and will be
magnified there relative to lower latitudes (Hansen and Lebedeff 1987; Houghton

et al. 1990; Lonergan et al. 1993). The 1 of dendrc logical

techniques for reconstructing subarctic climate change has been demonstrated by
a number of studies (eg. Jacoby and Cook 1981; Briffa et al. 1988; Graybill and
Shiyatov 1992; D’ Arrigo et al. 1992). While regional reconstructions of summer
temperatures or heat sums based on tree-rings have been made for parts of
northwestern North America (Garfinkel and Brubaker 1980; Jacoby et al. 1985),
no such reconstructions have yet been published from the subarctic alpine treeline
along the boundary of the N.W.T. and the Yukon. A record of recent climate

variation in the subarctic-alpine region of northwestern Canada will be useful to

1A modified version of this chapter, authored by J.M. Szeicz and G.M.
MacDonald, has been submitted to Quaternary Research.
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simplistic method of chronology calculation.

The objective of this study is to develop a long proxy record of summer
temperatures for interior northwestem Canada using age-dependent modelling

techniques. The limitations of the ding study are d by

spatial coverage, increasing sample sizes, and incorporating more rigorous

of logy ion and dendroclimatic modelling. Response

function, linear ion and principal

i¢ analyses are used to test for
age dependent behaviour of Picea glauca at two subarctic alpine treeline sites in
central and northern Yukon. These data are then combined with new and
previously presented {Chapter 3) data from three sites in the N.W.T. to produce

both age dependent and standard (age i dent) reconstructions of June-July

temperatures in northwestern Canada extending back to AD 1638. These results

are used to ine where standard modelling techni may lead to erroneous

reconstructions of climate at sites where age depend has been d rated

4.2 STUDY AREA

The study area includes the northern Yukon Territory and northwestern
Northwest Territories (Fig. 4.1), and contains a diverse array of landscapes and
vegetation types (Ritchie 1984). Very steep climatic gradients, relating to the
relative dominance of Pacific and Arctic air masses, occur at the boreal forest-

tundra transition (Hare and Ritchie 1972). Sampling for this study was restricted
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70N
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compare with previously published studies from across the northern treeline, which
indicate significant variations over the past 400 years (Jacoby and D’ Arrigo 1989;
D’ Arrigo and Jacoby 1992), and more central sites in the boreal forest, which are
more complacent (Schweingruber et al. 1993). Such a record will thus contribute
to understanding of zonal and regional climate variability during the past few
centuries.

A d 1 ption of most d and dendrc

research is that the radial growth response of trees to climate does not vary with
age once the biological growth trend has been removed (Pittock 1982; Fritts and
Guiot 1989; Van Deusen 1990). prever, it has been demonstrated that at some
sites at the subarctic-alpine treeline of the N.W.T. this assumption may be invalid
(Chapter 3). At three sites in the Mackenzie and Franklin Mountzins of the
western N.W.T., the response of white spruce (Picea glauca) radial growth to
climate changed with tree age. At two of the sites, only trees less than 200 years

old demonstrated significant positive correlations with summer while

%

at the third site only trees greater than 200 years old displayed such responses.
Physiological changes related to aging have been suggested as the probable causal
mechanism resulting in age dependence. These age-dependent responses could
potentially result in erroneous reconstructions of past climate if tree age is not
taken into account during modelling. The study of age dependent growth response
to climate in the Mackenzie and Franklin Mountains was subject to 2 number of

limitations, however, including small sample sizes, a limited spatial extent, and a

NORTHWEST
' TERRITORIES

85N

Fort Simpson

l 60°N

Figure 4.1: Locations of the study sites.
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to montane regions in the interior of northwestern Canada in order to maintain a
relatively homogenous climate regime. Details of the three sites in the Franklin
and Mackenzie Mountains of the Northwest Territories (Discovery Ridge (DR),
Katherine Cresk (KC), and Skipping Bullet (SB)) are given in the preceeding
chapter. Two additional sites were sampled for this study, in the Richardson
Mountains of northern Yukon Territory and the southern Ogilvie Mountains of

central Yukon.

The Ri ) ins are posed of shales, li and

dolomites (Ritchie 1984) and reach elevations of 1000 to 1500 m. Picea glauca

Atand:

forest and lower jon sites in the Richardson Mountains,

with Larix Eaxicina and Picea mariana occurring less frequently. Picea glauca is
the species predominant at trecline, which occurs at 750 to 850 m elevation on
south-facing slopes but may be several hundred metres lower in elevation on
adjacent north-facing slopes (Ritchie 1984). Mean annual temperature at the

‘Hearest climate station at Fort McPherson (Fig. 4.1) is -9.0°C, and mean annual

lished station data).

precipitation is 405 mm (Envi Canada,

The southern Ogilvie Mountains are a granitic batholith reaching elevations
of 2000 to 2200 m. Lower elevation sites in the southern Ogilvies, within the
Eastern fukon section of the boreal forest (Rowe 1977), are dominated by Picea

glauca forest, with Picea mariana, Larix laricina, Betula papyrifera, Betula

neoalaskana, Populis tremuloides and Populus balsamifera also ‘occurring.

Treeline occurrs at 1100 to 1200 m elevation as very d, open-gi stands
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4.3 SAMPLING AND CHRONOLOGY CONSTRUCTION

4.3.1 Methods
At each site, open grown non-krummholz Picea glauca trees of all ages
were double cored or disked as close to the ground as possible, but above any basal

flare. Trees having obvious vegetative origins were not sampled. At the

Discovery Ridge, Tomb A in and Ril dson M ins sites, di

or prostrate dead trees were sampled if the approximate location of the root collar
could be determined. Cores and disks were cross-dated using the techniques of
‘Yamaguchi (1991). Cross-dating of living and dead trees was simplified by the
presence of very few missing rings, and a number of distinctive light rings (Filion
et al. 1986) present on many trees. Two radii were measured for most trees. The
Katherine Creek sample was the same as used in the previous study. The Skipping
Bullet and Discovery Ridge sample sizes were increased by the addition of mature
and dead trees not analyzed previously. Sample sizes ranged from 30 trees 1
radit) at Katherine Creek to 73 trees (130 radii) at Tombstone Mountain, for a total
of 260 trees and 448 radii. M;surement was carried out using a Velmex UniSlide
traversing table and an AcuRite III digital counter with a precision of +0.001 mm.
For age dependent modelling, it was necessary to estimate the age of every tree
sampled. The number of years for trees to reach coring or disking height was

estimated using age-height

egressi loped from trees disked at ground level.
If coring missed the pith, the number of rings to the pith was also estimated

geometrically.
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of Picea glauca. Slope aspect is not as critical in determining treeline elevation in
this region as compared to the Richardson Mountains. The nearest climate station
is Dawson, 70 km to the southwest. Mean annual temperature at Dawson is-4.7°C
and mean annual precipitation is 326 mm (Hare and Thomas 1979).

Within each of the two regions, an open Picea glauca dominated site within
50 m of upper treeline was selected for dendrochronological sampling. There was
no evidence for recent disturbance at either site. . The Richardson Mountains (RM)
site (66°43°N, 136°17'W) is located at 780-800 m elevation in open Picea glauca
woodland on a gentle south-facing slope. Mature trees reach diameters of 40 cm,
heights of 12-14 m, densities of 2-3 stems per 100 m?, and a maximum age of ~490
years. The ground cover and dominated by graminoids and heaths. Soils are 25-
30 cm deep and moderately drained. The Tombstone Mountain (TM) site
(64°31°N, 138°19°W) in the southern Ogilvies is also in open Picea glauca
woodland, on a gradual northeast-facing slope at 1120-1140 m elevation. Mature
trees are up to 45 cm in diameter and 15 m in height, with stem densities of ~2 per
100 m2, The maximum age of Picea glauca at this site is ~550 years. Soils are 30
cm deep and moderately drained. The ground cover is dominated by 100 to 150

cm tall Betula glandulosa shrubs.
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In traditional d logical analyses, site chronologies are developed
using trees of various ages, generally greater than about 200 years old for longer
chronologies. No adjustment is made for changing tree ages throughout the
chronology. If age dependent climate-growth- relationships are present, transfer
functions estimating climate from tree rings developed during the recent part of a
chronology will not be valid when applied to early portions of the chronology,

when tree ages differ significanily from the calibration period. It has already been

9 4 1

d that age dep relati ips occur at the three N.W.T. sites

(Chapter 3). It is therefore necessary to produce chronologies in which the ages
of component trees remain similar to the ages at calibration for the length of the
chronology.

Figure 4.2 outlines the method of chronology construction for 100-year age
classes. Previous work (Chapter 3) has shown that a 100-year age class differential
is sufficient to capture the variation added to chronologies due to age dependence.
At a given site, all radii are first standardized using modified negative exponential
detrending or a straight line of negative or horzontal slope (Fig. 4.2a; Fritts 1976).
This method is standard for trees at or near treeline (Jacoby and Cook 1981;
Graumlich 1991; D’Arrigo et al. 1992; D’Arrigo and Jacoby 1993). Each
detrended and standardized radius is disaggregated into 100 year sections based on
the estimated pith date of the tree (Fig. 4.2b). All of the radius ;ections for each
100 year age class (Fig. 4.2c) are then combined to produce a chronology for each

of the age classes at each site (Fig. 4.2d). Chronologies were developed by bi-
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Figure4.3: Age-corrected ring width indices, by age class, for the period 1890-1989. These indices
were used in the response function and linear regression analyses and the first set of

Principal Components Analyses (Fig. 4.4).
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For description see Section 4.3.1.

100
weight robust averaging (Grissino-Mayer et al. 1993) of the detrended radiwus

sections. A gressi deling ('p itening’) of logies was not carried

out as it may remove some variance in tree-ring records which is potentially
climate driven (Jacoby and D’Arrigo 1989; D’ Arrigo and Jacoby 1992). Graybiil
and Shiyatov (1992) demonstrate that, although interannual variations are more
pronounced in a climatic reconstruction produced using prewhitening than in a
reconstruction without autoregressive modelling, longer-term varjations are
essentially identical. Given a large number of radii and a continuum of tree ages
ranging from ~ 50 years to >400 years, these methods produce chronologies with
sufficient sample depth (>5 radii) extending back several hundred years.

The differences between radial growth records for all age classes at all sites
were investigated qualitatively using principal components analysis (PCA). PCA
was carried out on all 20 chronologies (four age classes at each of the five sites)
for the period 1890-1989, using the program SYSTAT. This PCA results in a
loading on each of 20 axes for each of the 20 chronologies, although the first two
axes explain the majority of the variance in the data. Chronologies with similar

trends will tend to have similar component loadings on these first two axes.

4.3.2 Results
The age-corrected ring width chronologies for 100 year age classes at the
five sites during the period 1890 to 1988 are illustrated in Fig. 4.3. Differences

in radial growth are evident between all age classes at each site, but are most
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pronouced between youngest and oldest trees. The growth trends of age classes
at most sites tend to diverge in the early and late 20th century, and converge in the
mid 20th century.

A principal components bipiot of 1st and 2nd axis loedings for each
chronology was constructed to illustrate the differences between radial growth
records of older and younger trees at all five sites (Fig. 4.4). No strong trends are
discernable along the first axis, which explains 31% of the variance in the
chronologies. The second axis, explaining an additional 26 % of the variance, tends
to separate groups of age classes within individual sites. The youngest age class

at each of the Richard: ins and Tt in sites have negative

second axis scores, while trees greater than 100 years old at both of the sites have
positive second axis scores. A similar divergence, at about 200 years old, is seen
in the results for Discovery Ridge, Katherine Creek, and Skipping Bullet. Trees
less than 200 years old at Skipping Bullet and Katherine Creek and greater than
200 years old at Discovery Ridge have negative second axis scores, while the
remaining ages classes have positive second axis scores. An exception is

Discovery Ridge 100-200 years, which has a slightly negative second axis score.

4.4 ANALYSIS OF CLIMATE-GROWTH RELATIONSHIPS

4.4.1 th

Relationships between' climate and the age-corrected radial growth records
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(TM) sites.
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for each of the 100-year age classes at the five sites were analyzed using response
function analysis (Fritts 1976) and linear regression, performed by the PRECON

program (Fritts 1993). Mean monthly jon data

and monthly

from Dawson, Yukon Territory (64° 04°N, 139°26’W, elevation 324 m) were used

for the anal of the Richardson M and T sites.

These data are available from 1903-1992. Several missing values were filled in by
comparison with data from Eagle, Alaska and Mayo, Yukon. Although Fort
McPherson is closer to the Richardson Mountains site than is Dawson, its climate
record has numerous missing values for the early 20th century and was therefore
not used. Data from Norman Wells, N.W.T. (65°17°N, 126°46’W; elevation 64 m)
were used for analyses of the three N.W.T. sites. By comparison and correlation
with records from Fort Good Hope and Fort Norman in the Mackenzie Valley, the
Norman Wells monthly temperature and precipitation record has been lengthened
to cover the period 1911-1989. Climate data extending from September of the

growth year back to May of the previous year were included in the analyses.

4.4.2 Results
Climate accounts for a large amount of variance in radial growth at all five

sites (Fig. 4.5). Only results for

p are p d here, as p
results demonstrated fewer significant variables and no consistent trends.
Differences in response between trees of different ages are apparent at all sites.

Despite the revised method of chronology construction and the extended period of
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analysis, resuits for the Discovery Ridge, Skipping Bullet and Katherine Creek sites
were very similar to those of the initial analyses (Chapter 3). At Skipping Bullet
and Katherine Creek, only trees less than 200 years old show a significant positive

to summer Older trees at these sites demonstrate a

significant negative response to previous summer and current spring temperatures,
but do not respond significantly to summer temperatures in the growth year. At
Discovery Ridge these trends are reversed, with only trees greater than about 200
years old responding in a significant positive manner to summer temperatures.
The radial growth response of trees greater than 100 years old at the two
Yukon sites is different from that of younger trees. Trees less than 100 years old
at the Richardson Mountains display significant postitive correlations with spring
and summer temperatures in both the growth year and previous year (Fig. 4.5).

The radial growth of older trees shows i ive

£ P

mr

TJune and July

p and p P to June in the
growth year. Trees less than 100 years old at Tombstone Mountain respond to
climate in a similar manner to those at the Richardson Mountains (Fig. 4.5). Older
trees sh;Jw strong negative responses to temperature in the previous summer, and
spring and late summer of the growth year. Significant positive responses to

temperatures occur only in June of the growth year.



4.5 DENDROCLIMATIC MODELLING
4.5.1 Methods

Age-corrected and standard chronologies from all five sites were used to
produce reconstructions of June-July temperatures for northwestern Canada
extending back to 1638. A regional climate record for the period 1909-1989 was
produced by averaging temperature records from Dawson and Norman Wells.

Bralirms 16l . "
P

y p g yses using a variety of summer temperature

variables (Table 4.1) indicated that estimations of June and June-July temperature

consistently provided the best calibration results for both age dependent and

standard models. June-July temperature was therefore selected as the variable to

be reconstructed, as it provides more information on summer conditions than
" simply June temperature.

Age-corrected chronologies were used to develop the age dependent
(AgeDep) climate reconstruction. Rather than using all of the original 100-year
age classes, age classes demonstrating similar climate-growth responses (Fig. 4.5)
were grouped together into broader classes at each of the five sites, and new
chronologies prepared following the method outlined in Fig. 4.2. This procedure
maximized sample sizes for each chronology used in the reconstruction. Results

of response function, linear regression and principal

analyses (Figs. 4.4,

p

4.5) were used to select the revised age classes, with an emphasis on homogenous

D to summer A second climatic reconstruction (Standard) was

carried out using more traditional techniques of chronology construction.
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Chronologies for the Standard reconstruction were developed using the same

and ging techniques as for age dependent indices, but included all
trees greater than 200 years at each site, and were not age-corrected.
Dendrochronological studies in northern North America often use only trees greater
than about 200 years old (Cropper and Fritts 1981; Jacoby and Cook 1981;
Arquillitre et al. 1990; Colenutt and Luckman 1991).

Stepwise multiple regression was used to reconstruct temperatures from the
tree-ring data. Multiple regression can be sensitive to multicollinearities between
predictor variables, so PCA was carried out on the tree-ring chronologig,s to
provide a set of orthogonal (uncorrelated) eigenvectors (note that this PCA is a
sepaﬁte procedure from the PCA used to compare trends between age classes,
outlined in Section 4.3.1). These eigenvectors were then used as candidate

predictor variables in the multipl i di PC eig s lagged

p

foxjward by one year (t+1) were also entered as candidate predictors, as previous
summer temperatures have been shown to correlate significantly with ring width
in the current year in this and other treeline studies (Fig. 4.5; Jacoby et al. 1985;

Briffa et al. 1988). Incorrect or insignificant candid di were eliminated

P

by the stepwise procedure to maximize the percent variance explained by the
model. The a-values for emry' and removal of variables were set at 0.1 (Arbaugh
and Peterson 1989).

Before climatic reconstructions were carried out, preliminary models were

calibrated using 50 year portions of the instrumental climate data and verified using
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TABLE 4.1: Results of preliminary multiple regression analyses.

summer climate

adjusted R?, adjusted R?,
variables
AgeDep model Standard model
Early calibration (1909-1958)
June 0.48 0.36
Tuly 0.16 0.23
August ns. 0.1
June-July 0.46 0.48
July-August 0.05 0.12
June-August . 023 0.41
Late calibration (1939-1988)
TJune 0.41 0.41
Tuly 0.18 0.07
August 0.12 n.s.
June-July 0.41 0.41
July-August 0.17 n.s.
June-August | 0.17 0.12
Full calibration (1909-1988)
June 0.41 ) 0.41
July 0.15 0.26
August 0.02 0.04
June-July T047 0.54
July-August ©0.08 0.15
June-August 0.26 0.41

n.s. denotes no candidate predictor variables were significant at alpha=0.1
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the remaining 30 years of data witheld from calibration. Early calibration was
carried out during the period 1909-1958 with verification in 1959-1988, and late
calibration used the period 1939-1988 with a verification period of 1909-1938.
Verification statistics included the Pearson product-moment correlation coefficient
(r), reduction of error statistic (RE), coefficient of efficiency (CE), and the first-
difference sign test (Fritts 1976). The RE and CE are commonly used in
dendroclimatology, though their level of significance cannot be tested (Briffa et al.
1988). A postive value generally indicates a significant reconstruction. Following
initial calibration-verification procedures, both AgeDep and Standard models were
recalibrated using the entire 80 year climate record and the resultant transfer
functions applied to the tree-ring based eigenvectors back to 1638 to produce a 350

year record of June-July temperatures.

4.5.2 Results

At the two Yukon sites, age-corrected chronologies were constructed for
trees less than 100 years old and trees greater than 100 years-old (Fig. 4.6; Table
4.2). At the three N.W.T. sites, age-corrected chronologies were constructed for
trees less than 200 years old and trees greater than 200 years old. Variability of
growth trends is eyident both between sites and between age groups within a site
(Fig. 4.6). Most chronologies show increased growth in the mid to late 18th
century and décreased growth in the early to mid 19th century. Differences

between age groups are most evident in the 20th century, but also occur at other
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TABLE 4.2: Statistics of chronologies.
total no. interval interval mean fist order
Chronology autocorrelat
series (= 4 series) (= 5 series) . sensitivity 1on
AgeDep Chronologies
KC 02 51 1540-1989 1619-1989 .14 73
KC25 27 1730-1989 1820-1989 A3 73
SB 02 77 1619-1989 1625-1989 .16 .64
SB 25 54 1790-1989 1790-1989 17 .58
DR 02 73 1431-1991 1532-1991 .15 74
DR 25 39 1700-1991 1730-1991 17 .65
RM 01 94 1638-1992 1638-1992 .18 .70
RM 15 82 1660-1992 1687-1992 18 .65
TM 01 93 1490-1992 1591-1992. .14 .66
T™ 16 81 1550-1992 1600-1992 13 72
Standard Chronologies
KC Std. 28 1540-1989 1611-1989 .13 5
SB Std. 55 1619-1989 1625-1989 = .18 .63
DR Std. 55 1431-1991 15;2;1991 .15 .76
RM Std. 55 1638-1992 1633-1992 a7 67
TM Std. 70 1490-1992 1526-1992 .13 a1
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times such as the period 1780-1820 at Tombstone Mountain. The four shortest
age-corrected chronologies (DR 25, KC 25, SB 25 and RM 15) were eliminated
during subsequent analyses, leaving six chronologies, each having five or more
radii extending back to 1638. The Standard chronologies (Fig. 4.7; Table 4.2)
have periods of common variance, but tend to diverge strongly in the 20th century.
All five of these chronologies have five or more radii extending back to 1638.
The plot of first eigenvector scores for the AgeDep chronologies (Fig. 4.8),
which explains 46% of the va.riancg in the data, shows strong low-frequency trends

are present in the i First

ige scores for the Standard
chronologies (Fig. 4.9), explaining 54% of the variance, show similar but less
pronounced low-frequency trends. The results of stepwise multiple regression
modelling using all PC eigenvectors and their lags (t-+1) are given in Table 4.3 and
Fig. 4.10. For all three AgeDep models,‘ the stepwise procedure reduced the 12

did A4

p (six eig

plus lags) to the same five significant
variables, an indication of the stability of the models. The significant variables

selected from the 10 candidate predictors (five eig s plus lags) in Standard

models varied depending on the calibration period. Early and late calibration of
AgeDep models accounted for 46% and 41% of the variance (adjusted for loss of
" degrees of freedom) in the temperature record, respectively (Table 4.3; Fig. 4.10).
All verification statistics for the AgeDep models were significant, except for the
slightly negative value of CE for early calibration. The initial Standard calibration

models account for comparable amounts of variance in the temperature record
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Figure 4.7: Ring width indices used in Standard climate reconstruction.
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The AgeDep full calibration model explains 47% of variance ir the climate
54% (Table 4.3). Examination of the residuals for both models suggest multiple
homogeneity of variance were not violated, although AgeDep tended to
18th and 19th centuries. The AgeDep reconstruction suggests temperatures were
below the current mear(, are reconstructed for 1700-1710 and 1810-1860. Since

the mid 19th century the AgeDep reconstruction indicates a long-term warming
trend has occurred. The Standard reconstruction suggests temperatures were at or
near the current mean for most of the period of reconstruction, except for cooler

temperatures for northwestern Canada (Fig. 4.11) show divergence between
below the 1951-1980 mean throughout most of the last 350 years, with the
exception of the mid to late 18th century. Particularly cool temperatures, ~1.5°C

record, adjusted for loss of degrees of freedom, while the Standard model explains

negative CE values suggest an inability of these models to accurately reconstruct
temperatures when the mean changes significantly between calibration and

measured temperatures for the early and iate calibration Standard models (Fig.

however, were significant for only three of eight tests. In particular, the strongly
verification periods. This shortcoming is confirmed by plots of estimated vs.

(48% for early calibration, 41% for late calibration).

overestimate temperatures in the early 1930’s.
AgeDep and Standard reconstructions,

4.10).
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periods from 1700 to 1720 and 1900 to 1940. There is no evidence in this

reconstruction for a sustained warming trend since the mid 19th century.

4.6 DISCUSSION
4.6.1 Age dependent climate-growth response

The dendroecological analyses of ring width records from Dispovsry Ridge,
Skipping Bullet, Katherine Creek, the Richardson Mountains and Tombstone
Mountain confirm that the radial growth response of Picea glauca to climate varies
with tree age at these sites. Although the age-dependent differences at the two new
Yukon sites are not as dramatic as at the N.W.T. sites, there is a clear shift in
temperature response at about 100 years of age. Genotypic differences between
cohorts of different ages were rejected as a potential cause for age dependence in
the previous study. Stand dynamics are also unlikely to have caused these
responses, owing to the very open nature of the sampled stands. It follows that the
responses are likely to be physiologically based.

All trees at both the Richard ins and Tomt in sites

show positive response to warm temperatures at some time in the summer of the
growth year. In a dendroecological study of several sites along the North
American treeline, D’ Arrigo et al. (1992) note that ring widths correlate with local
temperatures for a relatively short interval in the summer. At the Yukon sites,

trees greater than 100 years old tend to respond positively to temperature only

Figure 4.10: Actual (solid line) and estimated (dashed line) June-July temperatures for northwestern Canada developed using

119

late and full calibration periods for AgeDep and Standard models.
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120

Y g8
(=3 <
< =

! N g g
= I @ .2
= ©
8 E
-~
L £3
= 2
- s
28
]
853
[ =1 ol
= Ty
2 <82
a0
£3 8
52
=% &
=3
Mo O
L 2 &
i
< g
Y
s E 2
O £8E
S8 ovg?
'mg E 82
2
28
T
£ 25
£s
b l_'gg
&5
8 Q
E2
o 5
=
S Ei:
L 85
— éa
3 @
5 .8
248
S5 S
== T
3 9 .8
S ES
r =
g =
£ 2
,“N
28z
o SEE
=] %<
T T T T o <
B b -
= e »n ¥ o =
— — — — — Al
: g
) aarmmadum; Amp-sung g
=

122
during June, while there are negative or no significant responses to previous
summer, and current spring and late summer temperatures. These responses are
fairly typical for sites in northern North America (Garfinkel and Brubaker 1980;
Jacoby and Cook 1981; D' Arrigo et al. 1992). However, young trees at both sites
show a much more prolonged period of positive response to growing season
temperatures, which extends from late spring to late summer. The physiological
cause for age dependent behaviour cannot be rigorously tested without
ecophysiological analyses. Nonetheless, these results are compatible with the
hypothesis developed in the previous study, based on analyses of the N.W.T. sites,
that the age dependent responses result from increasing moisture stress with age.
Water translocation deficiencies in older trees may lead to temperature-induced
moisture stress at critical times of the year, such as late spring and late summer.

In spring, water demand is high due to mod high radiati

P

levels, and often strong winds, but uptake is restricted owing to cold or frozen soils
(Tranquillini 1979). In early summer, water supply is adequate and warm
temperatures should lead to increased photosynthesis and growth. By late summer,
temperatures are still warm but soil moisture may have declined to the point of
restricting growth. Younger trees generally have more efficient water translocation
mechanisms (Kozlowski 1971; Kramer and Kozlowski 1979), possibly making them
less susceptible to moisture stress in spring and late summer and resulting in a

longer period of positive

p P Thus, evid from four of five

sites suggest that increasing water stress with age leads to a reduction in, or even
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loss of, the season of positive e res The of old vs.

P P P

young trees to climate at the Discovery Ridge site, however, was reversed from the
other two N.W.T. sites (Fig. 4.5). The differences between age dependent

responses at the five sites, particularly the reversal at Discovery Ridge, indicate

that isms leading to age dep climate-growth responses are highly site-
specific.
4.6.2 Comparison of AgeDep and Standard models

In the pmﬁous chapter it was suggested that the development of a
dendroclimatic record using traditional techniques from a site at which age-
dependent relationships are present could lead to errors in reconstruction. These
errors would result from the mixing of signals from trees of different ages, and the
divergence of tree ages back in time from age at time of calibration. Age
dependent climate-growth responses have been clearly demonstrated for the five
sites in this study, and the AgeDep temperature reconstruction differs substantially
from the Standard reconstruction. The violation of a basic assumption renders the

traditional dendroclimatic app i to reconstruction invalid at these

sites. Although the Standard models produce calibration statistics comparable to
other studies in northern North America (Tacoby et al. 1985; D’ Arrigo and Jacoby
1992); the verification of these models indicate the reconstructions are poor.
AgeDep calibration mtisﬁcs show no improvement over those for the Standard

calibrations, but verification - suggests considerably greater reliability of
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Figure 4.12: Comparison of proxy summer temperate recards for North Americe, 1638-1988. 2) AgeDep
and b) Standard tree ring Cauada Juge-July $moof
with a 5-year binomial filter; c) tree-ring based reconstruction of Alask-Yukou degree-days over
10 C in June+July, smoothed with a 20-year filter (Jacoby et al 1985); d) percent mel: layers in
core from southern Greenland Ice Cap (Bradley and Jones 1993); e) recession rate of Lemon Creek
glacier, southeastern Alaska (Heusser and Marcus 1964); and f) composite summer temperature
anomalies for North America, developed from tres ring and ice core records (Bradley and Jones 1993).
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reconstructions.

Several tree-ring based temperature or degree-day reconstructions are
available for northern North America for comparison with the AgeDep
reconstruction (Garfinkel and Brubaker 1980; Jacoby et al. 1985; Jacoby et al.
1988; D’Arrigo and Jacoby 1992). Of these, the Alaska-Yukon record of Jacoby
et al. (1985) is most appropriate for comparison, as it reconstructs June-July
degree-days on a regional scale, and extends to the western edge of our

northwestern Canada reconstructions. Comparison of the records (Fig. 4.12a,¢)

indi good correspond with the AgeDep reconstruction. Both records
suggest summer temperatures were cooler than present during the 17th century and
warmer than present in the latter part of the 18th century. Minima occurred in the
early to mid 19th century, the end of the "Little Ice Age’ (Grove 1988). Long-
term warming since the end. of the Little Ice Age has been interrupted by several
shorter term fluctuations. There are several differences between the two
reconstructions, however. Very low temperatures in AgeDep around 1700 do not
appear in the Alaska-Yukon record, whereas ‘a maximum at around 1730 in that
record is much less pronounced in the AgeDep record. AgeDep also compares

favourably with D’Arrigo and Jacoby’s (1992) more general reconstruction of

) nunherh North America mean annual iemperatures, particularly in the cool period

© at ~1700 and prolonged cooling in the mid 19th century.

It has been demonstrated that ice core melt records from high latitude ice

caps correspond well with bregional and zonal summer temperatures (Koerner 1977;
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Herron et al. 1981; Bradley and Jones 1992, 1993). One such record, from the

southern Greenland ice cap (Bradley and Jones 1993), shows good correspondence
with the AgeDep reconstruction (Fig. 4.12d). Both the melt record and AgeDep
indicate summer temperatures cooler than the latc 20th century for most of the
period 1638 to 1880, with maxima occurring in the late 1700’s, late 1800’s and
mid to late 1900s. A long-term warming trend over the past 150 years is evident

in both the melt record and the AgeDep reconstruction. Bradley and Jones (1993)

have also ped a 600 year

D Ip record for North America,
based on a combination of three ice core and three tree-ring studies (Fig. 4.121).
This record compares very favourably vﬁth the AgeDep reconstruction. Finally,
periods of increased recession rate vof the Lemon Creek glacier in the Glacier Bay
region of Southeastern Alaska (Fig. 4.12¢; Heusser and Marcus 1964) correspond
well with periods of increased summer temperatures in the AgeDep reconstruction.
Such records should be interpreted cautiously, though, owing to dating uncertainties
and lags ink glacial response to climatic changes (Bradley and Jones 1993).

The Standard reconstruction for Yukon-N.W.T. summer temperatures from
these subarctic alpine sites (Fig. 4.12b) compares much less favourably with the

tree-ring, ice core -melt and glacial ion records. T warmer than

or equal to present throughout most of the 17th to 19th cenfuries, as reconstructed
with the Standard model; are not apparent in any of the other proxy records. The
greatest decoupling between Standard and AgeDep resuits occurred during the 17th,

18th and 19th century cool phases.
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The similarities between AgeDep and the reconstruction of Jacoby et al.

(1985) indi that age depend limate-growth resp were probably not of
critical importance at the sites making up that reconstruction. Nonetheless, it is
possible that age dependent factors at the Alaska-Yukon sites have led to
differences in detail between the reconstructions, particularly in their early
portions.  For example, the relative amplitudes of early and late 18th century
maxima apparent in the Greenland ice core melt record (Fig. 4.12d), and the late
19th century peak in temperatures indicated by both glacial recession and ice cap
melt layer records (Fig 4.12d,e) all appear to be recorded more accurately in the
AgeDep reconstruction than in that of Jacoby et al. (1985).

Since sites not demonstrating common long-term variance are often
excluded from regional and large scale climate reconstructions (Chapter 3; Jacoby

and D’Arrigo 1989), sites with age behaviour may be eliminated from

such analyses. For example, the poor performance of the Standard models during
verification in this study should lead to their rejection. The distinct decoupling of
AgeDep and Standard model reconstructions during ;ool periods of the past 350
years clearly illustrates the errors which may occur in reconstruction using sites
where the climate-growth response varies with tree age. Minor age dependent
relationships may lead to subtle errors in reconstructions, particularly during their
early portions. This may be reflected in the sensitivity of the AgeDep record to
minor temperature variations which are poorly recorded in some a;.rlier studies.

Testing for age dependent relationships, either directly or by employing rigorous
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there was an apparent increase in June-July temperatures of similar magnitude.
Our data therefore suggest the recent warming trend does not exceed the natural
climatic variability of the past 350 years in northwestern Canada. This conclusion
is subject to the limitations of reconstructing long-term climate trends from tree
ring data, however, and does not eliminate the possibility of recent anthropogenic
impacts. Jacoby and D’Arrigo (198%) conclude that the post-Little Ice Age
warming trend apparent in their reconstruction of mean annual Northern
Hemisphere temperatures does exceed the levels of natural climate variability of

the past 300 years. With an ded Northern Hemisph ure record of

the past 600 years, Bradley and Jones (1993) suggest the recent warming trend may
be interpreted in the same way, but may also be interpreted as the conclusion of
a gradual rise in temperatures since the early 1500’s.

Long proxy climate records are also valuable tools in the interpretation of
long term vegetation and faunal dynamics. Dendroecological studies in northern
Quebec (Payette and Filion 1985; Payette et al. 1985, 1989) and Churchill (Scott
et al. 1987; Scott and Craine, in press) indicate climatic changes have had a
substantial impact on subarctic plant and animal populations during the past several
centuries. Few dendroecological studies are available from the subarctic alpine

treeline of northwestern Canada, though ygical research indi it has

been sensitive to climatic change during the Holocene (Chapter 2; Ritchie 1984;
Cwynar and Spear 1991). The 350 year record of summer temperatures developed

here can be used to help evaluate the importance of climate in determining recent
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verification criteria to identify the possible presence of such relationships, should

be a standard dure in limatic studies.

4.6.3 Implications of the reconstruction

The development of a 350 year summer temp record for nor n
Canada is important for a number of reasons. Firstly, it provides historical context
for recent changes evident in the instrumental climate record. During the past 350
years, June-July temﬁefamres in this region have varied over a range of about 3
°C. Potential causes of decadal to century scale climate changes include volcanic
activity, variations in the solar radiative constant, oscillations in oceanic

thermohaline circulation, and changes in pheric CO, ions (Grove

1988; Jacoby and D’Arrigo 1989; Stocker and Mysak 1992). The steady rise in
temperatures since 1850 evident in this and most other climatic reconstructions
from North America (Innes 1991; Bradley and Jones 1993) may simply be a natural
recovery from cool conditions during the Little Ice Age, or may be the first stages

of a response to in

gases (Jacoby and D’ Arrigo
1989; Cohen 1990; Bradley and Jones 1993; D’Arrigo and Jacoby 1993). The
AgeDep reconstruction of summer temperatures allows this warming to be placed
in a long-term historical context for northwestern Canada. Summer temperatures
in this region during the late 20th century have been greater than at any time in the
‘past 350 years except the 1770’s, although the magnitude of post Little Ice Age

warming (~ 1.5 °C) is not unprecedented during this period. Between 1700 and 1770
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"plant population dynamics in northwestern Canada.

Finally, the proxy climate record allows evaluation of the magnitude of
potential future climate warming. Although the cause of the post-Little Ice Age
warming trend is not yet clear, global circulation models suggest substantial
warming of northern climate is very probable in the next few decades in response
to increasing concentrations of greenhouse gases (Cohen 1990). Given a doubling
of CO,, summer (June-August) temperatures in the Mackenzie Valley could rise by

3 to 7°C (Lonergan gt al. 1993). This rep ani e with 2 itude two

to four times greater than that reconstructed for the past 150 years. An increase
of such magnitude will likely have significant impacts on the environment of
northwestern Canada, particularly in the transition between boreal forest and tundra
(Bonan gt al. 1990; Rizzo and Wiken 1992). The economy of the western N.W.T.
is also potentially sensitive to the projected climate change, due in part to the
importance of seasonally dependent transportation networks such as river barges

and ice roads (Lonergan gt al. 1993).



CHAPTER FIVE

RECENT WHITE SPRUCE DYNAMICS AT THE
SUBARCTIC ALPINE TREELINE
OF NORTHWESTERN CANADA

5.1 INTRODUCTION

Relationships between climate and the physiological and reproductive
characteristics of trees are important in governing the location of polar and alpine
treelines (Tranquillini 1979; Black and Bliss 1980; Kullman 1990). In particular,

the dynamics of tree populations at their latitudinal and

1 limits have been
closely linked to the limiting influence of low summer temperatures on the
production of viable pollen and seeds and on the germination and subsequent
survival of seedlings (Kearney 1982; Beaudoin 1989; Grace 1989). Substantial
variations in temperature during the past several centuries (Grove 1988; Bradley
and Jones 1992), particularly at mid- to high latitudes (Hansen and Lebedeff 1987;
Briffa et al. 1992; D’Arrigo and Jacoby 1992), have influenced the position of
polar and altitudinal treelines (LaMarche 1973; Luckman and Kearney 1986;
Scuderi 1987; Clague and Mathewes 1989; Kullman 1990; Carrara et al. 1991;
Shiyatov 1993; Spear 1993) and the density of marginal forest-tundra stands

(Payette and Filion 1985; Scott et al. 1987; MacDonald and Szeicz 1994).
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Canada in order to test two hypotheses: 1) the recruitment/survival and mortality
patterns of Picea glauca at treeline are episodic, controlled by climate variations;
and 2) the position of treeline in this region is in equilibrium with current climatic

conditions. The first hypothesis was tested by developing age structures for

populations of living Picea glauca, and cross-dating dead Picea remains, in stands
at or near treeline, and comparing these results to proxy climate records. The

second hypothesis was tested through examination of treeline stands for evidence

of recent seed i i ing for this study was focused on the
mountains of the western N.W.T. The recruitment/survival patterns and current
reprbductive status of Picea glauca at its upper limits were analyzed at ten stands
in the Mackenzie Mountains. Preservation of dead conifer remains was poor at

these sites, so mortality patterns of Picea glauca were studied at a site in the

dj Franklin N ins. Further sampling was carried out at several sites in
the Yukon to corroborate the results from the N.W.T. on a regional scale. Age
structures and current reproductive capacity were assesed at two stands in northern
and central Yukon. Conifer remains at these sites were again poorly preserved,
and mortality patterns were therefore studied at a third site in the central Yukon.
For the purposes of this study, treeline is defined as the uppermost limits of

individuals having an upright growth form.
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Although the Holocene dynamics of the northern treeline in northwestern
Canada have been the focus of several fossil pollen studies (Ritchie and Hare 1971;
Ritchie et al. 1983; Cwynar and Spear 1991; Spear 1993), little is known of recent
alpine treeline dynamics in this region due to alack of dendrochronological studies.
In the only published record to date, Ritchie (1982) documented a 20 m increase
in treeline elevation during the period 1900-1940 in the Richardson Mountains of
the Yukon. Sampling for this study, however, was limited to ~ 50 Picea glauca and
Larix laricina individuals at a single site. The mountains of northwestern Canada

logical studies of climate-vi ion ics at

are well suited for dendr
treeline for several reasons. Firstly, the relative longevity of the dominant treeline
species (Picea glauca; maximum age 500-600 years) allows for long-term
dendroecological analyses. Secondly, non-climatic disturbances such as fire, insect
defoliation, or anthropogenic impact appear to be very rare or non-existant in
isolated forest-tundra stands within this region (J.M. Szeicz, pers. obs.; H.F.
Cerezke, pers. comm.), which permits analysis of climate-vegetation dynamics in
a system that is relatively undisturbed by other factors, and increases the potential
for preservation of dead spruce remains both above and below current treeline.
Finally, past variations in climate at high latitudes have been of greater magnitude
than at lower latitudes (Hansen and Lebedeff 1987), which may have amplified
vegetation changes at high latitude treelines.

In this chapter, dendroecological techniques are used to reconstruct the

recent population dynamics of Picea glauca at the alpine treeline of northwestern
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5.2 STUDY SITES

The majority of the sampling for this study was carried out in the Franklin
and Mackenzie Mountains of the western N.W.T., while corroborative sampling
took place in the Richardson and Ogilvie Mountains and Klondike Plateau of
central and northern Yukon (Fig. 5.1). General descriptions of the vegetation,
climate and geology of the four mountain regions have been given in chapters 3
and 4. The Klondike Plateau comprises an upland region extending west of
Dawson in the west-central Yukon. The plateau, unglaciated in the late ‘Wisconsin
(Dyke and Prest 1987), is intersected by numerous deep river valleys, and reaches
elevations of 1000-1300 m. Vegetation is similar to that of the Ogilvie Mountains
(Chapter 4), with treeline occurring at 1200 to 1250 m elevation. Mean annual

temperature at Dawson is -5.1 °C and mean annual precipitation is 303 mm

(Envi Canada, unp d station data).

The primary study area for this research is a 30 km? region in the Carcajou
Range of the Mackenzie Mountains, within which ten of the stands sampled for age
structure are located (Fig. 5.1). The deeply incised Katherine Creek canyon along__
the northern and eastern limits of this region appears t& be an effective fire break
separating forest-tundra stands from the relatively frequently burned lowland boreal
forest in the Mackenzie Valley to the nurt‘h (Rowe et al. 1974; Wein 1975).
Lowlands and north-facing slopes adjacent to the Skipping Bullet Creek watershed
(informal name) are poorly drained and dominated by hummocky Eriophorum

tundra with scattered Picea mariana and Larix laricina individuals. South- and
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0 1km @ Elevation > 1000 m Contour interval 100m

Figure 5.1: Locations of the study sites. a) Yukon and Franklin Mins., N.W.T. sites.
b) Carcajou Range study region, Mackenzie Mountains, N.W.T.
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treeline. Two stands (SB1, SB4) are in the lower forest-tundra, characterized by

a fairly continuous, but open, cover of white spruce with occasional tundra
openings. Four stands (SB2, SB3, SBS, WR2) are in the upper forest-tundra, but
below the upper limit of white spruce growth. These stands are characterized by

scattered, open grown white spruce islands

p d by ive tundra op

Three stands (LH1, LH2, WR1) were sampled at treeline, each representing one
of the treeline forms described above. A tenth stand (KC1) was sampled in the
open forest of a terrace located within Katﬂerine Creek canyon. White spruce
predominates in this stand, though black spruce and larch were also fairly common
in more poorly drained surmuﬁding areas.

For comparison with the data from the Mackenzie Mountains, two stands
at the upper limit of tree growth in the Yukon were also sampled (Fig. 5.1). One
of these (RM) is located at 850 m altitude on a south-facing slope in the Richardson
Mountains, 50 m above the dendroclimate site described in Chapter 4. At its upper
limits white spruce grows both as discrete, erect individuals and in small islands
dominated by several erect stems. Low tundra, dominated by graminoids, Dryas
integrifolia and heaths, dominates above treeline and in openings in the uﬁper
forest-tundra. A second stand, Swede Creek (SC), was sampled at 1250 m
elevation on a genﬂe S-facing slope in the Klondike Plateau. The growth forms of
‘ treeline white spruce are similar at this site to those at RM, though black spruce
also occurs at treeline as clonal islands with numerous erect stems. Tundra

openings are dominated by Arctostaphylos alpina, Dryas integriflia, Salix spp., low
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southwest-facing slopes to the north of the watershed are steeper and generally well
drained. Soils are thin, from 10 to 30 cm deep, and permafrost was not observed

at any sites. Picea glauca grows in scattered, open stands along these slopes,

P d by Betula glanduiosa and heath inated shrub tundra in moderate to
well-drained areas and Eriophorum tundra where drainage is poor. Picea mariana

and Larix laricina occur infrequently in these stands. Picea glauca is the sole tree

species present at treeline. In this region treeline on south-facing slopes occurs at

970 to 1010 m elevation, and is ch ized by well d, open-grown

2%

individuals of upright tree-form and up to 300 to 500 cm height, small discrete
islands dominated by one or several large upright individuals of similar height, or
extensive, dense islands of krummholz individuals with contorted growth forms and
a dense, continuous canopy 200 to 300 cm high. At and above the upper limit of
tree growth, low tundra dominated by herbs and dwarf shrubs such as Dryas

integrifolia, Arctostaphylos alpina, Vaccinium vitis-idaea, V. uliginosum,

Andromeda polifolia, Potentilla fruticosa, grasses, lichens and bryoﬁhy!es, is
interspersed with extensive areas of frost d cal bedrock. P

matted Picea glauca individuals, 10-20 cm tall, are occasionally found in the tundra
beyond treeline, but the upper limit of speciés growth generally coincides fairly
closely with the treeline as defined above. ° )

Nine starids (Fig. 5.1; SBI-5, WRI1-2, LH1-2) were sampled within the
fox:esbmndra along the north side of the Skipping Bullet drainage. The stands

selected are representative of the various growth forms of white spruce at or near
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Betula glandulosa, and bryophytes, with many areas of exposed shattered rock.
Mortality patterns of white spruce were studied at the Discovery Ridge site

in the Franklin Mountains of the N.W.T., described in Chapter 3, and the

Tombstone Mountain site in central Yukon, described in Chapter 4.

5.3 METHODS
5.3.1_Age structure analysis

At each stand sampied for age structure a rectangular quadrat was laid out
with the objective of censuring 50 to 100 white spruce individuals. The size of
quadrats varied from 45 m? to 450 m? owing to variations in the density of spruce

populations at different sites. All quadrats were divided intoSmx5Smor3mx

"3 m sibquadrats in order to resolve small-scale spatial trends in spruce recruitment.

W

All living: and “dead trees of all species within each quadrat were recorded and
sampled: Stems were either disked or cored as close to ground level as possible
to obtain an accurate age determination. Growth form, height, diameter at base,
origin (layer or seed), and presence of male or female strobili were noted for each
individual. An individual was considered to have originated by layering if root

development was observed, but a vegetative connection existed with another stem.

The root systems of individuals of questionable origin were d to locate any.

possible ‘connections, Since very young seedlings may be overlooked in the

sampling of large quadrats with dense ground cover, four randomly located 4 m’
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quadrats were examined closely for the presence of seedlings at each site.

Age determinations of all stems were made following fine sanding of disks
and cores. The number of years for trees to reach coring height was estimated
using age-height regressions developed from young trees disked at ground level.
Although age-height relationships are sometimes weak in forest-tundra stands
(Payette and Filion 1985), such estimations should introduce little error into
subsequent analyses because a) coring was carried out within 20-30 cm of ground
level, and the resultant corrections were seldom greater than 20 years; and b) the
establishment histograms were constructed using 10-year age classes. If coring
missed the pith, the number of rings to the pith was estimated geometrically
following the technigue of Baker (1992). The radius of the circle contzaining the
innermost ring was estimated, and the number of rings occurring within that radius
was then estimated using the average ring width for the entire core. Accurate age
determinations were not possible for several trees due to severely rotten piths; these
individuals were assigned a mi;ximum age based the number of well preserved
rings. The estimated year of establishment was determined for each stem based on
its age at time of sampling (1990 for Mackenzie Mountains. sites, 1993 for Yukon
sites). Fine-scale spatial uénds in Picea glauca age structures were investigated

within three of the treeline stands. Quadrats at these stands (LHI, LH2, and SC)

ded 15 to 30 m d lope from the upper limits of spruce growth, which
allowed for the resolution of elevational shifts in spruce establishment on the scale

of metres.
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populations were eliminated to avoid the influence of outliers on age models, and
a value of 1 was added to each age class frequency before log transformation to
permit inclusion of empty age classes (Agren and Zackxisson 1990). Individuals
of seed and layer origin were combined for these analyses. After about 100 years

vegetative i appear to

p icating the determination of
stem origin in older individuals.

Statistical relationships between recruitment and summer temperatures were
tested for by calculating Pearson correlation coefficients between
recruitment/survival residuals and reconstructed June-July temperatures in
northwestern Canada (Chapter 4). Temperatures were averaged over ten year
periods corresponding to the years included in each age class (1980-1989, 1970-
1979, and so on). Since patterns of successful recruitment are determinded in part
by post-establishment mortality, and mortality rates of trees are influenced by
climatic factors, particularly when young (Brubaker 1986; Kullman 1987a;
Kozlowski et al. 1991), recruitment/survival residuals may demonstrate significant
statistical relationships with temperatures for a period following establishment. To
test for this possibility, four new June-July temperature records were produced, in
which decadal temperatures wete averaged forward in time to integrate 20, 30, 40,
and 50 year long periods. Thus the 50 year forward mean temperature for the

1800-1809 decade

p the average temp for the period 1800-1849, for
the 1810-1819 decade represents the average temperature for the period 1810-1859,

and so on. Pearson correlation coefficients were then calculated between
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Age structures are records of both establishment and subsequent survival to
the time of sampling. A lack of trees dating to a certain period may be the result
of a lack of establishment at that time, high mortality rates of trees which
established at that time, or a combination of these factors (Johnson and Fryer
1989). Age structure data from the 12 sites were analyzed using mathematical age
models to determine if temporal trends have occurred in the recruitment/survival
of white spruce at or near treeline in this region. To maximize sample sizes for
these analyses the ten Mackenzie Mountains sites were grouped into upper forest-
tundra (LH1, LH2, SB2, SB3, SBS, WR1, WR2), lower forest-tundra (SB1, SB4)
and open forest (KC1), and RM and SC were merged together. Two models were
used to examine the age structure of these populations, the negative exponential
function (In(frequency) vs. age) and the power function (In(frequency) vs. In(age);
Hett and Loucks 1976; Legere and Payette 1981; Agréu and Zackrisson 1990).
Both of these models assume a constant recruitment rate in the population, but
while the negative exponential function also assumes a constant mortality rate, the
power function allows for a changing mortality rate with age (Hett and Loucks
1976). Recruitment/survival residuals were calculated by subtracting predicted age
class frequencies, based on the selected mathematical model, from observed age
class frequencies, for each decade of the analysis. These deviations of the actual
age structure from the predicted age s'tructure may reflect changing patterns of
recruitment/survival over time (Legere and Payette 1981; Agren and Zackrisson

1990; Payette et al. 1990). The oldest 1% of individuals in each of the three
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recruitment/survival residuals and each of these forward mean temperature records.
These regression analyses were carried out over an interval extending from the first
decade of recruitment/survival data, which varied depending on the dataset being

analyzed, to the decade 1940-1949.

5.3.2_Analysis of mortality patterns

Although abundant, well preserved dead conifer remains were not present
at any of the twelve stands at which detailed age structure analyses were carried
out, they were found at two sites sampled for dendroclimatological analyses. At
Discovery Ridge numerous prostrate and erect snags were present both above and
below the current treeline. At Tombstone Mountain snags were fairly abundant
within the upper forest-tundra, though none were found in the tundra above

treeline. To examine the mortality patterns of white spruce at these two sites,

sections were collected from dead snags for dendrochronological dating. Compl

or partially complete remains were sectioned at the base to allow determination of
the approximate time of establishment. ‘For most remains, including all of the
samples from above treeline at Disoovery Ridge, the location of the root collar
could not be determined, precluding accurate determination of time of
establishment. Sections were sanded with progressively finer grades of sandpaper,
and cross-dated using the ring-width and light ring chronologies developed from
living forest-tundra individuals at the same site (Filion et al. 1986; Yamaguchi

1991; Chapter 3). Weathering of older dead tree remains removes the bark and




Table 5.1: Stand characteristics
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an unknown number of outer rings. Payette et al. (1989) have estimated this loss
to be on the order of 10-20 years. Some of the partially buried prostrate remains
at Tombstone Mountain had bark preserved on the protected side while the exposed
side was weathered. The differences in ring counts on weathered vs. protected
radii amounted to 13 years in a sample which died in 1818, 18 years in a sample
which died in 1838, and 6 years in a sample which died in 1955. Based on these
results and those of Payette et al. (1989), a weathering loss correction of 20 years
was added to samples dating to the 19th century and 10 years to those from the
20th century. This correction provides a first approximation of stem death dates,
but it is crude and thus for mortality analyses both establishment and death dates

were plotted in 20 year classes.

5.3.3 Radial growth trends

The development of tree-ring chronologies from forest-tundra white spruce

h

allows for the ion of growth to local envi 1

conditions and may assist in the interpretation of recruitment/survival and mortality
patterns. ‘Tree-ring chronology development for the Skipping Bullet, Discovery

Ridge, Richardson Mountains and T

sites was outlined in
Chapter 4. Although it has-been demonstrated that the radial growth response of

trees at these sites varies with tree age, the chronologies are here being used simply

for comparitive purposes and are tf the dard ch 1 uncorrected
for tree age.
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5.4 RESULTS
4.1 haracteristics and structure.

A summary of the structural and reproductive characteristics of the twelve
stands sampled for age structure data is given in Table 5.1. Both maximum age
and maximum size of white spruce generally decrease with increasing altitude,
although there is much variation around these trends. Stem densities do not appear
to be dependent on stand altitude, although the extent of tundra patches between
tree stands within the forest-tundra does tend to increase with increasing altitude.
Seedling abundance varied a great deal both between and within sites. Seedlings
were absent at two of the treeline stands, rare at two others, and relatively
abundant at the fifth (LH1). Layering occurred frequently in upper forest-tundra
stands, but was far less common in lower forest-tundra and open forest stands.
The production of both male and female strobili occurred at all sites up to and
including those at the upper limit of tree growth, except at LH2 at which only a
few female cones and no male cones were present. The youngest cone-bearing tree
at any of the twelve sites was 41 years old, and thus the proportion of cone-bearing
treesv"\ivas caiculat.ed using the subset of the population with age greater than 40
years to avoid undue influence of young trees not yet able to produce cones.

Height vs. age histograms for white spruce at the ten Mackenzie Mountains
sites are presented in Fig. 5.2. The relationship is weakest for the three treeline”
stands (WR1, LH1, LH2) and strongest for KC1, in the open forest. Atall stands

but KC1 tree height increases little after 120-150 years of age. Relationships

200 400 0 40 80 120 160 200 240

sBs, . % SBI 066

200 400

age in years

Figure 5.2: Height vs. age for the ten Mackenzie N ins sites.
Squares indicate individuals of probable seed origin, pluses indicate
individuals of layer origin. The variance explained by linear regression
of all points is given in the upper right of each graph (p<0.001 for all
sites except LH2 where p>0.05).
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between age and diameter are stronger than with height at all sites except SB1 and

SB3 (Fig. 5.3). In general, diameter increases linearly with age.

Age-class histograms for white spruce at the ten Mackenzie Mountains sites,
plotted against year of establishment (Fig. 5.4) show differing age structures, but
several trends are apparent. At all sites small numbers of individuals which
established before 1850 were present. Between 1850 and 1900 successful
establishment increased, and the great majority of trees surviving at all sites today
became established between the mid to late 19th century and the present. Trees
which established in recent decades were uncommon at several sites (WR1, WR2,
LH?2, SB4) and common or abundant at others (LH1, SB1, SB2, SB3, SB5, KC1).
Recruitment/survival patterns were studied in detail at two treeline stands in the
Mackenzie Mountains. At one of these (LH1), the maximum age of Picea glauca
in each section of the quadrat increased downslope from the upper limits of spruce
growth(Fig. 5.5). In the uppermost 5 m of LHI all individuals dated to the 20th
century. At LH2, in which Picea glauca was growing in seven discrete islands,
there is no evidence for upslope movement of spruce over time (Fig. 5.6). The
oldest trees in several of these islands became established in the mid 18th to early

19th century (islands a,c,e,g), with the majority of stems establishing by seed or

layering following 1850. The ining istands have loped almost entirely
from seed regeneration between the late 19th and early 20th centuries.
Interpretation of age structures was aided by, grouping of sites into

vegetation types (Fig. 5.7). Most trees currently growing in the upper forest-
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Figure 5.5: White spruce age structures for subsections within LE1 stand, Mackenzie Mountains.
The distances from the upper limit of the quadrat are indicated in the upper left corner
of the last three histograms. Legend as in Fig. 54.
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tundra have become established since the late 19th century, although small numbers
date to the mid 19th century or earlier. Establishment of layers occurred primarily
during the mid 20th century. Trees dating to the mid 18th century or earlier were
more common in the lower forest-tundra. A large proportion of trees in this zone
date to the early 20th century, while establishment has dropped off during the past

50 years. In the open forest, most trees currently growing established either in the

mid 18th century or in the last 60 years.

Analyses of the grouped age structures using both negative exponential and

- power function models indicated that negati

best fit in the upper and lower forest-tundra populations, and the power function

a better fit in the open forest (Table 5.2). Rather than use two different models

ial modelling provided the

depending on the population, it was decided for i y to use the

exponential model for all populations. Although this model provided a very close
fit for the upper forest-tundra population, the temporal distribution of residuals is

not random but instead demonstrates long-term trends (Fig. 5.8a). These trends

compare relatively well with trends in both the radial growth of open-grown

glauca at the Skipping Bullet site (Fig. 5.8d) and 10-year means of reconstructed
June-July temperatures in northwestern Canada (r=0.53, p=0.05; Table 5.3; Fig.
5.8¢). All records show high values in the mid to late 18th century, followed by
a rapid drop in tllle. early to mid\19th century, and subseﬁuent increases to the mid

20th century. At this-point the records diverge, as a dramatic drop occurs in the

upper ' forest-tundra idual The correlati t
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TABLE 5.2: Pearson corrclations between recuitment/survival records and
mathematical age models.

Negative Power

Stand Peiod  expomential  fonction
mudel model
upper foresttundra
per fore 17301989 0.96" 087"
(Mackenzie Mins.)
lower foresttundra
" 601089 073" 0.8
(Mackeazie Mtns.)
forest
ot 098 068" 030"
(visckenzie Mins.)

u forest-tundra
ppet 1760-1989 0.56" 0.40
(Yukon)

° p=0.01; ™ p=0.001

TABLE 5.3: Pearson ons  between

for
northwestern Canada and upper d i residuals, i
Mountains.
extent of Mackenzie Mountains Yukon
averaging for upper F-T
climate record  upper F-T  lower F-T  open forest
10-yr mean 0.53" 0.14 0.20 0.37
20-yr forward 058"
mean .. 0.28 0.28 0.35
30-year forward 0.6 .
mean .62 0.42° 0..35 0.40
40-year forward
0.63" .48 *
mean 0.48° 0.42° 0.40
50-year forward o 0
¥ - "
57 0.48 0.40

* ps0.05; " p=0.0L; ™ p<0.00L
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establishment residuals and summer temperatures increase with the extent of
forward averaging of temperatures, to a maximum with the 50-year forward mean
(r=0.66, p=<0.01; Table 5.3). Temporal trends are also apparent in residual plots
for the lower forest-tundra (Fig. 5.8b) and open forest (Fig. 5.8c), although
concurrence with ring-width and proxy climate records is not as strong.
Correlations between residuals and 10-year mean temperatures are not significant
(lower forest-tundra: r=0.14, p>0.05; open forest: r=0.20, p>0.05; Table 5.3),
but increase to-significant values with forward averaging of temperatures, t0 a

with d forward in time over 50 years (lower forest-

tundra: r=0.57, p=<0.001; open forest: r=0.48, p=0.05; Table 5.3).

Results of age-class analyses for the two Yukon sites, located at the extreme
upper limits of Picea glauca growth, are presented in Figs. 5.9 and 5.10. Most
Picea at both sites established either in the late 18th to very early 19th century, or

between 1890 and 1960 (Fig. 5.9a, ¢). One dense Picea mariana clone, which

developed primarily between 1900 and 1940, was present just below treeline at SC
(Figs. 5.94, 5.10). The maximum age of Bicea glauca in each section of SC
incmsgd downslope from the upper limits of spruce growth (Fig. 5.10). Al
spruce ‘in the upper 15 m of this quadrat have established in the20th century.
Sample sizes were too small to model white spruce age structures at the SC
and RM separately, so data-were combined for the two sites. * The negative
exponential model again provided a better fit for the age structure than the power

function model (Table 5.2). The low degrees of variance explained by either

16)

all white spruce
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Figure 5.10: White and black spruce age structures for subsections within Swede Creek stand,

Yukon. “The distances from the upper limit of the quadrat (treeline) are indicated in the
upper left comer of the histograms. Legend as in Fig. 5.4, with pattemed bars
i ini i dates from i cores.
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model may in part reflect the small sample size. The plot of residuals from the

negative exponential model demonstrates long-term temporal trends (Fig. 5.9f)
which visually compare favourably with the Tombstone Mountain ring-width
chronology (Fig. 5.9¢) and the regional temperature reconstruction (Fig. 5.91),
although no significant correlations were found with temperatures at the time of
establishment, or integrated forward in time (Table 5.3). Negative resuduals in the

early to mid 19th century coincide with a period of low growth indices and cool

reconstructed summer temg Declini blisk during recent decades
coincides with a period of reduced radial growth at TM, though reconstructed

summer temperatures have continued to increase in the late 20th century.

5.4.2 White spruce mortality patterns

At the Discovery Ridge site, a total of 30 dead conifer remains were
sampled on a hilltop between 5 and 20 m above the current upper limits of spruce
growth, and an additional 24 samples were collected from within the upper forest-
tundra. Twelve of the above treeline samples and 13 of the forest-tundra samples

were identified as Larix laricina after fine sanding and examination of cell

PR 1

structure, and were luded from

analyses. Since no living
black spruce are present at this site, all samples identified as spruce were assumed
to be white spruce. Ten of the white spruce samples from above treeline and
eleven from the forest-tundra were successfully cross-dated. In addition, a

radiocarbon date of 98080 yr BP (Beta-54926) was obtained on a spruce sampie
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Figure 5.11: Results of dendrochronological dating of dead stems. a-b) i lifespans and

and death dates for a) dead stems from above current treeline and b) dead stems from within the

current forest-tundra, at Discovery Ridge. ¢) ring-width chronology for Discovery Ridge.

d) approximate lifespans and establishment and death dates for dead stems currently within the

forest-tundra at Tombstone Mountain. €) ring-width chronology from Tombstone Mountain.
Dark grey bars on hi indicate i
outer rings, Light grey bars indicate minimum dates of establishment based on pith ages.

date of death, corrected for decomposition of
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from above treeline. This date was made using wood from years 280 to 300 of the
sample, which had a total of 403 rings. Using the calibration program of Stuiver
and Reimer (1993), the dates of the inner and outer rings on this sample
correspond to approximately 730 and 1130 AD respectively.

The lifespans and approximate establishment and mortality dates of the
Discovery Ridge samples are plotted in Fig. 5.11, along with the 560 year radial
growth record produced from living and dead trees within the forest-tundra
(Chapter 4). The oldest sample from above treeline became established in about
1400, while the remaining samples had pith dates in the 16th and early 17th
centuries. These dates are minima, since the root collar of many partial, prostrate
remains could not be located. All of the cross-dated individuals from above
treeline died in the 15th century, and 9 out of the 10 died between 1800 and 1860.
These spruce had a wide range of estimated ages at the time of death, and do not
appear to be from a single cohort. The estimated establishment dates of dead trees
in the forest-tundra are roughly similar to those above treeline, with two trees also
establishing in the mid 18th century. However, mortality of forest-tundra spruce
has occurred fairly consistently over the past 170 years. Fifteen s;mples were
collected in the upper forest-tundra at the Tombstone Mountain site. Twelve of
these were ‘successfully cross-dated, and are plotted in Fig. 5.11. Establishment
patterns are generally similar to those at Discovery Ridge, and mortality has

occurred throughout the past 190 years.
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5.5 DISCUSSION

1 Climateand riodicity of treeline populati amics in the Mackenzie

Mins.

The results of this study suggest that successful regeneration of Picea glauca
at the alpine treeline of the Mackenzie Mountains has been episodic, and controlled
to a large degree by climate. Late 16th to early 17th century minimum pith dates
for currently dead spruce at Tombstone Mountain and Discovery Ridge indicate a
possible establishment peak during the 16th century, which coincides with a period
of above average radial growth of open-grown Picea glauca at these sites and also

of Picea mariana at treeline in northern Quebec (Payette et al. 1989). Lowered

rates of successful regeneration in the upper forest-tundra during the early 19th
century correspond with the culmination of Little Ice Age cooling in the early 19th
century (Jacoby et al. 1985; Grove 1988; D’Arrigo and Jacoby 1992). Increases
m spruce recruitment/survival during the past 150 years parallel a hemispheric-
wide increase in annual and seasonal temperatures, which peaked in the mid-20th
century (Hansen and Lebedeff 1987; D’ Arrigo and Jacoby 1993). This association
of successful establishment with large-scale climatic variation is exhibited in the
significant correlation between 10-year means of reconstructed summer
temperatures and recruitment/survival residuals in the upper forest-tundra during
the period 1740-1949.

Two factors, however, tend to confound the relationship between climate

variation and regeneration in the upper forest-tundra. Firstly, extensive layering



163

by Picea glauca in these marginal stands may maintain populations during periods
unfavourable for seedling regeneration. This may explain the close fit of the
negative exponential model with the upper forest-tundra age structure data,
although the meréi.ng of seven heterogenous sites for the analysis may also be a

factor. Similar dampening of Picea mariana age structures in northern Quebec

have been attributed to the occurrence of extensive layering (Payette and Gagnon
1979; Legere and Payette 1981; Payette et al. 1985). This hypothesis is difficult
to test at our sites without genetic analyses, owing to the apparent decomposition

of vegetative connections after about 100 years which masks the origin of

individuals that full lished during the culmination of the Little Ice Age
in the early 19th century.

Secondly, successful establishment is not simply related to temperature at
the time of germination. Summer temperatures for up to 50 years following
establishment are important in determining recruitment success, probably through
their influence on seediing mortality rates (Black and Bliss 1980; Kozlowski et al.
1991). This indirect evidence for climatic control of seedling mortality patterns
cannot be corroborated directly, as past trends in the mortality of young individuals
are extremely difficult to document owing to the rapid decomposition of remains.
The remains of mature trees, however, are much more likely to be preserved.
Although there is no strong evidence for periodicity in‘the mortality of older trees
at Tombstone Mountain or Discovery Ridge below current treeline, the mass,

mortality of spruce at their extreme upper limits at Discovery Ridge during the
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5.5.2 Treeline equilibrium

The recent establishment of seedlings at many upper forest-tundra stands,
including some at treeline, indicates that Picea glauca populations at their
uppermost limits in this area are in many cases self-perpetuating. Both male and

female strobili are being produced in nearly all forest-tundra stands, and although

they were not tested for viability, recent seedling establishment suggests at least
some are viable. These results support the hypothesis that the position of treeline
in the Mackenzie Mountains is in equilibrium with current climatic conditions on
a regional scale. Recent regeneration both at treeline and in the upper forest-
tundra, however, has been spatially variable. Low levels of recent regeneration at
some sites may be the resuit of locally unfavourable environmental conditions, as
indicated by the concurrence of recent drops in recruitment/survival residuals with
late 20th century declines in growth trends of open-grown Picea glauca at the

Skipping Bullet, Richardson M ins, and Tomb: A in dendrocli

sites. Drops in recent establishment levels at sites with widespread layering,
though, are possibly an artefact of the inability to document young layers. Lower
branches may be 20—30‘ years old before they are buried and develop roots, so
young layers are seldom found.
5.5.3 Recent treeline d)ma;;lcs

Studies in Scandinavia (Kullman 1986, 1990), northern Quebec (Payette and

Filion 1985), the Richardson Mountains (Ritchie 1982) and ﬁonhem Alaska
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culmination of the Little Ice Age indicates the mortality of mature individuals may
be driven by extreme climatic events.

Modification of microenvi by tree establi and growth may

also lead to 1i of i and mortality to climate

variations (Pastor 1993; MacDonald and Szeicz 1994). Such modification may

initiate a positive feedback which p further establish and survival of

seedlings and layers. Tree islands or even individual stems tend to trap snow and
modify local wind regimes, supplying moisture essential for seedling survival and
protecting shoots from abrasion and desiccation (Black and Bliss 1980; Lavoie and
Payette 1992; Scott et al. 1993; Rochefort et al. 1994). Such stems or islands, for
example the older stems within tree islands at LH2, may thus serve as foci for
expansion by‘seed and layering during periods of climatic amelioration (Pastor
1993; Maci)onald and Szeicz 1994). It is suggested, therefore, that age structures
at treeline and in the upper forest-tundra result from non-linear climatic forcing of
establishment and mortality patterns.

The successful recruitment of Picea glauca in lower forest-tundra and open

forest stands appears to have increased in response to post-Little Ice Age climatic
amelioration, but the climatic signal in recruitment/survival residuals may be
confounded by other factors. Root competition (Agren and Zackrisson 1990) and

a dense shrub layer, for le, may limit 1 seedling establish and

P

lead to suppression of seedling and sapling growth in dense open-canopy stands.
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(Cooper 1986) have suggested that in many regions the altitudinal limits of spruce

establishment have increased by 20-50 m in the last 100 years, in response to post-
Little Ice Age warming. While radial growth and recruitment/survival records
provide much evidence for a warming trend at the sites in this study during the past
100 to 150 years, the presence of trees dating back to the late 18th century or

earlier at all treeline stands sampled precludes any altitudinal i in treeline

or tree establishment on the scale of tens of metres. Evidence from two of the
treeline stands nonetheless indicates that upslope movement of Picea glauca has
occurred since ~ 1850 on a small scale, corresponding to ~2-5 m of altitude. Most
trees established since 1850 in the upper sections of both quadrats have upright
growth form and some are greater than 200 cm tall, indicating a minor altitudinal
increase in treeline has resulted from the upslope spread of spruce.

The mass mortality of spruce on a hilltop at its upper limits at Discovery
Ridge led to a drop in treeline elevation of ~20 m during the cuimination of the
Little fce Age. Rewabli'shment of spruce above its 19th century limits has not

e

occurred at this site, despite liorating climatic

during the past 150

years. With the inclusion of the radiocarb dated spruce snag from above treeline
at this site and the presence of many undated spruce remains, it is evident that
trecline was higher than present between at least 700 and 1100 AD, which
coincides with a period of highe; treeline in the southemn Canadian Rockies
iLuckman 1986), and ~ 1400 and the mid 1800°s. Two possible explanations may

account for the inability of treeline to recover to pre-19th century levels. Firstly,
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the hilltop site may be able to support spruce, but the slow response of treeline
position to climate change has delayed reovery. Secondly, and more likely, the

hilltop environment may currently be itable for spruce i and

survival. In this case, the survival of spruce throughout a long period of
fluctuating climatic conditions at such a site would be an indication of vegetation
resilience to climatic change, in part through local alteration of microclimates
(Payette et al. 1989; Scott et al. 1993). The loss of spruce from the hilltop, and
the resulting loss of microclimatic modification, may preclude future establishment

until some climatic threshhold is passed.

5.5.4_Regional corroboration of result
The general similarity of recruitment/survival and mortality patterns at the

two Yukon sites with results from the Mackenzie N ins cor the

conclusions that these patterns are primarily climate driven, and that treeline is
currently in equilibrium with climate. Insignificant correlations between
reconstructed temperature trends and recruitment/survival residuals at SC and RM
may result from small sample sizes.and local environmental conditions which have
diverged from regional climate pa.tiems. During the past 100 to 150 years the

general trend within these forest-tundra stands in northwestern Canada has

been one of

and i ing population density, with only
minor changes in the upper limits of trees. These results are analagous to post-

Little Ice Age responses in the forest-tundra of central Sweden (Kullman 1987b),

CHAPTER SIX

SUMMARY AND CONCLUSIONS

6.1 SUMMARY OF RESULTS AND TESTING OF HYPOTHESES

The objectives of this study were to investigate climate change, treeline
dynamics and vegetation-climate relationships at the subarctic alpine treeline in
northwestern Canada on a variety of spatial and temporal scales, with a focus on
the Mackenzie Mountains of the western N.W.T. Three hypotheses were

developed in order to address these objectives, and were tested using a combination

of fossil pollen and d logical hes. These hypott will each

be examined below.

1. Postglacial treeline change in the Mackenzie Mountains was driven
by changes in the seasonal and latitudinal distribution of solar radiation.

To test this hypothesis sedi cores were obtained from three lakes in the

tundra, forest-tundra and open forest of the central Mackenzie Moumains\‘i\‘and
analyzed for fossil pollen. Basal dates on all three cores were between c. 11,500

and 12,000 yr BP. Herb tundra occurred at all elevations until aboxs 10,200 yr

BP, when it was replaced by Betula glandulosa dominated tundra. Populus
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northern Quebec (Payette and Filion 1985), Churchill (Scott et al. 1987), and

central Keewatin (MacDonald and Szeicz 1994).
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balsamifera probably grew up to and beyond the current treeline in the early
Holocene. Picea arrived in the central Mackenzie Mountains by 8500 yr BP, and
expanded to the elevation of the current treeline by 8000 yr BP. Although there
is no evidence for a higher Picea treeline at any time during the Holocene, pollen
accumulation rates suggest Picea population densities in the forest-tundra were
greater than present between at least 8000 yr BP and 5000 yr BP and have since
declined steadily. These results are supported by detrended correspondence
analysis of pollen records from the forest-tundra and tundra sites, which indicate
an increasing tundra affinity to the vegetation since 5000 yr BP. At the open forest
site, Picea population density has not declined in the late Holocene, but the forest
composition has shifted towards a greater affinity with higher elevation sites since
5000 yr BP. Both higher limits of Populus balsamifera in the early Holocene and
increased forest-tundra density in the early to mid Holocene are suggestive of
warmer temperatures at that time. These changes in the treeline vegetation of the

central Mackenzie Mountains during the postglacial are i with predicted

changes in summer insolation based on the Milankovitch theory.
Y
oy

/

2) Establishment and mo;ta]ity patterns of trees at treeline are
episodic, controlled by climate variations.

This hypothesis was tested by d ping a 350-year dendroclimatic record

of summer temperatures for northwestern Canada, and comparing this record to

establishment and mortality patterns of Picea glauca at or near the alpine treeline
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in the N.W.T. and Yukon. First, the suitability of forest-tundra Picea glauca for

dendroclimatic reconstruction was assesed using dendroecological analyses of radial
growth records from trees at three sites in the Mackenzie and Franklin Mountains
of the N.W.T. Response function and regression analyses suggested that the
response of Picea glauca radial growth to climate at these sites varies with tree age
once the biological growth trend has been removed, which violates a fundamental

ption of most d

ical research. These apparent age dependent
Tesponses are site-specific and probably reflect physiological changes related to

aging. It is possible that trees are t ing i ingl

ly moi stressed with
age due to a reduction in the efficiency of water and nutrient translocation

Preliminary derdrocli

ic modelling indicated that such age-
dependent relationships may result in less accurate reconstructions of past climate
if the ages of component trees are not taken into account.

Picea glauca ring-width records from an expanded network of five sites in
the N.W.T. and Yukon were next used to confirm the presence of age dependent
climate-growth relationships at sites outside of the initial study area, and develop
a long reconstruction of summer temperatures for northwestern Canada. Response
function and linear regression analyses indicated that the radial growth response of
trees to climate varied with age at all sites. Age dependent and standard (age
independent) models were used to develop two reconstructions of June-July

temperatures for northwestern Canada extending back to AD 1638. The standard

reconstruction suggested temperatures were similar to or warmer than present
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the altitude of treeline at two sites, the main impact of recent climatic changes at

these sites, in particular during the past 100 to 150 years, has been one of

increased tree density within the forest-tundra.

3) The position of the treeline in the Mackenzie Mountains is in
equilibrium with current climatic conditions.

To test this hyp

the reproductive ch istics of all trees in stands
sampled for age structure were recorded. Seedlings were present at all but one
forest-tundra stand, including two of three treeline stands. Similarly, seedlings
were found at one treeline stand in the Yukon, although they were absent at the

second. In

bination with the di ion of hypothesis 2 above, these results

support the hypothesis thét treeline in the Mackenzie M

and nor n
Canada in general, is in equilibrium with climate on a regional scale. Successful
seedling establishment is occurring at many sites, although the patterns are not

spatially uniform owing to site-specific differences.

6.2 CONCLUSIONS )

The results of this study, in ion with p

ly published t
enable several conclusions to be reached with regards to climate change, treeline

dynamics and ion-cli

te relationships at the subarctic alpine treeline in

northwestern Canada:

172

during most of the past 350 years, and bore little ¢ to any ind dent

proxy climate records. The age dependent reconstruction, however, suggested
temperatures were cooler than present throughout most of the past 350 years,
particularly at ¢. 1700 and in the mid 18th century, and compared favourably with
published tree-ring, ice core melt and glacial recession records for northern North
America.

To investigate temporal trends in Picea glauca establishment patterns, age
structure data were collected from ten stands at or near treeline in the Mackenzie
Mountians, and two stands at treeline in the central and northern Yukon. Data on
mortality patterns were obtained by cross-dating dead spruce remains from one site
in the Franklin Mountains, N.W.T., and one site in the Ogilvie Mountains, Yuk;)n.
t ical models indi

Analyses of age structures using d there were

temporal trends in the establishment/surviv{ of Picea glauca in the upper forest-
tundra, and these trends correlated significantly with the proxy record of summer

temperatures p

d using age dep ic modelling

The mortality patterns of spruce have also been influenced by climatic vaﬂaﬁqns,
as suggested by the importance of summer temperatures in determining recmitmé;lt
ksuccess for at least 50 years following establishment, and the mass mortality of
Picea glauca during the culmination of the Littic Ice Age at a site currently above
treeline. These data thus support the hypothesis that establishment and mortality

patterns of trees at treeline in northwestern Canada are episodic, and controiled

primarily by climatic varitions. Although there have been very minor increases in
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1) Both fossil polien and dendrochronological data indicate that the forest-
tundra ecotone in the mountains of northwestern Canada has undergone significant
responses to past climate changes on a variety of timescales. The responses have
been manifested primarily as variations in tree population densities within the

forest-tundra on both long and short ti

and perhaps postional shifts
in dominant vegetation types at lower elevations. Local altitudinal shifts in treeline
have been recorded in the fossil pollen record (MacDonald 1983) and the
dendrochronological record (Chapter 5), but appear to be less important than
population fluctuations within the forest-tundra itself. These results lead to a
reiteration of the conclusions of Payette and Filion (1985) that changes in the influx
or relative abundances of tree pollen at sites at or beyond treeline, in the absence

of macrofossil, sedimentological or oth& supportive evidence, do not necessarily

i indicate a considerable displacement of treeline.

2) ial and well d df

(i.e. those based entirely

on, or suppl d by, fossil i logical, or p logical data)

in the location of alpine and latitudinal treelines at mid and high latitudes have been
used to infer past climatic changes on the scale of centuries to millenia (eg.

LaMarche 1973; Luckman and Kearney 1986; Scuderi 1987; Clague and Mathewes

) 1989; Carrara gt al. 1991). It follows that shifts in the altitudinal limits of trees

may be useful for monitoring the impact of potential future anthropogenic climate
change; (Rochefort et al. 1994). Theoretical (Slayter and Noblq 1992; Noble

1993) and empirical (Scott et al. 1987; Payette et al. 1989; MacDonald and Szeicz
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1994) work, however, suggests that the resilience of treeline postion to climatic

change and the lexity of climate-treeli lynami i its use in
monitoring short-term anthropogenic climate changes. It is possible that
temperatures may have to pass a threshold level before significant treeline response
occurs (MacDonald and Szeicz 1994). The results of this study concur with those
conclusions. The study also demonstrates, however, that the dynamics and radial
growth of Picea glauca populations within the forest-tundra have been influenced
to a large degree by climate in the past and therefore may be sensitive to potential
future anthropogenic climate changes. Seedlings are currently being produced in

most of these populations and thus a rapid to further climati i

may be possible. Increases in density of the forest-tundra, even without an advance

of treeline, may influence v ati limate feedback such as biomass

ing, radiative

and carbon release from tundra soils. The
findings of earlier studies in central Canada suggesting treeline was out of
equilibrium with the present climate (Larsen 1965; Elliott-Fisk 1983), which could
dampen any significant response to future climate changes, may have resulted from
a consideration of equilibrium on only the shortest temporal timescale. Sites in
those studies were sampled during a 20-30 year period of cool temperatures in
northern North America (MacDonald and Szeicz 1994) which may have restricted

recruitment success.

3) The age dependent radial growth ‘ p of Picea glauca to climate at

all sites in this study demonstrate that climate-growth relationships are ocr/nplex and

177
APPENDIX

RAW DATA STORAGE AND AVAILABILITY

Raw tree-ring and palynological data from this research will be submitted
to two international data banks, which allow free access to data for all contributors
and other interested researchers.

Pollen data will be submitted to:

North American Pollen Database
Tllinois State Museum

1011 East Ash,

Springfield, Illinois 62703
U.S.A.

Tree-ring data will be submitted to:

International Tree-Ring Data Bank
Laboratory of Tree-Ring Research
University of Arizona,

Tucson, Arizona 85721

U.S.A.
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the simplifying assumptions made in order to reconstruct climatic records from
radial growth records may in some cases be invalid, The impact of such responses
can be avoided if they are recognized and taken into account during climatic
modelling. Further ecophysiological research is clearly needed to better understand

climate-growth relationships, particularly the processes asscciated with tree aging.
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